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1 Introduction and results

In this work we consider the tree-level scattering amplitudes of massless states in the
NS-NS (Neveu-Schwarz) sector of closed superstrings, and analyze the behavior of the
amplitude when one of the external states, either a graviton, dilaton or a Kalb-Ramond
field, becomes soft with respect to the other (hard) states. This is a direct continuation of
our earlier works in ref. [1, 2], where we dealt with the same problem, but in the bosonic
string only. In ref. [1] the soft behavior of a massless closed string was computed through
subsubleading order in the soft momentum, when the hard states were all tachyons, and
through subleading order, when the hard states were any other massless closed state in the
bosonic string. These soft behaviors were shown for the graviton and dilaton to generically
admit soft theorems with the factorizing soft part being equal to the known leading and
subleading soft theorems of a graviton in pure field theory [3-6], and of a dilaton in string
theory [7, 8]. The subsubleading soft behavior, when scattering on hard tachyons was
found instead to have an additional factorizing piece, only relevant for a soft dilaton, as
compared to the recently discovered subsubleading soft theorem for the graviton in field
theory [9-11] (for complementary discussions, see also ref. [12-27]).

As shown in [11], the field theory soft theorem results for the graviton all follow by
just imposing gauge invariance of the scattering amplitudes. This same analysis can be
extended to also cover the dilaton collectively with the graviton, and as shown in ref. [2§],
one indeed recovers the additional piece at subsubleading order, found explicitly in ref. [1],
when scattering on hard tachyons, signalling universality of the soft theorem. In ref. [2] we
extended our analysis in the bosonic string by computing the subsubleading soft behavior
of a massless closed state scattering on other hard massless closed states. The soft theorems
for the graviton and dilaton were again uncovered, and it was shown that an additional



factorizing soft operator proportional to the string slope o’ appears at subsubleading order,
when the soft state is a graviton, while the dilaton soft theorem remains equal to the field
theory result of ref. [28]. By including the o’ corrections in the three-point amplitude for
massless states, this was shown to again follow from gauge invariance of the scattering
amplitudes. While this shows that the graviton soft theorem at subsubleading order is not
universal, but depends on higher-order operators in its effective action, it is intriguing to
think that the soft behavior of the dilaton is universal in any theory through subsubleading
order, signalling some underlying hidden symmetry. (For recent discussions on existing
relations between broken symmetries of Lagrangians and soft theorems, see refs. [28-35].)
Indeed, as shown in ref. [28], the dilaton soft theorem does bare striking resemblance to the
soft theorem of the Nambu-Goldstone boson of spontaneously broken conformal symmetry,
which is universal through subsubleading order.

In this work we are in fact going to confirm that the dilaton in superstrings obeys the
same soft theorem as in the bosonic string through subsubleading order, when scattering on
other massless closed states of the NS-NS sector of closed superstrings. The soft theorem
of the graviton in superstrings, on the other hand, does not have any string corrections,
in contrast to the bosonic string. Furthermore, we will show by using gauge invariance
that also in the heterotic string, the dilaton soft operator has no string corrections at
subsubleading order. In conclusion, we find that the dilaton soft operator is tree-level
universal through subsubleading order in all string theories, and in particular, does not
contain string corrections, making it the same as in field theory. We leave out in this work
any discussions on the soft behavior of the Kalb-Ramond field. We plan to discuss it in a
future work, collecting also our previous results in the bosonic string.

The subject of this work has seen tremendous progress in recent years, both in field
theory and in string theories. We restrict ourselves here to referring only to the more
related string theory papers [36-41], while the interested reader is invited to look up our
recent paper [2] for a brief count of the progress also on the field theory side, including the
relevant references.

Let us summarize the results of this work, while at the same time introducing our
notation: the n-point tree-level scattering amplitudes, M, of closed massless superstrings
can generically be written as a convolution of a bosonic part, M,l;, with a supersymmetric
part, M3, as follows:

M, = M} « M, (1.1)

The expressions for bosonic and supersymmetric parts of the n-point supersymmetric string
amplitude are defined by:
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M; = exp [— 72 : J —I—c.c} . (1.3)

where kp is the D-dimensional Newton’s constant, dV,. is the volume of the Mobius group,
z; are the Koba-Nielsen variables, ¢; and 6; are Grassmannian integration variables, and
we have introduced the following superkinematical quantities:

a/
Al = piel! + \/Zﬁzkf ; Cl' = i€l (1.4)

where €' and k' are respectively the holomorphic polarization vector and momentum of
the state i, and ' is the string slope.

Apart from the integration measure, M? is equivalent at the integrand level to the
same amplitude in the bosonic string; the integrands, in fact, become equal if one makes
the identification 0;¢; — ¢; and remembers that, after this substitution, ¢; has become a
Grassmann variable. The difference in the measure between M? and the bosonic string
amplitude is only the presence in Mg of the integrals over the Grassmann variables 0;,
0;, and the additional factor H?:l 0;0;/|21 — z2|? coming from the correlator of the su-
perghosts. The latter factor in the measure effectively kills any term involving 61, 62, 01, 62,
which readily follows from an expansion of the exponentials and an integration over those
variables. We will not need to use this property, and thus leave the integrand as it is.

