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1 Introduction

A lot of physics are based on principles of symmetry. Once a global symmetry G of a
theory is spontaneously broken into its subgroup H, the massless Goldstone bosons are in
one-to-one correspondence with the broken generators. The unbroken symmetry generators
T; and the broken generators X, have schematic commutation relations as

[T, T) ~T, [X,T] ~ X, [X,X] ~T (1.1)



This global symmetry G can be realized by proper defined fields of the Goldstone bosons,
and the nonlinear sigma model can be used to describe the behaviors of those Goldstone
bosons [1, 2]. Because the scattering amplitudes calculated at any point of the vacuum
moduli are identical, the vacuum structure after spontaneously global symmetry breaking
can be understood from the scattering amplitude point of view [3].

Roughly speaking, one could try to identify states in the Hilbert spaces of two different
vacua by a rotation €/@"?" along the moduli space, where # is an expectation value of an
Goldstone boson connected to an charge operator Q®. The rotated vacuum is a coherent
state of zero momentum Goldstone bosons. However, actually the operator Q¢ for broken
symmetries does not exist due to the fact that the state created by it has an divergent
norm with the volume of space.

A proper strategy is proposed to study the vacuum as following. To reveal the structure
of group G from the behaviors of amplitudes with additional Goldstone bosons!' of zero
momentum, which reflect a different vacuum, one can regulate these constant scalar fields
by tiny momenta and send them to zero eventually with a very careful analysis. As already
shown in [3], the physical states in one vacuum can be expanded around those in another
vacuum as

[W)o = |v) + ) + @) + (1.2)

Here, |1)) contains only hard pions while the variation [¢)("™) contains information of n soft
pions with momenta 7¢1,7q2, ..., 7q, in which 7 as a tiny constant number measures how
soft these momenta are.

For the first order variation including single soft pion, the emission will vanish at zero
momentum known as “Adler zero” [4, 5].

For the second order variation, the state containing double soft pions is related to
an [X®, XP] transformation of the amplitude with only hard pions, where the action of
[X®, XP] on any vector index is

([Xa,Xﬁ]V)p =yt —vhsee,
and the amount of rotation on a hard pion ¢ is given by

(Pa — PB) - P

g, = .
"2 (pa+pp)pi

Only if the second order variation involves additional two soft pions together with a
complementary rotation of the generators for broken symmetries on the hard particles [3],

) = lim [ +ma(rp) + m5(7q))

1(]7_7(])']%71_ o Bﬂ_ o
+Z?(p+q)~pi| o ([XY X)), on) (1.3)

%

1In the following discussions, we will use “pion” in stead of “Goldstone boson” as a more concrete
physical description in the NLSM.



then the double-soft pion emission can present the G invariance of the amplitude at this
order. How much the rotation is taken on the hard particles can be determined from
double-soft limit of the amplitude [3].

The single and double soft behaviors of pions can also be studied from a generalized
BCFW method and from current algebra point of view [6, 7|. The same leading order soft
behaviors also applies to fermions in Akulov-Volkov theory and supergravity theories in
both three and four dimensions [8, 9].

Inspired by a recent study on the sub- and subsub-leading single soft behaviors of
the tree-level gravity amplitudes [10],2 which gives an evidence to some new symmetry in
quantum gravity S-matrix [36-38], Cachazo, He and Yuan have proposed the new behaviors
with two soft particles in Galileon, Dirac-Born-Infeld, Einstein-Maxwell-Scalar, non-linear
sigma model and Yang-Mills-Scalar theories [39]. Further studies in gauge theories, super-
Yang-Mills theory and string theory have been made [40, 41].

Among all these progresses, the single and double-soft behaviors of amplitudes in
nonlinear sigma model (NLSM) with SU(N) x SU(N) — SU(XV) are following.

e Single soft behavior: when the momentum of a particle ¢ tends to zero, i.e., k; = 7p
(1 — 0), the 79 order of an n-point tree level partial amplitude A(1,...,4,...,2n) in
NLSM behaves as

A0, 0., 2n) =0, (1.4)

which is exactly the Adler’s zero result [4, 5] and studied by a generalized BCFW
recursion [6, 7].

e Double soft behavior: when two adjacent particles ¢, i + 1 are soft, i.e., k; = 7p and
kiy1 = T7q with 7 — 0, the partial amplitude A(1,...,4,i+ 1,...,2n) behaves as

AQl,... i i+ 1,...,2n)

- <TOS§2)+1 + Tlsg};rl) AL, . i—1,i4+2,...,20) + O(2). (L5)
In the above expression, the leading double soft factor Sgg)ﬂ is

SO ( 1 ) 1 |:k7i—1'(p_Q) n kz‘+2'(q—p)} (1.6)

WAL\ 2F2 ) 2 |kisy - (p+q)  kisa- (+D)

which is related to the vacuum structure as discussed in [3]. The subleading double-

soft factor S(l)

i1 18

o _(_ 1 . ki—1-q Kivo-p
Sui = ( 2F2> -q) [(k Dt a)? | (ige- <p+q>>2}

1 Pudv v quPv 1/:|
+( - T+ ——=Tl|, L7
( 2F2) [m-wq) R S R 7

Zmore works, please see [8, 9, 11-35].



in which the angular momentum operator 7. of a scalar particle a is defined by

9 9
e
T T

(1.8)

Both the Adler’s zero eq. (1.4) and the leading order of the double soft behav-
ior eq. (1.6) in NLSM were studied by the new BCFW recursion [7] and by
the Cachazo-He-Yuan (CHY) [42-44] formula [39]. Moreover, the subleading or-
der eq. (1.7) of the double soft behavior was also proposed in [39].

Although the single and double soft behaviors of the tree-level on-shell amplitudes in NLSM
have already been investigated from different compact amplitude constructions, i.e., BCFW
recursion and CHY formula, no insight into Feynman diagrams has been provided and the
corresponding soft behaviors of off-shell currents have not been fully understood. Berends-
Giele recursion relation [45] as a recursive construction of amplitudes from Feynman dia-
grams provides a way to systematically study the (single and double) soft behaviors. By
this means, we can find out how the soft behaviors emerge in their diagram structures.
This work is devoted to understanding the single and double soft behaviors of the
off-shell currents in NLSM from the Berends-Giele recursion relation (A brief review of

NLSM, Feynamn rules and Berends-Giele recursion are given in appendix A). With the
3

Cayley parameterization in NLSM, we find that the tree-level current J(2,...,4,...,2n)
(defined by eq. (A.6)) with i as the soft particle behaves as

J(2,...i—1,4,i+1,...,2n)
{ 0 (i is even)

gr2) J(2,...,i—1)J(i+2,...,2n) (iis odd)

} +0O(7), (1.9)

where k; = 7p and 7 — 0. In the on-shell limit, the amplitude A(1,2,...,4,...,2n) is

presented by lim (—=1)P35,J(2,...,i,...,2n) (where Py, denotes the sum of momenta
2,2n
of all on-shell particles 2, ..., 2n) and achieves Adler’s zero eq. (1.4) for both even and

odd i when k; — 0.

We then study the leading and sub-leading order behaviors of the off-shell currents with
two adjacent soft particles. According to different possible positions of the soft particles,
we consider the following two cases:

(A) the current with one soft particle adjacent to the off-shell particle,
(B) the current with no soft particle adjacent to the off-shell particle.

In both types, the momentum of the off-shell line is the sum of the momenta of all the
other on-shell particles. Recalling that the momentum conservation imposes a constraint
on external momenta, we can arbitrarily choose the dependent momentum and the expres-
sion eq. (1.5) for on-shell amplitudes indeed holds for all choices. The above two cases (A)
and (B) (for off-shell currents) actually respect to the different choices of the dependent

3In this paper, the particle 1 is chosen as the off-shell leg.



momentum for the corresponding on-shell amplitudes with two soft particles. Particularly,
the first case corresponds to choosing the momentum of a particle adjacent to one soft
particle as the dependent one, while the second case corresponds to choosing the momen-
tum of a particle nonadjacent to any soft particle as the dependent one. The double soft
behaviors of these two types are following.

e For the first type, the current J(i, 5,4, ...,2n) with two soft particles 2 and 3 be-
haves as

J(2,3,4,...,2n) = %S0T (4,...,20) + TSN (4,... . 20) + O(r),  (1.10)

)

where ko = 7p and k3 = 7q. The leading and subleading double soft factors Sé?g) and
5’513) are defined by

1 ka-p (1) 1 ka-p QGupv Ty
237 \2F2 ) ky- (g +p) 7P 272 ) (P VG ) ke o+ g)
(1.11)
These factors apparently are different from the factors for on-shell amplitudes eq. (1.6)

and eq. (1.7). However, by taking the on-shell limit very carefully, we return to the
on-shell double soft behavior eq. (1.5) with the factors eq. (1.6) and eq. (1.7). The
behavior of current J(2,... ,271/\—/1, %) with 2n — 1, 2n as the soft particles can be
obtained by considering the reflection symmetry directly.

e For the second type, we propose that the leading and subleading orders of the current
J(2,...,i—1,4,04+ 1,0+ 2,...,n) with two soft particles i, i + 1 are given by

J(2,...i—14i+1,i+2,...,2n) (1.12)

=080 g2, -2, )+ SO T2, i 142, 2n)

i,0+1

(522) JV(2,...,i = 1,0)J(i +2,...,2n) (i is even )
+ _
(552) J(2,...,i— 1)JV (G +1,i+2,...,2n) (iis odd)

1
i

+0(?),

where k; = 7p and k; 11 = 7q. The soft factors Sggll and S (? are same with the

2,0+1
on-shell double soft factors eq. (1.6) and eq. (1.7), i.e.,
0)  _ g0 1 _ e
Siiv1 =S St =S (1.13)
Again, the soft behavior at off-shell level in general is not same with the on-shell
case eq. (1.5). There is an extra term expressed by the product of a subcur-
rent without any soft particle and the 7! coefficient of a subcurrent with only one

soft particle. However, by taking the double soft limit of the on-shell amplitude

— 2lim P}, J(2,...,i,i+ 1,...,2n), one arrives the on-shell double soft behav-
P35 ,,—0 ’

ior eq. (1.5).



