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We compute the celestial correlators corresponding to tree-level 5-gluon amplitudes in the type I
superstring theory. Since celestial correlation functions are obtained by integrating over the full range of
energies, there is no obvious analog of the @ — 0 limit in this basis. This is manifestly shown by a
factorization of the o dependence in the celestial string amplitudes. Consequently, the question arises as to
how the field theory limit is recovered from string theory in the celestial basis. This problem has been
addressed in the literature for the case of 4-gluon amplitudes at tree level, where the forward scattering limit
of the stringy factor was identified as a limit in which celestial Yang-Mills 4-point function is recovered.
Here, we extend the analysis to the case with five gluons, for which the string moduli space allows for more
types of limits, thus allowing us to investigate this aspect in more detail. Based on celestial data only, we
study the regime in which one arrives at the correct celestial field theory limit. We also study other
properties of the celestial string amplitudes, namely, the conformally soft theorem, effective field theory
expansion in the conformal basis, and a map that arises in the regime of high-energy/large-scaling
dimension that connects the punctured string world sheet to the insertion of primary operators in the

celestial CFT for the massless n-point string amplitude.

DOI: 10.1103/PhysRevD.110.126001

I. INTRODUCTION

The celestial holography program [1-7] is predomi-
nantly a bottom-up approach1 to reformulate scattering
amplitudes in asymptotically flat spacetimes in terms of
correlators on a 2D CFT living on the celestial sphere, thus
aiming to provide a holographic description of gravitational
and gauge theories. The program gives a precise prescrip-
tion to transform scattering amplitudes in asymptotically
Minkowski space into correlation functions of a putative
two-dimensional conformal field theory (CFT) on the
celestial sphere, referred to as the celestial CFT (or
CCEFT for short). For massless particles, the precise relation
between the observables of both theories is mediated by a
Mellin transform. Concretely, the bulk scattering ampli-
tudes of massless states in flat space can be expressed in the

'However, see [8—10] for very interesting recent proposals for
top-down constructions in the context of twisted holography.
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form of CCFT correlators by mapping the set of wave
packets in the bulk into the Mellin transformed plane
waves. This produces amplitudes of states that are eigen-
functions of the boost operators, with the eigenvalues
translating into the conformal dimensions of dual primary
operators. The action of the Lorentz group on constant-time
sections of Minkowski null infinity represent M&bius
transformations on the celestial sphere, and the operator
product expansion (OPE) in the CCFT can be studied by
analyzing the collinear limit of the amplitudes [11]. A
salient feature of the symmetry analysis in celestial holog-
raphy is that the soft theorems of the bulk theory can be
interpreted as Ward identities of the dual CFT correspond-
ing to asymptotic symmetries that emerge near the con-
formal boundary of flat space [12,13].

Despite many recent efforts to understand the nature of
CCFTs from a large variety of points of view, there are still
basic questions that remain open. For example, while there
are strong reasons to think that CCFTs might be nonunitary,
it is still unclear to which extent they resemble or differ
from standard or nonunitary CFTs. For instance, there has
been an ongoing discussion about whether the theory has a
vanishing central charge. The current status of flat
space holography certainly contrasts with the one of the

Published by the American Physical Society
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AdS/CFT correspondence, where the pair of theories
involved in the duality can be explicitly identified and
the holographic dictionary accurately formulated. This is
basically because in AdS/CFT one has access to a string
theory formulation and, consequently, to a top-down
derivation. One is thus immediately tempted to ask whether
in the case of celestial holography a stringy realization is
also possible. This is of course one important motivation to
study celestial holography in the context of string theory.
In relation to this point, it is natural to wonder whether
there exists a celestial counterpart of the 1/N expansion of
AdS/CFT. This question is related to the one alluded above
regarding the fundamental structure of the CCFT since, for
example, nonanalytic dependencies in correlation func-
tions, similar to those present in logarithmic CFTs [14,15],
may appear in OPEs as an artifact of a perturbative
truncation. All these are questions that, to be adequately
addressed, would require a better knowledge of the theory.