When considering an amplitude with an additional state, which is soft, it is useful to
factorize the string amplitude at the integrand level into a soft part S and a hard part as
follows:

Mpyy1 = M, % S (1.5)

where M, is the full superstring amplitude of n closed massless states, and S is a function
that when convoluted with the integral expression for M,, provides the additional soft state
involved in the amplitude. The function .S can be further decomposed into its bosonic part
and supersymmetric part as follows:

S =S, +Ss+Ss, (1.6)

where S, is the bosonic part and S, + S is the supersymmetric part, with Sy being the
complex conjugate of Ss. This decomposition is useful, since the bosonic part can be related
to the soft function in the bosonic string. In fact, after the identification 0;¢; — ¢;, the
bosonic soft function Sy is the same as the one given for the bosonic string in ref. [1, 2],
which was computed therein through O(q), where ¢ is the momentum of the soft state.
In this work we need therefore only to consider the additional contributions from the
supersymmetric states, described by Ss + Ss. We have computed this function through

!The Grassmanian variables ¢; are equivalent to those of ref. [1, 2] denoted therein by 6;.



O(q), and our result reads:
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where the brackets and curly-brackets in the indices denote commutation and anticommu-
tation of the indices, e.g.:

Ok = OPkY — CYK?

Al AT = APAY 4 ARAY = AP0 AT

(1.8)

where the latter identity is due to the A" being Grassmannian. The expression in eq. (1.7)
starts at O(q"). This means that only the bosonic part contributes to the amplitude
at O(q~1), and is thus responsible for the Weinberg graviton soft theorem. When the
above expression is projected onto a soft state which is symmetric in its polarization, i.e.
a graviton or a dilaton, we will show that the explicit results above can be reproduced by
the following soft theorem:

A~

(Mpy1)s = (SCY + 8O 4 SOYAL, + O(g?) (1.9)

where the subscript S denotes that the soft state must be symmetrically polarized, and
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and where 651, = %(GME,, + €,€,), J; is the total angular momentum operator,
JW =L + S 4 St (1.11)

Li“/:Z(k';ualf _kzua](j )7 S;LW:Z<6588 _62‘188 >7 SW’ZZ<E¢L 0 - € 0 ’
v im Civ €ip 3

and A; is an operator:

0 0
Aipa = kipi + Hipa ) Hipa =€Cipa 5 + gipf (112)
kY 0e? €7
that acts covariantly on the superkinematical variables, i.e.
AgpA? - (52']‘770-'0145, Apr;- - (5@'7707)01” . (113)
It follows that J/* is also covariant acting on these variables, since
JM =4(AY — ATM). (1.14)
In contrast, we notice that the subsubleading soft operators obtained in the bosonic
string [2]:
A(l) ~ a/ n ]{,‘uku
Show = S + 5 kD v D (qaké’n”‘ + "k =P (ki - q) — qpq"q’_,;) ipo , (1.15)
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and, as we will show in this work, also in heterotic string:

q-k; e’
(1.16)
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differ from eq. (1.10c) by terms due to string corrections. These additional parts, pro-
portional to o', do not act covariantly on the superkinematical variables, and thus are
not supersymmetric operators. We have consistently found that they only appear in the
bosonic and in the heterotic string. They furthermore vanish when projected onto the
dilaton state. Therefore the subsubleading soft operator in eq. (1.10c¢) is, nevertheless, uni-
versally valid for the dilaton in the bosonic string, in superstrings, in the heterotic string,
and in field theory [28].

The paper is organized as follows: in section 2 we review the superstring amplitude of
n + 1 massless closed states and rewrite it in a convenient form for computing its behavior
in the limit where one of the external states becomes soft with respect to the momenta of
the other n external states. Here we also introduce our notation. Then in section 3 we
show the calculational details of the soft part of the amplitude and provide our explicit
results. In section 4 we demonstrate that the explicit results for the graviton and the
dilaton can be expressed equally as a soft theorem, where the soft part is provided by the
action of an operator acting on the lower point amplitude involving only the n external
hard states. We furthermore explicitly show how the supersymmetric part of the amplitude



cancels the purely bosonic string corrections to the amplitude at the subsubleading order,
found in ref. [2]. In section 5, using gauge invariance, we compute the string corrections in
the heterotic string and we show that they do not contribute to the dilaton soft behavior.
Finally, section 6 offers our conclusions and remarks. An appendix is additionally provided
for the details of the calculation in section 4.

2 Amplitude of one soft and n massless closed superstrings

In this section, we review the closed superstring amplitude and rewrite it in a convenient
form, when one particle is soft, which allows us to directly express the results using the
calculations already done in the bosonic string in ref. [1, 2.

The massless closed superstring vertex, in the (—1, —1) and (0, 0) pictures, is given by
the compact expression:

vp—p) = ’;D/de or VP)(z, 0; k) /dé or v )(z, 0; k), (2.1)
m
with
VP (2, 0;k) = e PP €, DX* ei\/%k’x(z’g) , (2.2)

where 0 and 0 are Grassmannian variables, €€, = €, is the polarization of the massless
state, and the superfield notation is given by

XH(z,0) = 2t(2) + 0y (2), = 9 + 92 (2.3)

The relevant expectation values for massless amplitudes are:

(X“(zl, 01)XV(Z2, 92)> = —77/“/ log(21 — Z9 — 9102) s
(=0 g0l — 1

21_22.

(2.4)

The amplitude of n + 1 massless states in closed superstring can be written as:
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where new Grassmanian variables (¢, p;, @, @;) are introduced, and dVj, is the volume of
the Mobius group. The states with the indices 1 and 2 are in the (—1,—1) picture, while
the others are in the (0,0) picture. This effectively means that, in the expressions for the
integrands that follow, terms involving 6, 62, 61, 62 can be equated to zero because of the



overall integration measures f dh;0; and f dh;0; for i = 1,2. Since this choice could have
been made for any two of the n states, we will not explicitly impose these zero conditions
in the expressions that follow.