Having the double soft behavior eq. (1.5) of amplitudes with two adjacent soft particles,
we will prove all the leading and subleading behaviors of amplitudes with two nonadja-
cent soft particles by Kleiss-Kuijf (KK) relation [46] in nonlinear sigma model (see the
proof [47, 48]).

This paper is organized as follows. In section 2, we discuss the single soft behavior of
off-shell currents in NLSM. With the help of the single soft results in section 2, we further
study the leading and subleading behaviors of the off-shell currents with two adjacent soft
particles in section 3. Then we contract back the on-shell condition of the currents, and find
out the consistent on-shell amplitudes results eq. (1.4) and eq. (1.5) in section 4. Using KK
relation, we derive all the double soft behaviors of amplitudes with two nonadjacent soft
particles in section 5. Finally, we give a conclusion and further discussion in the section 6.
The Feynman rules and Berends-Giele recursion are given in appendix A. The computation
details of the double-soft behaviors with the soft particles non-adjacent to the off-shell line
are collected in appendix B.

2 Single soft behavior of currents

In this section, we study the single soft behavior of off-shell currents from the Berends-
Giele recursion eq. (A.6) of U(N) nonlinear sigma model. The on-shell amplitudes of
SU(N) nonlinear sigma model can be obtained by taking on-shell limits [6, 7]. We first
display explicit calculations on the four- and six-point currents with one soft particle, then
provide a general proof of the leading order single soft behavior eq. (1.9).

2.1 Examples of lower-point currents
We write out expressions of the four- and six-point currents with a single soft particle
where the general single soft behavior can be detected.

2.1.1 Four-point current with one soft particle

In the four-point current J(2,3,4), any one of 2, 3 and 4 can be chosen as a soft particle.
Because of the reflection symmetry J(2,3,4) = J(4,3,2), we only consider the cases in
which 2 or 3 (equivalently, 3 or 4) carries a momentum 7p (7 — 0) and obtain

~ B 1 7. 9
J(27374) - ( 2F2) P22,4Z(7-p k4) =0 O(T)a (2'1)
J(2,3,4) = Ly (ko + kq)? = S O() (2.2)
T 2F?2 P%AZ 2 2F? s ‘

where P, j(i < j) denotes the sum of momenta Y 7_. k.. Since J(2) = J(4) = 1, the single
soft behaviors represented by eq. (2.1) and eq. (2.2) agree with the general formula eq. (1.9)
and give rise the expected Adler’s zero under the on-shell limit of the off-shell line.

2.1.2 Six-point current with one soft particle

The six-point current J(2,3,4,5,6) is expressed in terms of four diagrams in figure 1 via
the Berends-Giele recursion eq. (A.6). We now consider 2, 3 and 4 as soft particles in turn.
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Figure 1. Diagrams which contribute to the six-point current J(2,3,4,5,6).
Diagram 79 contribution LO results
Diagram (B) | — (515) (k3 + ka + kg)2J(2, 3,4) 0
Diagram (C) — (32) k& J(3,4,5) 0
Diagram (A) + (ﬁf (kg + kg)? 0
Diagram (D) | — (g2z) (k4 + ks + k)?J (4,5, 6)

Table 1. The 70 order terms of the diagrams (A), (B), (C), (D) in figure 1 with particle 2 soft.

The case with 6 or 5 as soft particle can be obtained from the case with 2 or 3 as soft
particle by reversing the order of all on-shell particles.

The particle 2 is soft. This is a boundary case where the soft particle 2 (ko = 7p,
7 — 0) is adjacent to the off-shell leg.

As shown in the last column “LO results” (short for “leading order results”) in table 1,
diagram (B) in figure 1 should vanish due to eq. (2.1), diagram (C) vanishes due to the on-
shell condition k% = 0, while diagrams (A) and (D) cancel with each other because of the
explicit expression J(4,5,6) = (—572) ijei(k:zl +kg)? in diagram (D). Retrieving the prop-

agator of the off-shell leg, i.e., J(2,3,4,5,6) = Tomi ((A)+(B)+(C)+ (D)), we
2,6(k2=

achieve the expected soft behavior eq. (1.9) with the soft particle index of an even number.

The particle 3 is soft. While the particle 3 is soft, i.e., ks = 7q with 7 — 0, J(2, 3,4, 5, 6)
gains contributions as shown in table 2 from diagrams in figure 1.

In the third column “LO results” in table 2, we find that diagrams (A) and (B) cancel
with each other by writing explicitly subcurrent .J(2,3,4) in diagram (B) with eq. (2.2).
Diagram (C) in figure 1 vanishes due to eq. (2.1). Contracting back the propagator of the
off-shell line with the remaining non-zero contribution from diagram (D) and considering
Pyg(ks = 0) = (k2 + k4 + ks + ke)?, we have

J(2,3,4,5,6) = (2;2>2 J(2)J(4,5,6), (2.3)

which agrees with the expected result eq. (1.9) with the odd i.



Diagram 79 contribution LO results

Diagram (A) (ﬁzf (kg + kg + ke)? 0
Diagram (B) — (512) (ko + ks + k)2 T (2,3, 4)
Diagram (C) — (352) (ko + ke)* J(3,4,5) 0

Diagram (D) | — (g3z) (k2 + ks + ks + k)2 J(2).J(4,5,6) | — (332) (k2 + ka + ks + ke)*J (2)J (4,5,6)

Table 2. The 7° order terms of the diagrams (A), (B), (C), (D) in figure 1 with particle 3 soft.

Diagram 7V contribution LO results
Diagram (A) (%2)2 (ko + ke)? 0
Diagram (C) — (522 (k2 + ke)? J(3,4,5)

Diagram (B) | — (512 ) (k2 + k3 + ke)” J(2,3,4) 0
Diagram (D) (%) (ky + ks + ke)2J (4,5, 6) 0

Table 3. The 7° order terms of the diagrams (A), (B), (C), (D) in figure 1 with particle 4 soft.

The particle 4 is soft. If the soft particle is 4, we have ks = 7p with 7 — 0.

In the last column “LO results” in table 3, diagrams (A) and (C) cancel out when we
apply the soft behavior of four-point current eq. (2.2) to J(3,4,5) in diagram (C). Diagrams
(B) and (D) vanish because both J(2,3,4) and J (4,5, 6), where the soft particle 4 plays as
an even number one, have to be zero due to eq. (2.1). Contracting the propagator back, we
get J(2,3,4,5,6) = 700 + O(r) which agrees with the single soft behavior eq. (1.9) with

even 1.

2.2 General proof

The six-point example can be easily extended to a higher-point study. Now let us elaborate
a general proof for the single soft behavior eq. (1.9). According to six-point examples, we
will consider the following three cases as well

e the boundary case in which the soft particle is adjacent to the off-shell line,

e the case in which the soft particle is an even number one and nonadjacent to the
off-shell line,

e The case in which the soft particle is an odd number one and nonadjacent to the
off-shell line.

We will prove the boundary case separately from two nonadjacent cases because of different
strategies to achieve the final conclusion.
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Figure 2. Diagrams for the current J(2,...,2n) with 2 soft.

(D)

2.2.1 The soft particle is adjacent to the off-shell line

We choose the soft particle i as 2 or 2n which is adjacent to the off-shell line. Since both
2 and 2n are even, the 70 term of J(2,...,2n) will vanish eventually due to eq. (1.9). In
this boundary case, we actually only need to prove

J©(2,3,...,2n) =0, (2.4)

where J(© stands for the 79 order. The other case with particle 2n soft can be obtained
via a reflection. The 4- and 6-point examples have already been illustrated in section 2.1,
and moreover, we assume that eq. (2.4) is satisfied by currents J(2,...,2m) with m < n.