Celestial holography was first studied in the context of
string theory by Stieberger and Taylor in [16], where tree-
level scattering amplitudes in type I superstring theory and
heterotic superstring were analyzed in the Mellin basis.
Celestial tree-level amplitudes and OPEs were also studied
in the context of string theories in [17-24]. In [16], the
authors studied the string scattering amplitudes in the
celestial basis, focusing on the tree-level processes involv-
ing 4 gluons. One of the features observed when trans-
forming the string amplitudes into the Mellin basis is that
the dependence on o' factorizes out. This factorization does
not happen in other holographic proposals such as the
Carrollian theory, cf. [25]. In the case of celestial holog-
raphy, the factorization of the dependence on ’ turns out to
be a direct consequence of the mix of energy regimes, and
raises the question of how the field theory limit should be
understood in this context. The authors of [16] made a
proposal, showing that the string amplitudes do reproduce
the correct limit at certain points of the moduli space: In
contrast to what happens in string theory in momentum
basis, where quantum field theory is recovered in the
a — 0 limit, in the celestial basis the field theory is
recovered for the kinematic configurations that correspond
to the forward scattering limit. This is arguably expected as
in such a limit the processes turn out to be dominated by the
exchanges of massless states. At the same time, this raises
the question of what are exactly all the corners of the
moduli space in which celestial string amplitudes reproduce
the proper field theory limits. Motivated by this question,
in [24] the authors continued the study of string celestial
holography by exploring the structure of string amplitudes
at 1-loop in the Mellin basis. Focusing on the case of
4-gluon processes, it was shown how the field theory limit
of string theory does commute with the Mellin machinery
that mixes the IR and UV regimes, which makes the
analysis of the limit quite tractable. It was then observed
that, as in the case of tree-level amplitudes, the 1-loop

amplitudes, when translated into the celestial basis, also
exhibit a simple dependence on «/, given by a simple
overall factor; consequently, the correct field theory limit
involves a careful analysis of the different limits in the
moduli space. Here, interested as we are in further explor-
ing the moduli space of celestial string amplitudes, we will
go back to the problem of tree-level processes and consider
five gluon scattering amplitudes.

The paper is organized as follows: In Sec. II, we review
the celestial amplitudes in type I superstring theory. We
discuss the 4- and 5-gluon scattering amplitudes both in
momentum and in celestial basis. In Sec. III, we study the
field theory limit. That is to say, we investigate the limits in
which the celestial string amplitudes reduce to the Yang-
Mills (YM) analogs. In Sec. IV, we discuss the conformally
soft theorem for the case of the 5-gluons in the type I
superstring. In Sec. V we investigate a map between the
string world sheet CFT and the celestial CFT that seems to
emerge in the limit of high-energy/high-scaling dimension
for a general m-point string amplitude in momentum/
conformal basis respectively. Section VI contains a few
remarks regarding the effective field theory expansion of
string amplitudes in the conformal basis, and we finalize
with closing words for future work.

II. CELESTIAL AMPLITUDES
FOR TYPE I SUPERSTRINGS

A. Preliminary
Let us discuss the 4- and 5-gluon celestial scattering
amplitudes for type I superstring theory. The n-point
celestial amplitude A,({A;,7;}) is obtained from the
momentum space amplitude A, ({p;}) by evaluating the
Mellin transform with respect to the external
frequencies [4—7]; namely

A,({8.7) = (JHIKO wf’_‘dwj>5<0> <,§; pﬁ-‘)
x A,({p;})

where A; =d/2+il; is the scaling dimension. The
D-dimensional momentum p’; of the jth external gluon
G=12,...,n;40=0,1,...,D — 1) is parametrized in the
celestial basis in terms of the corresponding positive
frequency w; and the complex coordinates Z; of a point
on the d = D — 2 dimensional celestial sphere as follows:

(2.1)

p’;(wj,fj) = njquﬂ(zj)v (2.2)

where n; = £1 represents the outgoing and incoming
particles, respectively; and where

q"(Z;) = (1 + [z

207,1- 32). (2.3)
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is a null vector pointing towards the celestial sphere. In
d =D —2 =2 dimensions, we use complex variables

Z i = (Z s 4 j)-
In this work, we study the scattering of five gluons with
momenta pi,..., ps in the maximally helicity violating