The n+1 point amplitude, with the help of the correlation functions written in eq. (2.4)
and after having integrated over the variables # and 6, reduces to an expression which can
be factorized at the integrand level as follows:

Myy1 =M, xS, (2.6)

where by *x a convolution integral is understood, and the two parts M, and S can be
conveniently expressed in terms of the superkinematical quantities:

/
Aé‘ = 902'6? + \/gelkf ; C;u = (Pieid;? (2.7)

such that
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while for convenience we express S as a sum of three terms
S =S8,+ S5+ 8Ss, (2.9)

where 5j, is the purely bosonic part, which is simply equal to the similar expression in the
bosonic string after identifying 6;¢; — ¢; (whereby ¢; becomes a Grassmann variable) and
is given by:?

C C

S, = /‘GD/d2zH‘Z Zl’aqszeXp[ \/;j_zll \/;g—zll]
n a o' €-
X(Z Z—Z Z\/72—2’> +Z\/;Z
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2For comparison with the expressions in ref. [1, 2] we notice that the variables here denoted by ¢; are

N\ Q\

equivalent to the variables denoted by 6; in those papers.



and S, and S, are the complex conjugates of each other and they provide the contributions
from the additional supersymmetric states. They are given by

S5 [T e e | % - 2
q-A; q-A
zﬁz_zzz_zzﬁz_zlzz_zm )

o = o 1k

i=1

and S is given by the complex conjugate of this expression, where complex conjugation
sends z; — Z;, 6 — e ,0; — 0;, and w; — @i, while the momenta k; are left invariant. The
superkinematical quantltles A" and C! are respectively anticommuting and commuting
kinematic factors. Furthermore, since ¢? = 62 = 0, they obey the following useful identities:

AbAr =< CZ[“’k dorey = Afcy =0, (2.12)

where we have used the notation C’i[“ k] I = Cl'kY — CYk!'. This antisymmetrizing notation
will be used throughout this paper. Furthermore an equivalent notation will be used with
curly brackets for denoting symmetrization.

Let us remark that M,, can be decomposed in a bosonic and a supersymmetric part as
well, as follows:

M, = M« M? (2.13)
where the first part yields the complete bosonic case and is given by

87r n—2 HZ 2 2
M, = (27r) dVabc\zll _ ZQPH‘ZQ it Hd9 Hdsﬂzﬂdﬁ .0; Hd@ Hd%

(2.14)
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and the second part gives the supplement of the additional superstring states and reads

M7 = exp —EZM-FC.C. . (2.15)



3 Soft expansion through subsubleading order

The integral S, has been computed through subsubleading order in ¢, that is through O(q),
in refs. [1, 2]. Thus for this work we only need to consider the other parts of S, i.e. S5 and
S,, where the latter can be conveniently written in the following compact form:

_ / _ . / .
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where all the integrals involved in the calculus of the amplitude are represented as:

/
[z / dz H?:l |z — 2| aku

i %(z - 211)<Z - Zi2) T (2 - Ejl)(z - 2j2) e

o B ¥ [ Bt 7

— - / _ .
- oreyly — ooy — | Sk

(3.2)

Notice that according to eq. (2.12) the term involving CZ-”C]’-L vanishes for ¢ = j, and that
the terms involving C’f vanish for j = [,m. It turns out that all integrals involved in the
calculation have already been computed in ref. [2], and they are all obtained from two
master integrals, I! and I f , through an iteratively use of the identities:

: 1 :
I, = ————0,1] (3.3)
1 — S (qks)

valid even for i = j and

H o pe g o peer (34)
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The explicit expressions of the master integrals are [1, 2J:
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with A a cut off that cancels in the final expression of the amplitude. The notation of two
momenta in a round bracket is hereafter used to denote (k;q) = k; - ¢. It is worthwhile to
notice that only I! shows a pole in the soft momentum and therefore the integrals I 3111722
can yield a term of O(g~!) only if one of its lower indices is equal to one of the upper ones.



To derive S, through subsubleading order, let us first notice that with the integrand
explicitly containing a factor of ¢, the leading part can only be of O(q°), and therefore
the entire O(¢~!) terms are produced by the bosonic part only. Next, to obtain the terms
of order ¢ and ¢, we notice by inspection of eq. (3.1) that the integrals Il-jil and Il-j ! must

L order is

be equated through the O(q%), while for all other integrals only the leading ¢~
relevant. The integral If;lm, only relevant at O(g~!), does not contribute, since by having
two lower indices equal it cannot be divergent in the soft momentum. For the same reason,
all the other integrals which are only relevant at O(¢~!) contribute only when one of the
indices [ or m is equal to 7 or j.

The complete expression through O(q) of Sy can be explicitly given in the following
form, where each integral is now unique and we discard integrals that do not give any

relevant contribution:

/
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where we made explicit use of eq. (2.12) and particularly of the identity flf AY =/ %’C}p kf}
We recall for convenience the notations:
ClK! = CPRY — VK]

| Z— v v o__ [7 V]
A A = ALAY 4+ AVAY = A A

(3.8)

where the latter equality is due to the Grassmannian nature of the A;.
The O(q") part of S, is obtained from the term involving I ! only, since Ifil does not
have a O(q~1) term, and the only nonzero part reads:

Oé/ -0 7 -0 T 37
S = Kpeutu i, > (APAY + ALAY)KLTY + O(q)

i#]
los 7V .10
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It is worth noticing that this expression does not involve any overall o’-factor.
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Finally we express explicitly the terms of O(q), which after some simplifications read:
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4 Soft action on the lower-point amplitude

In section 3 we have seen that the n-point string amplitudes with all massless external
legs can be written as the convolution integral of M? with M. The dependence of MS
on the momenta and polarizations is the same as for the amplitude of n massless particles
in the bosonic string, which is in turn already known to obey a soft theorem through
subsubleading order when the soft particle is a graviton or dilaton [1, 2], i.e

a(—1 0 A(1
My = My« Sy = (S50 + 850+ 550) Mh+ 06, (4.1)
where
N k’.‘klf
S( 1) _ S 7'V 4.2
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5(0) SN
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S(l) _ Spv Py i A
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kM EY
_O/ <qak;/npu + qpk;Zann/ o np# cn/(k q) —q qa kz zq> Hip0:| , (4.2(3)
(A

where the different quantities and operators were defined in the introduction,
egs. (1.11)-(1.12).