To prove eq. (2.4), we notice that in the Berends-Giele recursion of
J(§,3, ...,2n) eq. (A.6), the soft particle 2 can be either in a subcurrent or connected
to the off-shell line directly. If the soft particle 2 is in a subcurrent J(2,...) (see the di-
agram (A) in figure 2), the 70 order of this subcurrent is zero according to our inductive
assumption. Thus the remaining diagrams are only those with 2 connected to the off-shell
line directly which can be further classified into two types.

e The soft particle belongs to a 2N + 2-point vertex (1 < N < n — 1), as shown in
diagram (B) in figure 2. The leading order contribution of this type for given division

{2,...,2n}—>{A1}...{A2N} is
LAY N 29N
—— ——1 Ay). .
< 2F2> P32,2n (;PA2T> s:l_[1J( ) (2.5)

e The soft particle belongs to a four-point vertex, as depicted by diagrams (C) and (D)
in figure 2. For a given diagram (B) in figure 2, we can always find a corresponding
diagram (C) whose leading order is

1 ; 2N ’
- il ™p+ Py,
() = (77

N 2 9N LAY N 2 9N
<[> Pay, | J]7(Aw) =~ <2> ——i (D> Pay | ] 7(Au)
t=1 u=1 2F P3»2n u=1

t=1

7=0

1\ V! i ,
<2F2> (Z?ZPAJQM (2.6)

This result cancels with the leading order of diagram (B), eq. (2.5).
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Figure 3. Diagrams for the current J(2,...,i — 1,4,i+1,..., 2n) with i soft.

The only remaining contribution comes from the diagram (D). The 7° order of diagram (D)
in figure 2 vanishes because the leading order four-point vertex now is (7p + k3,)%|,—0 =
k3, = 0 for massless particle 2n.

Therefore, the 7° order behavior of a current with a soft particle adjacent to the
off-shell line is zero.

2.2.2 The soft particle is nonadjacent to the off-shell line

If the soft particle 7 is nonadjacent to the off-shell line, it can also be attached to the off-shell
line directly or in a subcurrent. The latter can be further classified into two classes: if the
soft particle i is at an even number position of a subcurrent, the 7% order vanishes due to the
inductive assumption; if the soft particle lives in an odd number position of a subcurrent,
the leading order of the subcurrent is given by the non-zero term in equation eq. (1.9).

As shown in figure 3, for a given diagram (A) with the soft particle attached to the off-
shell line directly, one can always find a corresponding diagram (B) with the soft particle
sitting at the odd number position of a subcurrent. In both (A) and (B), the propagators
of the off-shell lines provide a same factor

1

i p 2N p 2
Z'r‘:l Ar+Zs:j+1 As

(2.7)

to the 70 order. The product of subcurrents in each diagram is Hi:l J(Ar) Hifj_H J(As),

where we used our inductive assumption to express the leading order of subcurrent
J(Aj,i, Aj11) in diagram (B) as (1/2F?)J(A4;)J(Aj41).

e If i = 2], which means we are considering J(2, ... ,2~l, ...,2n), the j in the diagrams
(A) and (B) must be an even number. The leading order of the vertex in diagram

,10,



(A) in figure 3 reads

( 2F2> ZPA2u+1+Tp+ Z Psz

]+2

7=0

:( 2F2) ZPA2u+1+ ZPAZv (29

J+2

while the leading order of the vertex in diagram (B) in figure 3 reads
2

(;ﬂ) <_2;2> ZPAZHJ Z Pa, | - (2.9)

J+2

The isolated (ﬁ) in eq. (2.9) comes from the 79 order expression of

J({A;},7,{A;j1}) which is mentioned before. The results from eq. (2.8) and eq. (2.9)
cancel with each other exactly once given the same division in diagrams (A) and (B).

e If i = 2/ + 1, which means we are considering J(2,..., 27\/—1—1, ...,2n), j has to be an
odd number. The leading order of the vertex in (A) reads

< 2F2> ZP Azurr T Z Pag, | (2.10)

]+l
while the leading order of the vertex in (B) reads
2
1 1
32 —ﬁ ZPA2u+1+TP+ Z Pa,,
J"'l =0

:_< 2F2> ZPAZ“+1+ Z Pu,, | -(2.11)

]+1

Again, the leading contributions from the vertices of diagram (A) and (B) in figure 3
cancel with each other.

The diagram (C) in figure 3 as a special case of (A) contains a four-point vertex
and needs to be considered independently. In this case, ¢ = 2] + 1 is required and no
corresponding diagram (B) can be found to cancel the leading term of (C). The 7° order
of the diagram (C) in figure 3 gives

1
<_2F2> PM(/@+1 (Zk + Z k) (2,...,20)J(2l+1,...,2n) (2.12)

s=21+2

_ <1> T2, 20020+ 1,....2n).

Thus the soft behavior eq. (1.9) has been proven.

— 11 —



3 Double soft behavior of currents with two adjacent soft particles

In this section, we will discuss the leading and subleading order behaviors of a current
J(... ,Z,m, ...) where the momenta of two adjacent particles i, i + 1 tend to zero.
In general, ¢ in J(... ,7,%#/\/1, ...) can be either even or odd. A current with an even i
can always be reflected to a current with an odd i via eq. (A.8). Thus we only need to
prove one case. In this section, we prove the leading and subleading double soft behaviors
of J(... ,7,1'/4?/1, ...) with even i. Before the general proof, we first illustrate explicit
calculations on the double soft behaviors of four- and six- point currents.

3.1 Four-point current with two soft particles

We now consider the four-point current J (5, 3, 4) where the soft particle 2 is adjacent to
the off-shell line. The momenta of the soft particles 2 and 3 are ko = 7p and k3 = 7¢
respectively. The current can be explicitly written as

o 1 7 . 1 k4'p
554 [ Yirhs 1 — . (31
J(2,3,4) ( 2F2) (rptrgthy2 0P <2F2> EPEETIE :

Here we have used on-shell conditions for external particles k3 = p? = ¢? = 0. After
expanding the current with respect to 7, we find the leading and subleading terms under
T—01is
=z 1 ky-p 1 ky-p
J(2,3,4 :TO< ) +¢1<—> P Q)+ O(r?). (3.2
G ="\ ) i v 272) P D g T 62
Recalling that J(4) = 1, J/"[J(4)] has to vanish. Thus the above equation gives the
expected leading and subleading terms of double soft behavior of the four-point current,

as proposed in eq. (1.10).

3.2 Six-point current with two soft particles

The six-point current with two soft particles ¢, i + 1 is more complicated but can present
most properties in an arbitrary-point current. As already discussed at the beginning of
this section, we only need to consider even i. For the six-point case, 7 can be chosen as 2
or 4, which corresponds to the following two classes according to the position of the soft
particle ¢

(a) i = 2, the soft particle 7 is adjacent to the off-shell line, i.e., J(2,3,4,5,6),
(b) ¢ = 4, neither i nor 7 + 1 is adjacent to the off-shell line, i.e., J(2,3,Z, 5, 6).

These two classes for six-point current are very simple but largely show the logics in a
general case.

Take the particles 2 and 3 as soft. The six-point current J (5, §,4, 5,6) with 2 and 3
soft is

7

J(2,3,4,5,6) = i [TA(§,§)+TB(§,§)+TC(§,§)+TD(§,§)] ,(3.3)

P3g(ka = Tp, k3 = 7¢q

— 12 —



0 1

T T
Ta(2,3) P}gJ(4,5,6) 2(ka + ke) - p
Tp(2,3) | ity (—Pie) J(4,5,6) | —(p- @) gty (—P6) J(4,5,6) = 2(ka + ko) - (p + 0) s
Te(2,3) 0 0
Tp(2,3) —P}gJ(4,5,6) —2P,6 - pJ(4,5,6)

Table 4. The 7° and 7! order terms of diagrams (A), (B), (C) and (D) in figure 1 with particles 2

and 3 soft. The constant 2,%2 has been set to 1 for convenience. The expression of the subcurrent

J(4,5,6) = (—1)%1’(1@4 + ke)? has been taken into account. On-shell conditions are considered in
4,6

Tc(2,3).

where T4(2,3), T5(2,3), Tc(2,3) and Tp(2,3) come from (excluding the propagator of the
off-shell line) the diagrams (A), (B), (C) and (D) in figure 1. While 7 — 0, the propagator
of the off-shell line is expanded as

1 0 1 12Py6 - (p+q) 2
=T -7 ’ + O(77). (3.4)
P22,6(k2 =7p,k3 = 7q) P42,6 (P42,6)2

Inserting the leading and subleading order expressions of .J (5, 3, 4) as well as the leading
order behavior of J(3,4,5) into the diagrams (B) and (C) in figure 1 respectively, we
calculate complete contributions (apart from the propagator of the off-shell line) from
figure 1 (see table 4).

e Leading order: from table 4, we observe that the 70 terms of T4(2,3) and Tp(2,3)
cancel with each other. The 7° term of T (5, §) vanishes because it contains a subcur-
rent J(3,4,5) whose leading order has been proven to be zero in the previous section.
Only the diagram (B) in figure 1 contains a nonzero contribution. Substituting the 7°
terms of the propagator eq. (3.4) and Tp (5, §) into eq. (3.3), we obtain the expected
leading order double soft behavior

. 1 ku -
J©)(3,3,4,5,6) = (2 F2> _" v 57 (1:5:6) = S¥)J(4,5,6), (3.5
where we have put the factor (ﬁ) back.

e Subleading order: through table 4 and eq. (3.4), we read off the coefficient of 71
in eq. (3.3)

o~ 2P, ¢ - 1 .
J0(3,3,4,5,6) = — 2240 (p”)< > FLb iy 56

Pig 2F2 ) kg (p+q)
+ L)
Pig \2F?