(MHV) configuration, where two gluons carry negative
helicities, while the rest carry positive helicities. For the
MHYV configuration, the tree-level scattering amplitude for
n =4 and n =5 gluons, in the type I superstring (A°),
can be written as the product of the color-ordered YM
amplitude (Ayy;) and the type I string form factor
(F'*°) [26]; that is,
Af(= =4 ) = A (= = 4 ) FT({sy)).
(2.4)

This factorization has been shown to hold for the cases
n=4 and n =5 [26], and it is believed to be a general
feature for higher points (see e.g., [27]). The YM amplitude
contains all the helicity information of the colliding gluons,
while the form factor F¢ encodes the stringy structure in
terms of the Mandelstam invariants only, defined as

sij = —(pi + p;)* = nin;w0,2;;%;. (2.5)
with z;; = z; — z;. The color-ordered YM amplitude is
given by [28,29]

(12)*
(12)(23) - (nl)’
(2.6)

T (=, =+ +) = ig" 2 Te(T" - T")

where the 7 are the algebra generators in the fundamental
representation of the gauge group; g is the YM coupling
constant. Also, using the parametrization (2.2) for the
momenta, the spinor products become

(ij) = \J0,;0,2;Z;;, lij] = —/@oiw;z;;Zi;.  (2.7)

B. 4-gluon superstring amplitude

Let us start by reviewing the 4-gluon scattering ampli-
tude in the type-I theory in both momentum basis [26,30]
and celestial basis [16,24].

1. 4-gluon string amplitude in momentum basis

At tree level, the MHV string amplitude with four
external gluons reads

Afee(—, —, 4+, 4) = A5 (- — +. ) Fre<(s,1), (2.8)

’In this article we use the mostly plus metric 7, =
diag(—,+,---,+).

where the color-ordered YM 4-gluon amplitude is given by

3
[OJY0)) 212

2122
=7 12434 (29)
W3Wy 723234341

(= =+, +) = - .
™ 212334

where r is the conformally invariant cross ratio

212234
=

. (2.10)
223241

In the last equality of (2.9) we have used the total
momentum conservation, which cancels out all the energy
factors w; from it.

Our convention for the Mandelstam variables will be

s =—=(p1+p2)* (2.11)
t=—(p2+ p3)% (2.12)
u=—(pi+p3)*. (2.13)

The invariant cross-ratio and Maldelstam variables are
related to the scattering angle 6 in the center-of-mass
frame through

(2.14)

For 4-gluons, the tree-level string form factor is written in
terms of the Euler beta function B(x,y), namely

F}ree(s’ l) — —(X/SB(—(Z/S, 1+ a’t). (215)

The scattering angle € is crucial in the discussion of
the field theory limit in the celestial basis [31]. We
review the amplitudes in the celestial basis in the next
subsection.

2. 4-gluon string amplitude in celestial basis

Here we review [16]. The celestial amplitude is obtained
by Mellin transforming (2.8); namely,

4 o0 .
A7 (i 21 %) = (HA dwia)i'/li>
i1
x §H w191 + w295 — w33 — w4q4)

x pl12%se Fi*¢ (s, u).

— 2.16
2122334 ( )

Expressing the total momentum conserving 6 function as
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Y (@1q1 + w297 — w393 — w4qy) =

it is possible to eliminate (localize) three integrals, obtaining

~ 473 Zaa\ P
A, 2071) = ooy 8(r = 7) (ﬁ)
212234 212

2

x0O(r—1) /oo w3 P R (s, u)dawy,
0

where the step function ®(r — 1) simply enforces the condition for physical scattering r> 1, and

604|Zl4|2|223|2

X 5(602

4 224234

212213

5(r — ?)5(@1 -

.