In this section we will establish a soft theorem for gravitons and dilatons in superstring
amplitudes. By using the above results for Mnb, we will do this by showing that also M.}

— 11 —



satisfies similar soft identities. In this way we will crucially see how the supersymmetric
part cancels the o/-terms in the soft theorem of the bosonic string, eq. (4.2¢), leaving a
superstring soft theorem free of any o/-correction through subsubleading order. Let us first
notice the trivial leading order result,

M1 = My, (S, + Ss + §5) =M, xSy + O(qo) = (Mﬁ s« M>) xSy + O(qo)
= ME o« ME+0(g%) = S5 M, + 0(¢%) (4.3)

_ gl

. o . . o(—1
thus at leading order we can trivially identify S(-1) bos -

In order to identify the superstring soft operator at subleading order, it is useful,
in analogy with the bosonic calculation [1], to make the holomorphic and antiholomor-
phic sectors completely independent. This is achieved by replacing, in the antiholomor-
phic sector, the momentum % of the hard particles with a spurious quantity k. By do-
ing this, the integrand of a closed string amplitude completely factorizes, at the cost of
M,, = M, (k;, €;, k;, &) only becoming a physical amplitude after identifying k with k. This,
however, leads us to introduce holomorphic angular momentum operators,

0 0 0 0
e =i (e e wo (e 9 _or 44
ot (kl Ok, ki 8/%“) S <€Z Oeip i 56w> ’ (44)

with similar expressions for the antiholomorphic quantities. The action of these operators
on the superkinematical variables, defined in eq. (2.7), gives:

(Li + S AT = idij (n°P A — "M A7) (L; + S_‘i)é‘p[lj = ib;; (n7P A —n7HAY) |

_ _ _ _ _ 4.5
(Li + Si)"PCF = ibij (n”PCl —n7tCY) , (Li 4 S;)M°CT = idij (n7PCl —nHCY) . (*5)

From these identities it is straightforward to show a pseudo-soft theorem at subleading
order for any soft state (graviton, dilaton, Kalb-Ramond) in the following form:

n

M1 = —Z'FLDGME,, E
i=1

qpky (Li + Si)"* n qpkt' (Li + 5;)"°
qk; qk;

]Mn(kiﬁi;kuﬁz‘)

ot O(q)

k=k
(4.6)

This is easiest to see by noting that in the bosonic string the same expression holds for
the O(q°) part, as shown in ref. [1], and therefore also for M? as defined in this work, and
since the operator above is linear on M,, = M? * M?, it needs only to be checked that the
operation above on M} reproduces Ss + S5 at O(q°), given explicitly in eq. (3.9).

By taking the symmetric, respectively antisymmetric combinations of the above ex-
pression in the polarization of the soft state, it is possible to turn the above pseudo-soft
theorem into a physical soft theorem. We postpone the full antisymmetric analysis to a
future work, and here focus on the symmetric part, which reads:

n
. kY = 5 -
(Mp41)s = —irpes, qqu? (Li+ Li+ 85 + )" M (ki e ki, &) +0(a)  (4.7)
i=1 -
where the sub/superscript S is for symmetric and where eﬁy = %(GME,, + €,€,). Now using

the equivalence (L; + L;)** My, (kiski)|—p = LY Mg (k;), we can readily set k = k and
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thus get:

M, = —ikpe), e
( Tl+1)5 Deuu qkz

L (Li+ 8i + 8i)" My (kiy e5,€) + O(q)
=1
s N\~ 9oky I

Yok

= SOM, (k;, e, &) + O(q) (4.8)

= —IKpE Mn(ki, €, EZ') + (’)(q)

where we identified the total angular momentum operator J!" = L+ S+ 5" "and in the
last line we defined the subleading operator SO This result is the well-known subleading
soft theorem for the graviton. Here we have shown, however, that it also applies to the
dilaton, by taking its proper polarization tensor, and furthermore that in superstring theory
there are no string corrections to the soft operator through this order. It follows that to
the subleading order, the soft theorem for the graviton and dilaton in superstring theory

is exactly the same as in bosonic string theory. Since 50 — g

bos» We could equally well

have shown this from the computation:

SO, = SO s M) = (SOME) « M2+ M« (SO M?)

- [Mn * Sp+ Mp x (Ss + Ss)] (4.9)

O(q%)
and checking that S*(O)be reproduces Ss + S5 at O(q°).