RN
P}g \ 2F2

—_

ky-p

2(ka ko) - p & 2Aka + ko) - (P + ) e

Teu -
—(p- Q)m])ﬁﬁj% 5,6) + 2Py -pJ (4,5, 6)] -

(3.6)
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0 1

T T
Ta(4,5) (k2 + k3 + ke)2J(2,3,6) 2(ka + ke) - p
Tp(4,5) 0 — (kg + k3 + k)2 (2,3,4)

3

TC(ZL 5) % [_(kQ + k3 + k6)2] J(27 3, 6) _(p : Q)(k](g%q))? [_(kQ + k3 + k6)2] J(za 3, 6)

—2(ka + kg) - (p + q) 82—

Tp(4,5) | 22 [~ (ks + ks + k6)?] J(2,3,6) Fo (0t )
Fo () (@) oty [~ (o + ks + 6)?] J(2,3,6)

Table 5. The ¥ and 7! order terms of the diagrams (A), (B), (C), (D) in figure 1 with particles

4, 5 soft. As in table 4, the constant 2,%2 has been set to 1. The expression of the subcurrent

J(2,3,6) = (—1)mi(k2 + kg)? has been taken into account. On-shell conditions are used

to derive Tg(4,5).

Using the following property

kr-p Puqv 2
M E 9K -(p+q) —2K-p=—" __JWEK? 3.7
k- (p+q) ( ) kr-(p+q) (3.7)

we simplify the second line of eq. (3.6) as well as the sum of the first line and the
second term of the third line there. Then the subleading order of eq. (3.6) becomes

1 ' ka-p qupvJ;"
< 2F2> {(p V- ra? - (p+q>} 74,5,6)

= 5$.7(4,5,6). (3.8)

J1(2,3,4,5,6)

Thus the expected subleading order double soft behavior is also achieved.

Take the particles 4 and 5 as soft. If the particles 4 and 5 are soft, we have

~ ?

J(2,3,4,5,6) =

Pg(ka = mp, ks = Tq)i [TA(Z’g)+TB(z’g)+TC(ng)+TD(Z,g)] , (3.9)

where the propagator can be expanded as

1 0 1 _712(k52+k3+k6)'(P+Q)
(ko + k3 + ke )? ((k2 + k3 + ke )?)?

+0(7?). (3.10

Piﬁ(k4 =T1p, ks = 7q) (7). (3.10)
Substituting the soft behaviors of J(2, S,Z), J (3,1, g) and J (Z, 5, 6) into contributions from
the diagrams (B), (C) and (D) in figure 1 respectively and expanding the vertices into

series of 7, we find the leading and subleading contributions (apart from the propagator of

the off-shell line) from all diagrams (A), (B), (C) and (D) (see table 5).

e Leading order: plugging all 7° terms shown in table 5 and the 70 term of equa-
tion eq. (3.10) into eq. (3.9), we immediately obtain

~ = 1 1 ke - (q—p) ks-(p—q)
©)(2,3,4 = (- 6 4
77(2,3,4,5,6) 2( ze> [k6'<q+p>+k3-<p+q> J(2,3,4)
= 50.7(2,3,4), (3.11)
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where we have put (%2) back. This is nothing but the expected leading order double
soft behavior eq. (1.12).

e Subleading order: the subleading order of J(2, 3,1, 5, 6) can be arranged as

JM(2,3,4,5,6) (3.12)
k) Gro (1Y ke e ]
(ko + k3 + k¢)? 212 ) |k3-(p+q) ke-(p+q) o
1 1\? ke - p
— (kg + kg) - p + 20k + k) - e
b (ar) |20 k) b 2k ) ()]

“(am)

Here, the first line on the right hand side is a product of the 7! term of the propagator

(p+q)? (ke (p+q))

—(p~q)<(k3.k3'q L fop 2>J(2,3,6)+J(1>(2,3,Z)].

in equation eq. (3.10) and the sum of 7% terms of the T”s in table 5, while the sum
of the second and the third lines corresponds to the product of the 7! term of the
propagator eq. (3.10) and the sum of 7% terms of the T’s in table 5. Applying the
property eq. (3.7) to the first line and noticing that 2K - (p 4+ q) = 2K - p + 2K - ¢,
we have

ny o
B ( 1 ) 1 [( pﬂql’jﬁ + q“png ) (k?2 + k3 + k6)2] J(27 37 6)'

282 ) (k2 + ks + ke)? [\ke - (p+4q) ks -(p+q)
(3.13)
The second line of eq. (3.12) can also be simplified as
1 1 Putv g > }
ko + ks + k6)2J(2,3,6 3.14
<2F2> (ko + k3 + k¢)? [kﬁ-(})—l-(]) (( 2 s 6)7J( )) ( )

1 1 Put I qupe T4 ) , ]
B ko ks k)2 J (2,3, 6
<2F2> (ko +k3+ke)? I:(kﬁ'(p+q)+k3.(p+q) ((k2+E3+ke)*J(2,3,6))] ,

where we used the explicit form of J(2,3,6) as well as the property eq. (3.7) again,
and also added J§" ((k2 + ks + k¢)?J(2,3,6)) to the final results due to (ko + ks +
k)% J(2,3,6) = (532) (k2 + ke)? and T8 ((ka + ks + ke)?J(2,3,6)) = 0.
Finally, we achieve the subleading order behavior of J™1) (2, 3,4,5, 6) as

ks - q ke - p >
p-q + 3.15
00 (G T aa) O

+< quujéW T pu‘]ujgwj >
ke - (q+p) ks-(p+q)

. 1
JW(2,3,4,5,6) = <—2F2>

J(2,3,6)

+ <2;2) JW(2,3,4)J(6)

_ ¢ L
= 8{9J(2,3,6) + <2F2

! ) JW(2,3,4).J(6), (3.16)

which is the expected subleading behavior of J (1)(2, 3,4,5, 6) with 4 and 5 as soft.
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3.3 General proof

Enlightened by the explicit four-point and six-point ex%s, we turn to prove the double
soft behavior of an arbitrary-point current J(2, ... 7517 21+ 1,...,2n) now. As done in the
six-point example, we first consider the boundary case where one of the soft particles is
adjacent to the off-shell line, i.e., [ = 1, and then study the case with no soft particle
adjacent to the off-shell line, i.e., [ > 1.

3.3.1 One soft particle is adjacent to the off-shell line

Let us start from the double soft behavior of the current J (5, 3,..., 2n) where the soft
particle 2 is adjacent to the off-shell line. We express J (5, 3,..., 2n) in terms of products
of lower-point subcurrents by Berends-Giele recursion, then classify all diagrams emerging
from Berends-Giele recursion into three types according to the positions of the soft particles:

e type-1 diagrams with both soft particles 2 and 3 attached to the off-shell line, as
shown in figure 4,

o type-2 diagrams with the soft particle 2 attached to the off-shell line and the soft
particle 3 in a subcurrent, as shown in figure 5,

e type-3 diagrams with both soft particles 2 and 3 in the same subcurrent, as shown
in figure 6.

With this classification, the current J(2,3,...,2n) is given by

~ ~ i

J(2,3,...,2n)

— . A A A

a P22,2n(k2 =71p, ks = TQ)Z [TType_l(T) F Typea(r) + TType_B(T)] - (317)
where TTAype_l(T), T%ype_Q (1) and T%ype_?) (7),% denote the contributions from different types
(apart from the propagator of the off-shell line) . When 7 — 0, the propagator can be
easily expanded as

1 1 2P, .
5 =70 2 L dan (p d; 9) +O(72). (3.18)
P3 o (ke = 7p, k3 = 7q) Piay, (P422 )
2n

The contributions from these three types will be considered one by one.

e Type-1: diagrams of this type are typically shown in figure 4. The sum of all diagrams
with M > 0 (see diagram (A) in figure 4) is expanded as

| \MHL (M 2oM+1
TTAype—l(A) (1) = 70 Z <_2_F2> (Z PA2r+1> H J (A])
r=0 j=1

{4,..2n}—={A1,..., Aopr+1}

1 M+1 M 2M+1
+7! Z (_QFQ) 2 <Z PA2r+1> P H J(AJ) :

{4,...,2TL}*>{A1,...,A2M+1} r=0 j:l
(3.19)

4The superscript ‘A’ implies that the soft particle 2 is adjacent to the off-shell line; readers will see
another superscript ‘N’ in section 3.3.2 and appendix B.
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! A

< {Aora1}

(A) (B)

Figure 4. A typical diagram with the soft particles 2 and 3 attached to the off-shell line is given
by (A). (B) is the boundary case with the off-shell line connected to a four-point vertex.

2 3
| E 3 3
1 3 . 1 i ~
S{A} s {4,....2n—1}
A A on
(A) (B) (C)

Figure 5. A typical diagram with the soft particles 2 attached to the off-shell line and the soft
particle 3 in a subcurrent is given by (A). (B) and (C) are two boundary cases with the off-shell
line connected to a four-point vertex.

g
Cﬁ {42}

-wW

{Aanr41}

Figure 6. A typical diagram with both soft particles 2 and 3 in the same subcurrent.
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The special case with M = 0 is depicted by the diagram (B) in figure 4 and its first
two orders are
A 0 1 2 1 1

Trype (B)(T) =T <_2F2> PiopJ(4,....2n) + 7 < 2F2> 2Pyon-pJ(4,...,2n).
(3.20)

Considering the Berends-Giele recursion of the current J(4,...,2n), we find that the

79 terms of eq. (3.19) and eq. (3.20) cancel with each other. Thus only the 7! term

survives from summing over all type-1 diagrams and is expressed as

1\ M+l M 2M+1
TTAype—l(T) = Tl [ Z <_2Fv2> 2 <Z PA2r+l) P H J (A])
{47...,27’L}—>{A1,...,A2M+1} r=0 j=1

+< 2;) 2Pyon - pI(4,...,2m)|. (3.21)

o Type-2: diagrams with the soft particle 2 attached to the off-shell line and the soft
particle 3 in a subcurrent can be further classified into (A), (B) and (C) as shown in
figure 5.