- Z14§34 a)4) 6<a)3 _ Z42§14 w4> ’ (2.17)
212432 223213
(@) ity (@) i(24+13) (@) i(Aat23)
212 213 23
(2.18)

? 4. One can

2

further simplify the last equation by using the new integration variable w = s/r such that

2
2 rlzis*w
©4= ; (2.19)
! (r— 1)|Zl4|2|234|2
and the tree-level open string amplitude in the celestial basis becomes
“ftree z i (7 it (7 i(h+43) (7 i(Ay+43)
212 212 213 223
r rlzi5)? -+
x0O(r—1)-= < : ) I(r,p), (2.20)
Z%ZZ§4 (r— 1)|Z14|2|Z34|2

where

1 0
I(r,p) —5/0 wPTLEYe (rw, —w)dw.  (2.21)

This can be rewritten as the 4-point CFT correlator

with h = > | h;, h = Y% | h;, together with the weights
ho=ta =142
=54 =144
h iﬂ h 1—|—iﬂ
2= 5% 2 =147k
hy=1+12 hy =12
3= D) 35 3_2 35
i - i
=1+ = 2.2
hy +2/14, hy 2/14, (2.23)

and with f(r, 7) being a function that only depends on the
conformally invariant cross-ratios (r, 7). Explicitly,

[
F(rF) = 4)s(r = PO(r = 1)r7 (r = 1)51(r, ).
(2.24)

The careful analysis of this function is required to explore
the limits in which the string theory amplitude of 4 gluons
in the celestial basis yields the YM analog. As said, this has
been explored in detail for 4 gluons in [16,24]. Here, we are
going to explore the case of five gluons whose moduli
space exhibits more structure and, therefore, more limits are
possible.

C. 5-gluon superstring amplitude

We now consider the 5-gluon string amplitude in both
bases. Since the number of independent Mandelstam
invariants for an n-point amplitude is 3n — 10, for the
n =15 case it suffices to define five invariants which,
according to (2.5), can be conveniently chosen to be
s;iv1 = §;, with the identification i 4+ n ~ i.

We will start reviewing the known literature of this
amplitude in momentum basis.

1. The 5-gluon string amplitude in momentum basis

The 5-gluon MHV scattering amplitude in type I super-
string theory is given by [26,32]

126001-4
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AP(= = ) = AR (= =+ H)VO (5) = 2P (5)e(1,2,3,4)],

with
) = [ [ apeyts (1 =2ty (1 -y,
0 0
V(S S = SZSS/ dx/ dyxa /s7—1 (/ss—l(l _x)a s;(] )a r4(1 _xy)a(Arl—s3—s4)
+ 205 2(s253 + 5485 — 515, — 5354 — 5155) PO (s),
and

€(1,2.3.4) = deop, piPh Py = o2 [ [ njwjapudidrdsdt-

=1
The color-ordered YM 5-gluon amplitude can be expressed as
i(1=ry)(1=74) fisfas 2 .
tree (—,—,+,+,+) = — - 5(0)
™ 4 T =Ty ws f35f s 223234245251|Z14|2|Z23|2,1:[1

In the last line, we used the 5-point momentum & function given by [33]

(I—rp(l-7) 1 &
niwq; — 5(0)
(Z ) |Zl4|2|223|2 ,1:[1

gy — 1y

where @! = f;sws, and f;s5 are functions of the celestial coordinates (z;,z;) defined as follows:

24 2(1=ry)(1 =7y4) rs —7s 215 | 25]2
fis =mnsry| — - —~ || T mnsrs| |
212 Ty — Ty (l—rs>(1—rs) 214 212
Mits 1 —ry | 234> (1 —rg)(1 = 74) rs —7s 215 | mns 1l —rs Z%s
f25 - - - - — — 4+ — ,
mm rs |23 Ty — T4 (I=rs)(1=7s)|zial  mm s |23
mns Zoa|* (1 = rg)(1 = 7y) rs —Ts 25> mns | 25|
Sf3s = (1- = _ |2 S e a5
mns 223 Iy — Ty (1=rs)(1=7s)|z14 mms 223
Frs = mis (1 —ry)(1=74) rs —Ts 715 |?
45 = — - — | —
n ry =Ty (1=rs)(1=7s)|z14
and the two cross-ratios suitable for five particles,
_ Z12%34 _ <12%35
=—, rs = ————.
213224 213225

Therefore, the 5-gluon superstring amplitude in momentum basis reads

(1= rg)(1 = 7y) f15/25 0
4 ry— T4 [35S 45 223734245251 |Z14| |Zz3|2

A (= =+ +.+) =

In the next section, we will derive the celestial counterpart of this expression.
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2. The 5-gluon string amplitude in celestial basis

To translate the 5-gluon superstring amplitude from the momentum basis to the celestial one, we perform the Mellin
transformation of Eq. (2.36) as in (2.1); namely