At the subsubleading order we proceed by considering the recently established soft
theorem in the bosonic string eq. (4.2c). Let us also recall that the o/-terms in eq. (4.2¢)
arise as a consequence of gauge invariance together with the fact that the three-point
amplitude in the bosonic string has terms with higher powers in /. In superstring these
latter terms are missing in the three-point amplitude of massless closed states. We thus
do not expect that the subsubleading soft operator for the superstring contains the part
proportional to o/. We therefore would like to check, as an ansatz, whether the action

S n wp vo vp O vo v, o
€ J! J! WpVp % P _ ph p
_KDWZ[quqa,quanrqnq m"ae

2 = gk aki

ipo M, = S(I)Mn, (410)

reproduces the explicit results derived in the previous section. Let us first notice that the
term involving J!”J’? is a nonlinear operator. Therefore the above action, decomposed
on the M? and M} parts, gives:

SO, = SO (ML« M)
= (SWOMEY s« M2+ M« (SOM?) — kp €t Upllo Z
=1

(JEPMY) * (J27 M)
qk;

, (4.11)

and we would like to check whether this reproduces the explicit expressions given for
M, % (Sp + Ss + Ss). Since S (1)M3 does not reproduce fully the complete subsubleading
soft behavior of M? % Sy, it is useful to know explicitly the remaining part, which is simply

,13,



derived from the action of the o/-terms in eq. (4.2¢), reading:

Mbx S \ (SO
( b) 0w ( )
S o - T 1.V P P 1M, oV POV P akfk‘;j b
= 665 Y | aK A+ PR =0 (ki) = P g R
i=1 '
b s o'y 9p90 1. p.p) CJ['J%I'/] af ky['ajk"j]
=M — R e e B A Ve <l . 4.12
n ¥ /@Deuy 2 ; — qk (Zz — Z])2 + 9 2 — 2 + c.c ( )

We will explicitly show that this part of S is exactly cancelled by the additional super-
symmetric contributions coming from Sy + S,. Having the above expression at hand and
the result from ref. [1, 2], we will not need to compute the first term in eq. (4.11) involving
§<1)M3. We need only to consider the action of the last two operators of eq. (4.11). The
derivation is straightforward but tedious, and we therefore leave it in the appendix. The
result is:

Z (J1 M) * (J77 M)

(S( ) )_KDE VQ,OQO' qki

i=1

/
(MY 02 s S, {

2
[ Z APAV (Cl‘[(q )ll _|_1l k#[(q >_|_z APZ (C/‘I( ) 1lo2é/ké‘l(q0)§j>]
1#£j#l i#]
\/ < ZZ A7 Ap AR ALY ‘ ,/ Z Ap A% EE ORI Y
i#j Ui #J#l
L ZA” s Lol Y (I (e les (n e
Z#J i
- v -1 ] - v -1 l] 1yilg
=Y CIOYAL ANT V5 =y Clop Af A1) \/7 Y AL ARkICTT Rk
i#j# i#j# i#j#
[ps 1.V] A1, 7.0
il CVEICTE;
,/f S©avArktor 1y +ij(]_)2> }—i—c.c. (4.13)
i1 iy 1OV A

The derivation in the appendix involves first computing the action of the operators and
then rewriting everything in terms of the expressions for the integrals Iflli];'."', up to the

relevant order. Therefore we have introduced the superscripts (¢%), a = —1,0, on the

J1j2-- J1]2
Illzg I’L i2..

In this way we can directly compare this expression with the exphclt expression in eq. (3.7)

, denoting the relevant order in ¢ to which the integrals " have been identified.

for Ss through O(q). The last term, which has not been expressed in terms of Ifllj; is
the ‘left-over’ term from this identification procedure. All the other terms can be matched

one-by-one with similar terms in eq. (3.7). In eq. (3.7) only the terms not involving A;’s
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remain unmatched. Specifically we have:

[SOMy — (SOM) # M) — (M n (S, 4+ 80|
q
[P, V] [M? U] / 3/2
_ S ﬁ/ u (@ o, 1.V (e 7i i
= KDE€p, [ 5 QpQUZ ki — 2)? 2 quCi k; <l<:l Ii; + Zk] In)
i#] i=1 j#i
2 2
(LY g Sl ern, + (£ SOl RIRECPT | +
9 pldo i 3 iij T 9 dpQo j i Ljji -G
i#] i#j
s o C[“vk(’]c[‘yvk’f} C'[p’ V]k:[’“"k: o]
=KD | 5 990 -] - +c.c, (4.14
D | 75 00 ; qki(zi — zj)? ( > ;;qpq qki(z —zj) (4.14)

where the first part of the left-hand side was identified with eq. (4.13) using eq. (4.11). To
arrive to the final equality we made use of:

i qk; j !
Ii = E T : = _
U= qki(zi — zj) +0); " | —
JFi
2

L= %) fo=— 0 4.1
iij o/ qki(z — Zj)2 +0(q") ; 3ij a'qk‘j(zi — Zj)Q +0(q") (4.16)

+0(q) (4.15)

The right-hand side of eq. (4.14) is exactly equal to the o’-correction in the bosonic string,
given in eq. (4.12). Since the soft-behavior of the bosonic part M? is given by eq. (4.1),
which is exactly S plus the above o’ corrections, we arrive at the conclusion that:

SWM, = M, * (Sp + Ss + 55)slow = Ma+1)slog (4.17)

This is a subsubleading soft theorem for the graviton and dilaton in the supersymmetric
string, with S defined in eq. (4.10), and it is simply equal to the field theory result
derived in refs. [11, 28], without further string corrections. To be specific, what we have just
observed is that the o/ corrections appearing in S are exactly cancelled by the additional
supersymmetry parts Sg + Ss.