— Diagram (A) represents the case with the off-shell line attached to a 2M +2-point
(M > 1) vertex.

— Diagram (B) stands for the case in which the off-shell line is attached to a 4-point
vertex with a combination of {45, ..., A}, } as the last subcurrent.

— Diagram (C) is the case that the off-shell line is attached to a 4-point ver-
tex whose other three legs are connected to the soft particle 2, the subcurrent
J(3,4,...,2n — 1) and the particle 2n.

Apparently, (C) is the boundary case of (B) while setting {45,...,A},,} = {2n},
while both (C) and (B) are the boundary cases of (A) with M = 1.

We now show that all the leading and subleading terms in Type-2 diagrams cancel
out. Given the division {4,...,2n} — {A}},...,{4},,} in which {A}} can only
contain particles of an even number while {A4;}(j > 1) can only contain particles of
an odd number, the contribution from the diagram (A) in figure 5 can be written
explicitly as

1 M M 2 _ 2M
<_2FQ> (Tp-f-ZPA’zT) J(3»A/1)HJ(A3')
r=1 j 2
1 1 (1) / - / 2
. <_2F2> ZPA/ 3.4 [[ 74 + 0, (3.22)

Jj=2

where we used the fact that J(©(3,...) with a single soft particle 3 (the even i case
of the single soft behavior eq. (1.9)) has to vanish. Correspondingly, the diagram (B)
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contributes

2
( QFQ) (Tp—l-ZPA/) 3A/1)><
! M_l— P 22MJA
= ! 3.23
( 2F2> (ZT 2PA1> (Z e ) 7«1:12 ) 629

to the division {A}},...,{A4),,}. Those factors in the brackets of eq. (3.23) come
from the Berends-Giele recursion of the subcurrent J(A5,..., A},,) in the diagram
(B) of figure 5. Expanding eq. (3.23) with respect to 7 and using J©) (g, ...) =0,
we find that the 7° order of eq. (3.23) vanishes. The subleading order of eq. (3.23) is
identical to the negative of eq. (3.22). Thus the subleading terms from diagrams (A)
and (B) cancel out. The only contribution isolated from (A) and (B) is the diagram
(C), because no counter diagram in (A) can be used to cancel with (C). The diagram
(C) is written as

(—21F2> (Tp+ kon)?J(3,4,...,2n = 1). (3.24)

The 70 and 7! terms will vanish due to the on-shell condition k3, = 0 and
JO3, A, AL ) =0.

o Type-3: figure 6 presents this type of contribution. Given division {4,...,2n} —
{A1}, ..., {A2p+1}, we can expand the vertex (rp + 7q + Z Pa,,.,)? with respect

r=0

to 7 and also express the subcurrent J ( ,3, A1) due to the inductive assumption of
the double soft behavior for lower-point current. After summing over all possible
divisions, we obtain

0
T’?ype-S(T) - 7_0557?3 (_Pfﬂn) J(4, e 2??,)

1 M
+! 2 <‘2F2> X

{4,...2n}—{Aq1,...,Aopr+1}

2M+1
[ (Z PA2r+1> (p+4q)Sy3J(A1) H J(A (3.25)
2 2M+1
1
+ (Z PA2T+1> <5§,§J(A1)) H J(AS)
r=0 5=2
where the Berends-Giele recursion of J(4,...,2n) has been used.

We already observed the cancellation among all diagrams of type-2, and now we

sum TTlee 1(7) in eq. (3.21) and Tjéype?)

gator eq. (3.18) into account, we obtain the leading and subleading terms of eq. (3.17)

(1) in eq. (3.26) together. Taking the propa-

as follows.
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e Leading order: the nontrivial 7° contribution only comes from eq. (3.26) is written as
7
2

P4,2n

iSY) (—Py,) J(4,...,2n) = S5AJ(4,...,2n). (3.26)

)

o Subleading order: the 7! coefficient can be rearranged as

0)2P120 - (p+q) 1\ 2Pyon-p
A AT 1) g(4,...,2 4,...,2
Sy P, (=1 I, 20) + ( 57 P2, J(4,...,2n)
1 1 M
+ Z - p? C2F? 2F2 E:PAzrﬂ '
{4,...,.2n} 4,2n

—{A1,...,Aop+1}
2M+1

+2 (Z PAZ,M) (p+q)54) H J(A

S L (1)Mx
{4,...2n} P42’2" 28

—{A1,...,Aop+1}

2M+1

M 2
(ZPAM) (sipoan) 11 04
r=0

(3.27)

Considering the explicit expression of Sé 32 in eq. (1.6), we apply the property eq. (3.7)

to the first two terms in eq. (3.27) as well as the expression inside the brackets of
the third term in eq. (3.27). Then the first three terms together with the angular
(1)

momentum part isolated from S5 5 in the last term give

1 Qupv I}
— J(4,...,2n), 3.28
(~o) g ) 19:28)
where we used the explicit Berends-Giele recursion of J(4,...,n). In the end, the

coefficient of 7! in eq. (3.27) is given by
S$DJA, .. 2n), (3.29)

which agrees with our expectation of the subleading order double-soft behavior of
J(§,§,4, ...,2n) as shown in eq. (1.10).

3.3.2 Both soft particles are nonadjacent to the off-shell line

We have proved the double soft behavior of J (5, 3.4,... ,n), now let us study the behavior
of J(2,...,2l—1,5l,2l +1,21+2,...,2n) (1 <l < n) with 2l and 2] + 1 soft. Similar with
what we have done in the boundary case with the soft particle 2 adjacent to the off-shell

line, we again classify the contributions in the Berends-Giele recursion into three types:

e type-1 diagrams with the soft particles 2] and 2/ 4+ 1 attached to the off-shell line
directly, as shown in figure 7,
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{.AQM—H}

Figure 7. Type-1: diagrams with the soft particles 2/ and 2] + 1 attached to the off-shell line

directly
.{Al} .{Al}
¥ v {491}

{.A2M+1 } {‘A2M+1 }

(A) (B)

Figure 8. Type-2: diagrams with the soft particle 2 (or 2] + 1) attached to the off-shell line and
the other one 2l + 1 (or 2I) in a subcurrent

e type-2 diagrams with the soft particle 21 (or 21 + 1) attached to the off-shell line and
the other one 20 + 1 (or 2l) in a subcurrent, as shown in figure 8,

e type-3 diagrams with both soft particles 2/ and 2! + 1 in a same subcurrent, as shown
in figure 9.

Then the current is given by

J(2,. 20— 1,20,20 + 1,2+ 2,...,2n) (3.30)

_ i [N N N
Py, (ko = Tp, kars = q)' Prype-t (7) + Taype () + Types(T)]

where T%\Iyp 01(7), TTNyp e.o(7) and TT‘Nype—g (7) denote the contributions from the above 3 types
respectively. The type-1 diagrams are typically expressed by figure 7, the type-2 diagrams
are classified into (A) and (B) (see figure 8), while the type-3 diagrams are further classified
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{41}

.{Al}
V), {Agj0} )

P 1. {421}

§o {Asj 120,20+ 1} 1 k {20,21 + 1, Ay}

14} ) “{Agi1}
{Aonrs1} {Aonry1}
(A) (B)
{Ar} .{Al}
(A Az} V|, {41}

o (AL 202 1, AR ) - {4k, 21,21+ 1, AF}

s}

{Aanr41} {Aonri1}

(C) (D)

Figure 9. Type-3: diagrams with both soft particles 21 and 2 4+ 1 in a same subcurrent

into four types (A), (B), (C) and (D), as shown in figure 9. Using the inductive assumptions
for single and double soft behaviors of lower-point subcurrents, we express all contributions
of figures 7, 8 and 9 explicitly and collect the results in appendix B. The propagator of the
off-shell line is expanded with respect to 7 as

1 1 (0) 1 (1)
0 1 2
=7 +7 | = + O(77), 3.31
P22,2n(k2l =T7p; k2l+1 = TQ) <P22,2n> <P222n> ( ) ( )

where the coefficients of 7° and 7! are

(0) (1)
( 1 ) _ 1 1 _ 2 (Poor—1+ Paya2n) - (p+q)
: _ .