5 o 5
Atree(/li, Zjs Zz) = <HA Cl);ljda)1> 5(4) (Z ﬂla),ql)AtIree({w], ZJ}) (237)
j=1 i=1

Thus, by employing the 6 function we can eliminate all integrals except the one on ws. This results in the following
expression:

Atree( Z) (1—7”4)(1—}_”4) Z%Z
o 4 Ty =Ty |Z14|2|Zz3|2123234Z45251
x fis T e s s / dwsos VO (s;) = 2iPO (5,)e(1,2,3,4)), (2.38)
0
where now f§ = — E | ;- In order to perform the integral above, we need to find out how ws depends on the 5 kinematic

invariants. This can be determlned by using (2.30). This yields

S = ’11’72f15f25|212|2w§, Sy = 772’73f25f35|123|20)§, §3 = '73’74f35f45|Z34|2w§7

S4 = 'l4’75f45|Z45|20)§v S5 = 771’75f15|251|2w§- (2.39)
Similarly, for the pseudoscalar we have

€(1,2,3,4) = a’zw‘s‘m772713114f15f25f35f45€aﬂﬂy6ﬂq§q’§q4 = a”wics. (2.40)

At this stage, it is convenient to write PO)(s;) and V©)(s;) as follows:

/ dx/ dy(1 —xy)~ Lem @Al z)os, (2.41)

VO(s;) = o {cl/ dx/ dy(xy)~le @A L ¢, PO (s5)) | @, (2.42)
where

A(z;.2;) = =[mamsfasf3s|za3* 1og x + nsny f1s] 25112 1og y + manafssfas|zaal* log(1 — x)
+774'lsf45|245|210g(1—y) (’71’72f15f25|212| —'73’74f35f45|234| —774775f45|Z45|2)10g(1—x)’)L (2.43)

and where the coefficients ¢, and c,, which depend on (z;, Z;), are

2, (2.44)

¢ = ’71’72’73’15f25f35f15|223 |2|251

1
Cy = B (’72’74]025f§5f45|Z23|2|Z34|2 +minafasfis |Z45|21151 |2

—minaf 15035 35121217 2231 = n305 S35 fas|234) 2 2as[* — mansfisf sl 212l zsi ). (2.45)

By using the previous definitions, the s integral in (2.38) is shown to yield
|7 @ O s - 2P s)e(1.2.3.4) dos
1 . —17 A p-
=3 =p) [ar [l + e = 2ies)(1 - x4, (2.46)
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with Re() < 2 and Re(A) > 0. Therefore, the tree-level 5-gluon scattering amplitude in type I superstring theory written in

celestial basis takes the following form:

o’ (1=ry)(1=7y)

3
<12

AT (A2, %) = i§F(2 - p)

r4—7’4

. . . . 1 1
il il ily—1 pidy— — . _ _
s e s IA dXA dylei(xy)™ 4 (e3 = 2ic3) (1 = xy) AP,

with ¢y, ¢,, c¢3 and A given above, in Eqgs. (2.44), (2.45),
(2.40), (2.43), respectively. Note that, although we needed
the condition Re(f) < 2 in order for the energy integral
(2.46) to converge, the resulting gamma function I'(2 — j3)
defines the analytic continuation to the entire complex-/
plane.

One remarkable property of the expression (2.47) is that
its dependence of o factorizes out. In the calculation, this
occurs when performing the Mellin transformation, i.e., it is
a consequence of the integration over all the energies when
going to the celestial basis. The same factorization phe-
nomenon has been observed in [16,24] for the 4-gluon
string amplitude, both at three level and at one loop. It is
worth emphasizing that this is a peculiar feature of celestial
amplitudes and does not happen, for example, in the
Carrollian amplitudes [25]. Here, we observe that the same
factorization takes place in the celestial 5-gluon string
scattering at tree level, and, on dimensional grounds, it is
expected to occur in all string amplitudes for any multi-
plicity and loop level.

In the next section, we will study other properties of
formula (2.47). More precisely, we will explore the limits in
which this reproduces the field theory result in the
celestial basis.