5 String corrections in heterotic string from gauge invariance

Both in ref. [2] for the bosonic string and in this paper for the superstring we have computed
the soft behavior through subsubleading order by explicitly performing the string integrals.
On the other hand, in ref. [2] we have also determined the soft behavior, including the string
corrections, by imposing gauge invariance and the fact that the three-point amplitude
involving massless particles already has string corrections. In this section, we extend this
second procedure to the heterotic string fixing also in this case the string corrections at
subsubleading order for a soft graviton or dilaton. It turns out that, as in the bosonic
string, the soft graviton behavior includes string corrections that are, however, absent for
a soft dilaton. This implies that the soft behavior of the dilaton is uniquely encoded in
an operator universally applicable to all string theories and field theory.
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The basic ingredient is the three-point amplitude involving gravitons, dilatons and
Kalb-Ramond fields that in the heterotic string is equal to

/
; i i i «Q ; vu; vBi Vi viBi 1.V
2rp [ — g Okl — R [ T k] (5.)

where the three particles have the following momenta and polarizations: (q, i, v), (ki, ii, V)
and ((—q — k;), a, B;). In writing the previous equation we have used momentum conser-
vation and we have eliminated terms that are zero when we saturate it with the three
polarization vectors.

The leading term of the scattering amplitude of (n + 1) massless particles, when one of
them becomes soft, is given by the diagram where the soft particle is attached to the other
hard external particles. Since we are only interested in the term corresponding to string
corrections and of order ¢ in the momentum of the soft particle, this pole term is given by,

i i i B 77 7 277@ @ S
MY (ky ke, N—aﬁDZG & Kk gtiginil %Mﬁs(ki—kq). (5.2)
In order to get a gauge invariant expression we have to add also a term that is regular in
the soft limit (¢ ~ 0):

n #ku
MY (R q) lor= omDZ g T4 Tion Malki +0) + N (q.k),  (5:3)

n

where we also used

0
T po = €ipges | My (ki +q) = €& M"% (k; + q) (5.4)

and we have omitted to strip off the polarization vectors for the other, j # i, n — 1 states.

Since the pole term is symmetric under the exchange of the indices p and v, gauge invariance

can only determine the symmetric part of N#¥. This is consistent with the fact that gauge

invariance does not fix the term of order ¢ in the soft limit of the Kalb-Ramond field.
Gauge invariance implies:

od'kp

> G T po M (ki + @) + quN" (¢, ki) = 0. (5.5)
=1

puv _
qﬂMnJrl |a/—

Expanding for small ¢ we get N*”(q = 0;k;) = 0 and

iNW 9 Y NP — o'kip zn:k;” (THP + TP*) My, (k;) (5.6)
) ) o2 L G '
Qp q“ =1
Inserting it in eq. (5.3) we get
/ [
- _ drp kY k;
Mn+1 |o/ = - 9 ; qu qpq EpJM (k)
/ n
+EED N G (R (TI 4 T + k(T2 + T M,
8 o
1 0 0 0 0
+og [N’“’ SN N/ N L 5.7
47" | g, dqy 94, g, 7
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where we have symmetrized under the exchange of v and p because, as already observed, the

amplitude has such a symmetry. Imposing gauge invariance on the index v; i.e. q,,Mﬁil =0,

we get the following condition:

0 9 - |
Wip | 5 N" — =N | =d'kpaua, y | [KUT — Sk (T + T | Mo (ki) (5.8)
0q, 0qu P 2

that implies

1]/ 0 0 ) 0
_ — NHKHY _ _— NPV + ( Nup_Nup>:|
2 K&zp Iqy, ) qy Oqy,

1 1
=a'kp ) [M(T:” TP = kYT + T — KT + Tf“)] My(k).  (5.9)

From the previous relation we can extract the part that is symmetric under the exchange
of p and v obtaining

(L L) o (L g
4 |\ 9q, 0qu 0q, dq,
n
]‘ 14 v 1 ]‘ vV 14
=a'kp ) [8%@ PR T) kYT T — KT AT, “)} My(ks),  (5.10)
i=1
which fixes the last part of eq. (5.7). An alternative way of deriving the previous expression
is by noticing that eq. (5.6), together with the symmetric and antisymmetric parts of
eq. (5.9), under the exchange of  and v, actually allow to determine the derivative of N#¥:

n
S RE(T"? + T77) 4 K (T 4 TH7) = K (T + T My (ki) . (5.11)
i=1
One can then use this to fix the last part of eq. (5.7), equivalent to eq. (5.10).
Inserting eq. (5.10) in eq. (5.7) we finally get the completely fixed string corrections
in the case of the heterotic string:

dEp e [kl'EY
M2y o= = = Z[ fog T8 R PR+ (kg 0P | (T T77) M (ki)
1

i=1

(5.12)

By saturating it with the dilaton polarization e,(fl?) = N — Qv — Qqu We get

o'kp
2

- 1
>~ 220K + (ki) 5 (T + T7°) My (k) = 0, (5.13)
1=1

D)asv | _
eD MM o=~

which vanishes because of transversality, (kie;) = 0, gauge invariance, k¢ %Mn =0, and
momentum conservation, Z?:l k; = —q. '

In conclusion, as in the bosonic string and in superstring, also in the heterotic string
the soft theorem of the dilaton has no o/ corrections.
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6 Conclusions and remarks

In this paper we have computed superstring amplitudes with an arbitrary number of mass-
less external states in the kinematic region where one of the massless states carries low
momentum, be it a graviton, dilaton or a Kalb-Ramond field. The soft behaviour of the
amplitude has been determined through the subsubleading order. When the soft external
state is a graviton or a dilaton we have further been able to identify soft operators that,
when acting on the amplitude involving only the hard states, reproduce our results, thus
demonstrating a soft theorem for these states.

The calculation is an extension of the one done in ref. [2] for the bosonic string and
despite the much more complicate expressions of the amplitudes it requires exactly the
same ingredients and techniques developed for the bosonic theory.