Pia, Pyoi1 + Paigoon)” P o [(Pz s1—1+ Poryo 2n)2} 2

(3.32)

Inserting eq. (3.31) as well as TN (1), TN _,(7) and TN () into eq. (3.30), we obtain

Type-1 » = Type-2 Type-3
the leading and subleading double soft behaviors as follows.

e Leading order: the leading order of J(2,..., 21, 2l/tk/1, ...,2n) is given by summing
the second row of table 6. The total contribution of the expression at row 2, column
2 and the first two terms at row 2, column 4 provides the sum of diagrams with
particles 2/ — 1, 2 4+ 2 in different subcurrents (i.e., figure 7 and the diagrams (A),
(B) in figure 9) in the Berends-Giele recursion of J(2,...,2l — 1,2l +2,...,2n). The
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i =N 7 =N P =N
o) Liyper(7) | 72, 5 T ype-2(7) 77,0 L types(7)
©)
. 1 - | -N(0) N(0)
5 5 © 1<FF> : {TTypea(A)*TTypes(B)
SO g(2,..., 2,21 +1,...,2n) (%) o 0 Zn
2,20 LNO LTNO ]
Type-3(C) '~ Type-3(D)
(9)
z( B )( )i[TN(l) ) )+TN(1) o
1 ~ P2 Type-3(A2 Type-3(B1.
SWI@,... 2,20+ 1,...,2n) 0 0 Zan - -
+TType»G](CZ)+TType-3(Dl):|
©)
[ TN N(D)
"(pg Zn) g [T vpe-3(AD) T Type-3(A3)
N(L) N(1)
1( i )(O)iTN(l) T rype-3e2)  Type-accy
~ P2 " Type-1
1 P, yp! N(L) N(1)
S'(B)J(Q7 20,2041, 2n) 22n ® o 0 1 ype-3cc3y T Type-3(02)
+z<~21—) T rgoa. (&)
P: ype-1 . 1 - | -N(0) N(0)
2,2n +1<;22;> i TType-3(A)+TType-3(B)
N(0) N(0)
+TType-3(C>+TType»3<D)]
_1_ _ . 1 | N
(2F2/)\J/(27 c20=1) 0 l(P2.2n> Z[ Type-2(A) ( i )(0)2_ {TN(l) LN ]
< JO@I 1,20 42,...,2n) N Fan/ L TRRESTIRSES
) Yoy + Type-2(B)

Table 6. The three types of contributions to the leading and subleading order double soft behaviors.

coefficient of this term is

1 1 ko—1-q < 1 ) kory2 - p 0)
- + + =S . 3.33
< 2F2> <2F2) ku-1(p+aq)  \2F?) kaya(g+p) 22 (3.93)

The last two terms in row 2 column 4 produce the sum of diagrams with 2] — 1

and 2] + 2 in a same subcurrent in the expression of J(2,...,2l — 1,2l + 2,...,2n).

The accompanied coefficient is also ng))zl 41+ All together, the second row in table 6

contributes an Sélo)QH_IJ(Q, ..., 20—1,2+41,...,2n) which agrees with our expectation
of the leading order term.

e Subleading order: the subleading order is obtained from nonzero terms from row 3
to row 5 in table 6.

1. SS)J(Q,...,% — 1,20 + 2,...,2n), where 51(41) is defined by the first term
of eq. (1.7), only gains contribution from row 3, column 4 in table 6. The
first two terms there present all the diagrams of J(2,...,2l — 1,21+ 1,...,2n)
with particles 2] — 1, 2] + 2 in different subcurrents. The coefficient is given by

Ly ka-1-q 1 . kava-q o)
< 2F2> v q)(kZlfl -(p+9)? " < 2F2> #-q) (kar2 - (p+q))? S

(3.34)
The last two terms there gives the sum of all diagrams of J(2,...,2l — 1,2] +
1,...,2n) with 2/ — 1, 2[4+ 2 in a same subcurrent, and the prefactor is also 81(41).

Thus the row 3 precisely gives 5’5‘1) J(2,...,2l = 1,21+ 2,...,2n) as shown at

row 3, column 1.

2. Sg)J(Z o 20—=1,2142,...,2n), where SS) is defined by the term containing
angular momenta in equation eq. (1.7), gains contribution from row 4 in ta-
ble 6. To check this result, we apply the property eq. (3.7) repeatedly and then
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find that

(1)
. 1 .N(0) . (N(0) N(0) N(0) N(0)
¢ <P22,2n> [ZTType-l t (TType—S(A) + TType—3(B) + TType—B(C) + TType—B(D))i|

1 1
N (Pyoj—1+ Poyoon)? {_SJ(B)(PZﬂ—l + P2l+2,2n)2:|
y Lt ,2M

xJ(2,...,20—1,21+2,...,2n). (3.35)

0 . [,.N(1) N(1) N(1) ) 1)
[TType—l * Trypesan T TType-3(C1)] contains Sp

N(1)
+ TType—3(C3) +

(
Considering that z( le )
2,2n

(0)
acting on the vertices, while z(%) i[TN(l) + TTN}I(;()E—:‘}(BQ)

5 on Type-3(A3)
N )

. (1
Type-S(DZ)] contains SB

acting on different subcurrents, one obtains

(0) (0)
. 1 N(1) . 1 [N(1) N(1)
¢ <P22,2n> 2T‘Type-l t <P22,2n> ! {TType-?)(Al) + TType-S(A3)

+ TN

N(1) N(1) N(1)
Type-3(B2) + T +T +T

Type-3(C1) Type-3(C3) Type—3(D2)]
1
(Paoi—1 + Paiy2,2n)?

X [SQ(PMH + Porpaon)2J(2,..., 20— 1,21 +2, ..., 2n)} (3.36)

Finally, the sum of the equations eq. (3.35) and eq. (3.36) which come from row
4 of table 6 gives SW.J(2,...,20 — 1,21+ 2,...,2n).

3. (%z) J(2,...,2] — 1)J(1)(2/l\/+1,2l +2,...,2n) is obtained from the row 5 in
table 6. Cancelation happens between Type-3(C4) from the diagram (C) in fig-
ure 9 and Type-2(A) from the diagram (A) in figure 8, and between Type-3(D3)
and Type-2(B) as well. The only term which cannot be canceled is the one with
the off-shell line connected to a four-point vertex in the diagram (A) of figure
figure 8. All in all, we have

N(1) N(1) B 1 et

TType—3(C4) + TType_Q(A) = (2F2> J(2,...,20—-1)J(2l+ 1,2l + 2,...,2n),
N(1) N(1) _

TType—3(D3) + TType—2(B) = 0. (337)

Behaviors of amplitudes with one soft particle and two adjacent soft
particles

In section 2 and section 3, how the currents present with single and double soft pions
emitted has been elaborated. Now let us study the single and double soft behaviors of
on-shell amplitudes, in other words, on-shell limits of off-shell currents.

When we consider the single and double soft behaviors of amplitudes, all external

particles should be on-shell, i.e., k2 = 0. Hence, we should first impose the on-shell

condition of the off-shell line and then follow similar discussions in sections 2 and 3. One
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may expect to obtain the behaviors in another way: by directly multiplying a P227 on, to the
already known off-shell behaviors (see eq. (1.9), eq. (1.10) and eq. (1.12)) and taking the
on-shell limit P% on, — 0. However, we have to be careful with the order of the on-shell limit
and the soft limit. For all diagrams in the current J(2,...,4,...,2n) (2 < i < 2n) with
one soft particle and the current J(2,... ,Zz’—i—/\/l, ...,2n) (2 < i < 2n — 1) with two soft
particles, the on-shell limit and the soft limit can be exchanged. Thus there is no ambiguity
to obtain the behaviors of amplitudes by taking the on-shell limits of the already known
soft behaviors of these currents, as shown in the introduction.

The more subtle case is the on-shell limit of the boundary current with one of the
two soft particles adjacent to the off-shell line. As stated in the introduction, in this case,
the momentum of the particle adjacent to a soft one is chosen to be dependent on others.
Among all diagrams of the boundary current, e.g., J (5, 3.4,..., 2n), the diagram (B) in
figure 4 is special since it gives a different result when we exchange the order of soft limit
and on-shell limit.

If we take the double soft limit of the diagram (B) in figure 4 first, both the four-point
vertex and the denominator of the off-shell propagator in J(4,...,2n) are nonzero because
the on-shell condition k? = szn = 0 was not taken into account at this step. However,
as claimed, when we consider the double soft behavior of amplitudes, k% = ( should be
imposed first. The four-point vertex and the off-shell propagator of J(4,...,2n) in the
diagram (B) of figure 4 with k2 = 0 should be zero. Thus this case is adjusted as

1 (7p + Pyon)? 9
<2F2> 2, [—P472RJ(4, ...,2n)]

:< 1> (rg +k1)? A4, ..., 2n)

2F2 ) (p+7q+ k1)?
_ (2 g oo pa e o2
= <2F2> [kl-(p+q) (k1 q)(kl‘(erq))2 A(4,...,2n)+O(7%), (4.1)

where the momentum conservation and on-shell condition k? = PQ% on, = 0 have been con-
sidered. After this adjustment of diagram (B) in figure 4, we recall that kj is chosen as
the dependent momentum and does not appear in the explicit amplitude expressions, thus,
the differential operator with respect to k1 in the angular momentum does not take effect.
Finally, the double soft behavior of on-shell amplitude is precisely given by eq. (1.5).

5 Double soft behavior of amplitudes with two nonadjacent soft particles

Having the leading and subleading behaviors of amplitudes (currents) with two adjacent
soft factors, we now turn to the behaviors with two nonadjacent soft particles. While

considering J(2, ... ,; . J, ...,2n), we have to encounter more cases according to different
positions of soft particles 7 and j. Particularly, we have following cases

e both soft particles i, j are adjacent to the off-shell line
e only one of soft particles i, j is adjacent to the off-shell line

e none of the soft particles is adjacent to the off-shell line

— 25 —



and either one of 4, j can be chosen as even or odd number. We claim that the soft behavior
for off-shell current with two nonadjacent soft particles can be calculated out by Berends-
Giele recursion. Nevertheless, to avoid repeated and tedious discussions, we will achieve
the results via another approach, i.e., the KK relation [46] in NLSM [47, 48],

A,2,.. . i—10i+1,...,2n) = > (=1)?" A (1, {a}, i),
a€OP({2,....i—1} U{i+1,....2n}7T)
(5.1)

where the sum goes over all possible permutations « with keeping the relative orders of
elements in the set {2,...,7 — 1} and reversing the relative orders of elements in the set
{i+1,...,2n}.

We focus on the on-shell amplitudes A(1, ... . J, ..., 2n) for convenience. Accord-
ing to different positions of i and ;, we reclassify the amplitudes into two categories.

e Amplitudes in which i and ; do not share any adjacent particle.
e Amplitudes in which i and } share one common adjacent particle.

Apparently, the off-shell current with both soft particles adjacent to the off-shell line is
just the off-shell version of the second category by taking the common particle as the off-
shell leg. Since partial amplitudes have cyclic symmetry, without loss of generality we can
choose 1 and i (with k1 = 7p, k; = 7q) as the two soft particles. In the the remaining part
of this section, we will prove following double soft behaviors

A1,2,. . i—1,0,0+1,...,2n) =0+ O(r%), (3<i<2n-1) (5.2)
0+ O(1?) (n=2)
A(1,2,3,4,...,2n) = 1 , . (5.3)
1 p-q 2
T <2F2> kz'(p+q)A(274"”72n)+O(T)(n>2)

All amplitudes with two nonadjacent soft particles can be obtained by considering cyclic
symmetry. Although the following proof is done by KK relation, we have alternatively
verified these behaviors using Berends-Giele recursion. Since KK relation in nonlinear
sigma model has already been extended to off-shell currents [48], one can also have a
similar discussion for off-shell currents.

5.1 Two soft particles do not share any common adjacent particle

By the KK relation eq. (5.1), amplitude A(T, 2..i—14,i+1,..., 2n) where the two soft
particles 1 and ¢ with momenta k; = 7p and k; = 7q do not share any adjacent particle
can be rewritten as

A(172771—17Z,Z+1,,2n): Z (_1)27177,14(1’{&}71)’(54)
a€OP({2,...i—1} J{i+1,....2n}7T)

where 3 < ¢ < 2n — 1. The right hand side of eq. (5.4) is a combination of amplitudes
with two adjacent soft particles 1 and 7. The element o can be chosen as either 2 or 2n,
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while the element as,_5 can be chosen as either i — 1 or 7 + 1. Thus one can classify the
amplitudes on the right hand side of eq. (5.4) according to different choices of (aq, ag,—2)
as following

e (2,i-1): this type of amplitudes has a general form A(T, 2,...,1— 1,?) and the total
contribution of this type gives

I = > (—1)2n=i 4 (17 2,{B},i— 1,7) . (5.5)
BEOP({3,..ryi—2} Uit 1,....2n)T)

Now, A(1,2,...,i —1,1) satisfy the two adjacent soft particles behaviors eq. (1.5),
thus we arrive

I = > (—1)2n—i (5.6)

BEOP({3,....i—2} U{i+1,....2n}T)

)

x [TOSEOB(k:i_l, ko) + 7S (ki1 /@)} A2, {BY,i—1)+O(r2),
where the double soft factors Sg)l)(k:i_l, ko) and Sg}l)(ki_l, k2) are defined by eq. (1.6)
and eq. (1.7) and we rewrite them as functions of the momenta of those adjacent hard
particles explicitly. After exchanging the summation and the soft factors, we obtain

= (=17 [PO8(0) (ki1 ko) + 7S (Ria, )|

X > A2, {8}, i—1)| +0O(r), (5.7)

BEOP({3,...i—2} U{i+1,....2n}7T)

The sum in the last brackets is nothing but the KK relation expression of
A(2,3,...,i—2,i—1,i+1,...,2n) up to a factor (—1)>"~% thus

0= 789 (i1, k) +TIS§}3(1€,~_1,1€2)}
xA(2,3,...,0—2,i—1,i4+1,...,2n) + O(1?). (5.8)
e (2,i+1): following a similar discussion in the (2,7 — 1) case, we apply the double

soft behavior with two adjacent soft particles as well as KK relation. Then the
contribution of this type is written as

I = 3 (—1)2=iA (T,z, (BY,i+ 1,7) (5.9)

BEOP({3,....i—1} U{i+2,....2n}T)
= (=1 [TOSE,%)(MH’ k) + 78 (ki k2)}
XA(2,3,...,i—2,i—1,i+1,...,2n) + O(T%).
e (2n,i-1): this type contributes
Iy — 3 (—1)2=iA (T, on, {8}, i — 1,?) (5.10)
BEOP({2,3,...,i—2} U{i+1,....2n—1}T)
= (-1) [TOSZ('?B(’%—hk%) +TlS§11)(kz‘—17k2n)}

XA(2,3,...,0—2,i—1,i+1,...,2n) + O(1?).

)
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e (2n,i+1): this type contributes

I = $ (—1)2ia (T, o2, {B},i+ 1,2) (5.11)
BEOP({2,3,....i—1} U{i+2,...,2n—1}T)
= TOS,E?I)(ki—i-ly kan) + TlSE}l)(ki+1, kgn)}
XA(2,3,...,0—2,i—1,i4+1,...,2n) + O(1?).

Summing over all contributions together and considering the explicit forms of double soft
factors eq. (1.6) and eq. (1.7), we finally find fully cancellation among the leading and
subleading factors. Then we have proven the behavior eq. (5.2).

5.2 Two soft particles share one common adjacent particle

If two soft particles share one common adjacent particle, for example, A(T, 2,.3,4,... ,2n),
we should isolatedly consider the behavior because in this case 2 can be either chosen as
a1 or aon_o. A very special case is the four-point amplitude A(T, 2.3, 4), where the two
soft particles share two adjacent particles, namely 2 and 4. In this case, one can obtain
the behavior directly by Feynman rules

A(1,2,3,4) = O(2). (5.12)

If n > 2, the two soft particles share one common adjacent particle. We apply KK
relation to rewrite A(1,2,3,4,...,2n) as

A(1,2,3,4,...,2n) = (—=1)*3 > A(1,{a},3). (5.13)
acOP({2} U{4,....2n}T)

In this case, (a1, @g,—2) can be chosen as (2,4), (2n,4) or (2n,2). In each type of contri-
butions, we can apply the double soft behavior eq. (1.5) as well as KK relation eq. (5.1).
Then the behavior of A(T, 2,3,4,... ,2n) reads

A(,2,3,4,...,20) = [ (Sg?{(m, ko) — S (ka, kan) + S (Ko, kg)) (5.14)

ol (SE,}{(I% ko) — S (ka, kzn) + S (Ko, 1@))] A(2,4,...,2n).

) )

Substituting the definitions of the soft factors eq. (1.6) and eq. (1.7) into the above equation,
we find that all the leading order factors as well as the angular momentum parts in the
subleading factors cancel out. The left term gives out the behavior eq. (5.4).

6 Conclusion

In this work, we studied the single and double soft behaviors of tree-level currents in
NLSM. We proved the leading behavior eq. (1.9) of currents with a single soft particle.
Furthermore, we proposed and proved the leading and subleading behaviors of currents
containing two adjacent soft particles (see eq. (1.10) and eq. (1.12)). The soft behaviors of
the on-shell limits of currents were shown to be the right behaviors eq. (1.4) and eq. (1.5).
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By KK relation, we derived all double nonadjacent soft behaviors eq. (5.2) and eq. (5.3)
for on-shell amplitudes.

This work provided a systematic study of the leading single soft behavior and the
first two leading order double soft behaviors of tree amplitudes in NLSM by Berends-Giele
recursion (Feynman diagrams) and KK relation.

There are some interesting problems related to our present results:

e As mentioned in the introduction, the inspiration of this subleading double soft be-
havior in the effective theory comes from a) the study of global symmetry breaking
from an amplitude point of view and b) the recent soft theorems research in different
frameworks. Actually, the leading order behavior can be studied by current algebra
as well [49, 50]. Concerning the subleading results derived in this paper, we are cu-
rious on several points: how to understand these results from the current algebra
point of view? Do these nice structures indicate some hidden symmetry or deeper
physics insight?

e Although, the leading and subleading order double soft behaviors as well as the
leading order single soft behavior of currents have been proved, the subleading order
of a current with a single soft particle is still unknown. Thus it is worthy studying
the subleading order single soft behavior.

e The behaviors of currents with more soft particles will be complicated and deserves
further study.

e All discussions in this work are limited at tree level. Loop level extension is expected.
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A Feynman rules and Berends-Giele recursion in NLSM

We review Feynman rules and Berends-Giele recursion in NLSM. Most of the notations
agree with those in [6, 7]. This part has some overlaps with [47, 48].
A.1 Feynman rules

Lagrangian. The Lagrangian of U(/V) non-linear sigma model is

F2
L= ITr(aMUfWUT), (A.1)
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where F' is a constant of one mass dimension. Using Caylay parametrization as in [6, 7],

the U is defined by

00 1 n
U=1+2 (qb) , (A-2)
nzl 2F

where ¢ = /2¢%t% and t* are generators of U(NN) Lie algebra.