In the case of the graviton, we have found that the soft operators coincide up to
subsubleading order with the ones already identified in the literature without any string
correction. More specifically, we have shown that the string corrections appearing in the
bosonic string are exactly cancelled by the additional supersymmetric contributions to the
amplitude. This result confirms the validity of the procedures developed in ref. [2, 11] where
the soft behaviour is determined via gauge invariance from the interaction vertices with
three massless closed string states. The absence of string corrections in the soft theorem is
a consequence of the absence of such corrections in the three-point amplitude of massless
states in superstring theory.

In the case of the dilaton we have found a universal soft behavior; i.e. it is the same in
superstring, as well as in heterotic and bosonic string. The universality is a consequence
of the vanishing of the string corrections to the soft theorem in all models. It thus also
coincide with the field theory result. The dilaton soft operator contains the generators of
scale transformations at subleading order, and the special conformal transformations at
subsubleading order, as shown in refs. [2, 28]. Curiously this property is similar to the
soft theorem, derived recently also in ref. [28], of another scalar known as a dilaton; i.e.
the Nambu-Goldstone boson of spontaneously broken conformal symmetry. Both dilatons
couple to the trace of the energy momentum tensor, but they obey slightly different soft
theorems through the subsubleading order. Understanding this difference, as well as un-
derstanding the physical origin of the string dilaton soft behavior, are indeed problems
that deserve further studies.
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A Explicit action of the subsubleading soft operator

In this appendix we compute the action of the subsubleading soft operator given in
eq. (4.10) on the n-point amplitude with only hard particles. We denote this operator
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by SO e

uv o

S n np vo vp O vo
A € qpJ; " qoJ; a"n"Pq% + ¢"'n"7q” — n"q°q°
S — E [ P7i U A; \ Al

2 i—1 qki qki o ( )

with J; the total angular momentum operator and A; given in eq. (1.12).

We observed in section 2 that the superstring amplitudes with generically n-massless
states can be decomposed at the integrand level into two parts; i.e. M, = M? x M,
where one part is related to to the bosonic string, and the other part is a pure superstring
contribution. We can therefore write the action of S() on M,, as follows:

SWa, = SO (MP « M?)
* J?UMS

N N (JHP D
= (SWMD) « My + M« (SUM) — kpes, gpao L n)qu {7My) (A.2)
i=1 v

The first term, where the soft operator acts on the bosonic string amplitude M?, has
already been determined in ref. [2], and given in eq. (4.1), for o/ = 0. Here we analyze the
remaining action of S on the full superstring amplitude.

The action of the angular momentum operator on Mﬁ and M}, given respectively in
eq. (2.14) and (2.15), is easily computed and reads:

n / TOM KR — OP. k:” ol or)
Ji“pr;:iMnb*Z (;kl[“’k;]log\zi—zﬂz—i—(\/z {77} LN R M 5 —i—c.c)

Pl Zi — zj (zi — zj)
(A.3)
and
n AP AH
My =My > | T (A4)
=1 LA TR

where the antisymmetric and symmetric combinations of the indices are denoted with
(1.0 _ {m v} _
ki k; —kzz"k:;’—kl”k:f and k;"k; —kzz"k:;’—kkz”kf
Let us consider in eq. (A.2) the ‘mixing’ part, which by the above formulas can be

written as
‘p
QPqO' 7 b vo s QPqU 1, .7} [/ny 2
J; "M, JYOM?) = M, k 7l ; —
( ) * (i *ZQzZ_@—ZJZ og |2 — 2|
J#i I#i
C“ ka C" kﬂ [1: o] o Ol o)
L \ = .C. A5
22’2—2[ QZZ—ZZ —Zl)2+ 2§i—51+ tec ( )

where we made use of the Grassmannian identity A"‘C’B 0, cf. eq. (2.12), to cancel
some terms.

The idea is now to rewrite every term in terms of the integrals Igllg;:' to be able to
directly compare with the expression in eq. (3.7). All the identities involving the integrals
that we give in this appendix, are obtained starting from egs. (3.3), (3.4) and the explicit
expression of the master integrals.

Let us consider the terms one by one:
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e The terms containing the logarithm can be equivalently written as:

Al A%
ZZ (q’” kf‘) (2“ 2 +cc) log 2 — 22
i#£j l#£i v J

14

[ uAJ} 2
=— Z —kl G -, log |z — 2|

i#j#l
roAY
+Z—k” Z’_ 7} log|zl—zj]2+zﬂlog|zz—zl| +c.c
i#j “ i#l aki
o m P Av (qO)l o u o ( )Z
= > SHGATATIO 4y | kAl AR T+ e (A.6)
i£l#] i#£]

where we have used egs. (3.4), (3.5) and (3.6) to identify:

lzj—=|?