Color decomposition. The full tree amplitudes can be given by a trace form color
decomposition®

M%) = Y TH(TOT L T ) A(1, o). (A.3)

O€S7L71

Since traces have cyclic symmetry, the partial amplitudes A also satisfy cyclic symmetry
A(1,2,...,n)=A(n,1,...,n—1). (A.4)

Feynman rules for partial amplitudes
Under Cayley parametrization eq. (A.2), vertices in the Feynman rules for partial
amplitudes are

2 2
1 n n 1 n n

Vani1 =0, Vanio = (—2}72) (ZPQH—I) = <_2F2> (ZPQH—Q) . (A5)
i=0 i=0

Here, p; denotes the momentum of the leg j; momentum conservation has been considered.

A.2 Berends-Giele recursion

From the above Feynman rules, one can construct tree-level currents® through Berends-
Giele recursion

. n 2m—1
i .
J(2,000,2n) = oy Y7 D iVam(pr = —Pagn, Pay. o+ Pagea) x [ 7(Ak), (A6)
2,2n ;=2 Divisions k=1
where p1 = —Pa,, = —(p2 + p3 + -+ + pp) is the momentum of the off-shell leg 1. In
the second sum, ‘Divisions’ denote all possible divisions of on-shell particles {2,...,2n} —
{A1},...,{A2m—_1} with odd number elements in each subset. For example, if n = 6

and m = 2, we have three divisions {2,3,4,5,6} — {2,3,4},{5},{6}, {2,3,4,5,6} —
{2},{3,4,5},{6} and {2,3,4,5,6} — {2}, {3}, {4,5,6}. The starting point of this recursion
is J(2)=J3)=---=J(n)=1.

Since there is at least one odd-point vertex for a current containing odd lines (in-
cluding the off-shell line), according to the vanishing odd-point vertex as in eq. (A.5), we
always have

J2,...2n+1) =0, (A7)

5In [6] and [7], this decomposition is mentioned as flavor decomposition.
8Tn this paper, an n-point current is mentioned as the current with n—1 on-shell legs and one off-shell leg.
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for (2n + 1)-point amplitudes. The currents with even points are nonzero in general and
are built up by only odd numbers of even-point subcurrents. Due to the vanishment of
odd-point currents, our discussion in this paper only concern even-point currents.

The current apparently have reflection symmetry

J(2,3,...,2n) = J(2n,...,3,2). (A.8)

B Computation details for nonadjacent case in section 3.3.2

In this section, we illustrate all computation details from diagrams in figures 7, 8 and 9.

Type-1. The type-1 diagrams with two soft particles 7, ¢ + 1 attached to the off-shell
line are typically described by figure 7. When 7 — 0, the sum of diagrams in this type is
expanded as

N(0)

N(1
T’I‘Nype—l(T) = TOTType_l + T ) (Bl)

Type-1°

where T%,(gi_l and Tgy(;i_l are given by

N 1\ M+ (M1 29M+1

Trype1 = > (_2F2) (Z PQT_1> IT 740, B2

{2,...,21—1}—{A1},....{A2; 1} r=0 s=1
{2l+2,...,2n}—>{A2j},...,{A2M+1}

) 1\ M+l M1 2M 41
Trype1 = Z <_2FQ> 2 <Z P27"_1> " H J(4s), (B.3)
(2, 20— 1} {A1},..{Asj_1} =0 s=1
{2l+2,,2%}%{142]},,{1421\/[4_1}
where we have summed over all possible divisions {2,...,2l —1} = {A41},...,{A42j—1} and
{204 2,...,2n} — {Ag;}, ..., {A2nm41} with elements of odd number in each set.

Type-2. Type-2 diagrams are shown by two diagrams in figure 8. The diagram (A) of
figure 8 stands for those with 2/ connected to the off-shell line and 2/ + 1 in a nontrivial
subcurrent, while the diagram (B) has 2/ in a nontrivial subcurrent but 2/ + 1 connected
to the off-shell line. As proven before, the behavior of currents of the forms J (QZ/:—/I, o)
and J(... ,2~l) have to vanish. The 7° order term should be zero and the 7! order term of
the sum of all type-2 diagrams is

N 1 N(1) N(1)
Trype-2(T) = 7 |:TType—2(A) + TType—2(B)} ; (B.4)
Here, Tgy(;()ﬁ( A) is the sum of 7! coefficient of all possible (A) diagrams in figure 8 and
given by
Trype-2(a) = > (—2F2> (B.5)

{2,20-1—={A1},.. {Az; 2} {Af; 1}
{20+2,....2n}={ AL 1} {A2;}, {A2nrr1}

M 2 o IM+1

x <ZPAM> J(AY DJ@i+1,A% ) T 74y,
r=0 722:'11
SFE2)—
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where we have defined Pa,, , = PAL .t PAR o, We emphasize that there should be

even number of elements in {AQJ 1} because {27\/4—1 A2j 1} should contain odd number

of elements. The sum of all possible (B) diagrams in figure 8, T%,)p 2~l,2l/:/1), is

e-2(B) (
expressed by

- |\ M+
Trypeas) = Z (‘2 F2) (B.6)
{2,....21-1}—={A1},... . {A2; 1}, {AZJ}
{214-2,.. ,2n}—>{A 3 {A2j+1}, {Aomr+1}

2 2M+1
x(ZPAMl) T(A%) 21+ 1, A H J(A
r=0
s;ﬁ2j

where {A -} contains even number of elements.

Type-3. When two soft particles are in a same subcurrent, we have following four kinds
of diagrams (see the four diagrams in figure 9).

e Diagrams containing a subcurrent with the form J(.. .,2~l,2l +1): in this case, we
substitute the double soft behavior of lower-point currents with 2/ + 1 adjacent to
the propagator. The sum of diagrams of this kind is written as

N L0N(0) 1[N(1) N(1) N(1)
Trypesa)(7) = T Tpypesa) 7 [TType-?)(Al) + Trypesaz) ¥ Trypesas) | (B.7)
where
N(0) 1 ka—1-q
- _ > < (B.8)
Type-3(A) 2F2) 1"
{2,201} ={A1}..{A2; 1} Faio1 - (£ q)
{2142,...2n} —={A2; }..{ Aopr+1}
L \M [ M 2oM+1
“(~3) (Z PA””) L7

N() 1 kay—1-q
. _ > ( ) (B.9)
Type-3(Al) 2 .

{2,...,21-1}—={A1}.. {4251} 2k k-1 (p * Q)
{2142,....2n}—{A2; }..{Aopr+1}
2M 41
() () oo i
s=1
1 koi—1-q

N _ o . 2-1 B.1
Type-3(A2) Z 2F?2 (-a) (ka1 - (p+q))? (B.10)

(2,,21- 1} { A1 }... {Azj_1}
{2[+2,...,2TL}—>{A2]'}...{A2M+1}

L \M (M 29M+1
X(‘m) (ZPAzTﬂ) [T 74,
r=0 s=1
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N(1) o 1 Q/Lpujgl;il
TType—3(A3) - Z <_2F2) J(AQj—l) (Bll)

{2,...,21-1}—{A1}.. {4251} Fat1 - (q +p)
{2042,...2n}—{A2; }.. {Aonr+1}

LA\M (M 2 oM+1
X <_2_FQ> (ZPA2r+1> H J(AS)
r=0 s=1

s£2j—1

e Diagrams containing a subcurrent with the form J (2~l, 2/l\/—|—1, ...): we apply the soft
behavior to the lower-point subcurrent with 2/ adjacent to the off-shell line. The
contribution of this type is then given by

N _ 0N(0) 1[N(1) N(1)
Trype-3)(T) = T Tpgpeam) + 7 [TType-B(Bl) + Trype-a(s) | (B-12)
where
1 koi12 - p
7NO) _ 242 B.1
Type-3(B) Z 2F? k2[+2 : (q + p) ( 3)

(2,211} { A1} {Azj_1}
{2l+2,...,2n}—>{A2j}...{A2A4+l}

L \M (M 29M+1
) e B
=0 s=1

r

N1 1 koiy2 - p
. _ 3 (~572) -0 (B.14)
Type-3(B1) 2 . 2
- {2,201} —={A1}.. {Azj_1} 2k (hats2- (¢ 7))
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e Diagrams containing a subcurrent of the form J(..., 2~l, ﬁvﬂ, ... ) with odd numbers
of elements on the left of 21 and even number of elements on the right of 21 + 1: the
total contribution from diagrams of this kind is given by
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where
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e Diagrams containing a subcurrent with the form J{(. .. ,évl, 2/l\_/—i-17 ... ) with even num-
bers of elements on the left of 21 and odd numbers of elements on the right of 21 + 1

The total contribution of diagrams of this kind is given by

N
T Type-3(D3) |’
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