. 2 2
ft _OBEE ey _loglai— 4 3 dhiloglzi—al” ) g

K Zi — Zj ' u Zi — Zj 2l qki Zi — Zj
Here 1(4°) denotes soft expansion of the integral I through O(q%).

e The term involving C{ kjy ineq. (A.5) can be written as:
P v 1.0
Z [ QpQU A Z A]} C{Z kl}
l'j R — 2 R A
=Y JE qpc“APAVI;HZM qpc AL AL+ O(¢) (A.8)

i#5l y
where we have used egs. (3.3), (3.4) and the master integrals to get:

7@ _ 1 (1 1 >.I<q°)?_ 1 3 g1
i EZ'—ZJ' Zi — 2] Zj — 2 ’ K Zi — Zj 1Zi qk:i(zi—zl) Zi — Zj

(A.9)
e In the same way the term in eq. (A.5) involving Cf{’i k:f} becomes:
n A AI/ co. k#
_Z[quo 7 Cliky (A10)
i—1 lj i - Z] Zp — Z]
o 3 . ;
_ I PRV 7 P gv 7l fevo gp A T
__<2> do4p chl<14 A}I —FAAI)—FZ]{ICAAI
1£j#l i#]
+0(¢*)
where

2
o'qky(z1 — Zj)(zi — 21)

+0("); I = +0(¢") (A1)

& igki(z — 2)(zi — 21)
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e The term in eq. (A.5) involving C’Z-[“’Cla] is rewritten in the form:

Z vt 5 AL AL ooy (A.12)
Zle LA Zz_z](zi_zl)Q ‘

/

— o, > CECTAL A LR crep Ar A w18 ST A A CrosT,

iij
11l i#iF£l i#]
+0(¢%)
where we have used the identities:
L 9 . 9
I =— 0("); I = O(q’
Y popn T B A e popmey T o R
s 2 1 1
TY — — @) A.13
(5 - 2) (e — )P (qki qk; > +old) (4-13)

e Finally, the term in eq. (A.5) involving C’l[” ’/c?]

Z \/7QpQU Z Aﬁgz A]V} C[M’ il

A.14
Zi—Zj Zi— 7 ( )

can be written as:

Cl AL AY o\ 2 B .
RPRT = CEE Y <2> 9park{ O A, AR +0(q%)

i#j#l G) g

where the following identity was used:

il _ 2 .
i T aakG =G =) T4 (A.15)

Next we consider the ‘pure’ supersymmetric part of eq. (A.2) and analyze the term

Q0 3 rb o ( gie
_Zqu M? s« (JH TV M)

" 4,4 ) A‘{’Z A”}
o pUo T ) s
= — E M J! E M
= 2qki mr S AT ZJ o "

_ i 9o MS . Z AfA?nﬂp + AfA?nHV _ n”pAfA;’ _ na#AfAJI{
i=1

+ c.c

M3 A.16
pye? (zi — 2zj)(zi — 21) (zi — 25)(Zi — Z1) ( )

AP A#)(AJZAV) (AP A#)(Aal;lu)
+Z< { }+ {3,775} {7l}+CC

The first term after the second equality involving 7°? vanishes since ¢?> = 0, while all
the other terms under the same parenthesis can be rewritten in terms of the following
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differential operator acting on the M, :

9p90 M Z (AfA?UW —nPAL AT — n7H A AY n C'C> A
— 2qki = Zi — zj "
_ b ¢ = g "7 — ¢ ¢t PN
= —MP « ; < T A o M (A.17)

This is nothing but the second part of S with opposite sign, as given in eq. (A.1). Thus
the two cancel.

The term in eq. (A.16) involving four unbarred A;’s gives:

n P AR fo AV P AR Ao AV P AR po AV P AK Ao AV
qpngb . Z (AiAin A7+ Af AjAl AY + Ain A7 A} + Ain A7 A; L c.)Ms
= 20k " jil#i (2 = 2j)(zi — 21) !
o AQAV vaU] \/7 Pa V]C Makg]
= My 1| =040 .
¥ 2qpq Z qk(zZ )(zi — 21) Z2qk zz—zj +[M<_>V] tece
1£l#]
o APAVCH o
= Mn * —q J ! QUApAVkMCz 1
2 P 7;# Q(Zi — zj)(zi — Zl) Jl
\/ﬁ C[P: V]C[u’kg] o ) ALs
%ZM Lo )| fee+0@) (A18)

where we have used eq. (2.12) and the identities:

; 2 A AY (gA)) (g A1)
Z?A = +0 0 : JAPA;-; =0; i} J -0
I ol kiq(z — 2i)(zi — 21) (@) apao 4y i;ézj;l qki(zi — 21) (2 — 2zj)

(A.19)

The last identity comes out due to the different parity of the numerator and denominator
in the exchange of the indices [ and j. We observe that the term involving A;’A;’Cf‘ in
eq. (A.18) will cancel the similar term coming from eq. (A.14).

The last term in eq. (A.16) can be equivalently written in the form:

AP AV A"
Goio S : _J} s qpq(, - Z SAL AR A AGTE 4+ 0> (A20)
2qki(z — z5) (% zl) 2 W
i£] il 1£] il
where we have used the identities
: 2 s 2 1 1
It = +00;m_[-%]+00
T dkig(zi — z5)(z — 21) (@) " |zi — 2|2 [kig ~ kjq (@)

which follow from egs. (3.4) and (3.5).

We can now summarize the result of eq. (A.2). We are only interested in the second and
third part in that expression, since we know already the result of S(VM? from ref. [1, 2].
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In other words, cf. eq. (A.2), we have found that
SO MY« M) — (STMD) + My, = (M) + M) * 5,,,/6;{

ZAQ’A;(C“N M+ it 0)]>+ZA”Z ”<C;I<q0)§§ /5 SYSLCRL >]

dp
(Eavkal. Py
T S5 L g, a0 [T S i, g g
7 oy
o AP /_11/ kucgl(q_l)ij AP AV CMCUI(q—l)ij
1] ]
o N o ~1y 1j . il
_ Z C“CI Aﬁs A]} ( )ZZl - Z CZ”CZ A?l A]} ( ’L’Ll \/7 ZAP k.:uCl I(q )
i#j#1 i#j#1 i#j#1
[P, V] [M? U]
. qRi\Z — %5
17’5[75] i#]
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