III. THE CELESTIAL FIELD THEORY LIMIT

The observation that the & — 0 limit of string ampli-
tudes reproduces field theory ones goes back to the early
days of the dual resonance models. By taking the &/ — 0
limit of the original Veneziano amplitude [34], Scherk
noticed that holding both, the mass of the tachyon and the
ratio g,/va' =1 fixed, while taking the limit o — 0,
yielded the tree-level amplitude of massive scalars in the
A¢> theory [35]. Later on, by including SU(N) Chan-Paton
degrees of freedom attached at open string end points,
Neveu and Scherk showed that this string model was able to
reproduce the tree-level gluon amplitude in YM theory [36].
Superstring amplitudes are certainly not the exception to
this; moreover, since the lowest energy states of the
superstring spectrum are massless states, their low energy
limit is not plagued by the usual ambiguities that the
tachyon poses in the bosonic string theory.

As pointed out at the end of the previous section, the &
dependence in celestial string amplitudes is a simple overall
factor. Then, this begs the question of how to recover the

|214 |2 |Zz3 \2223234245251

(2.47)

[

field theory limit from the string amplitude in the conformal
basis, that is,

String

Mellin _ Celestial String
Amplitude " Amplitude
T :
Field Theory Mellin Celestial Field Theory

Amplitude Amplitude.

In this section we will first review how to do this for the
4-gluon case, and then we develop its extension to 5-gluons
which is endowed with a richer kinematic structure.

A. 4-gluon limit

In [16] Stieberger and Taylor have shown that the tree-
level celestial 4-gluon field theory amplitude is recovered
in the r — oo (forward scattering) limit of the celestial
string amplitude (2.20).” To see this, we first expand I(r, 3)
in powers of 1/r. Then, it is convenient to use the integral
representation of the Euler beta function, that is

1
Ft]rce(rw’ —W) — _rWA x—rw—l(l _x)de’ (31)

where, in order to facilitate the comparison with [16], we
have rescaled w — w/«’. Inserting this into (2.21), we have

r

I(r,p) —5/00 a’ww‘ﬁ/1 dxx— ™1 = x)»

0 0
— _I/l @/oo dw W—/ie—w[rlogx—log(l—x)].
2 o X Jo

Defining y = w[r log x — log(1 — x)], we have

I(r.p)= —%F(] —ﬂ)Al %[rlogx—log(l —x))/L.

3Using crossing symmetry, one can see that taking » — 0 also
recovers the correct field theory limit [24].
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So far, this result is exact. If we now expand in powers of
1/r, we obtain

I(r.B) = —%rﬁl“(l _p) A lg(logx)ﬂ_l O ). (3.4)

Making the change of variables ¢ = logx, we end up with

1(r.p) = —%rﬂr(l _p) /0 a1+ O(F1). (3.5

—0o0

Changing variables again, now defining z = log(—1), we
have
|

I(r,p) :%"ﬁr(l—ﬁ) /oo dze?” + O(r#71), (3.6)
and thus,
I1(r,B) = 278(A + Ay + A3+ A4) + O ). (3.7)

Therefore, the r — oo limit of the celestial correlator
corresponding to the tree-level 4-gluon string amplitude
(2.20) reduces to

y Zag \ iA i) /5. \ i(Zatis)
lim A7 (4;, 2, ;) = 8a8(r — 7) <2ﬁ> | <fﬁ) 2 <fﬁ) ; (Zﬁ> -
r—oo 212 212 213 723

3

X 9(" - 1)%5(/11 + /12 + /13 + /14)7
212234

which is exactly the tree-level 4-gluon celestial amplitude
in YM theory. In the case of 4 gluons this is understood as
the limit in which the amplitude is dominated by the
exchange of massless states.

It is important to stress the fact that the forward limit
(r — o0) above is only taken on the /(r, ) function, i.e., on
the stringy factor of the full celestial amplitude in (2.24),
while the Yang-Mills 4-point CFT correlator in (2.22)
remains intact. This prescription allows us to arrive at the
correct field theory limit for an arbitrary kinematic con-
figuration, not only in the forward scattering one.

Let us now move to investigate what is the analog in the
case of amplitudes that involve more gluons.

B. 5-gluon limit

We aim at exploring further the limits in which the
celestial string scattering amplitudes reproduce the YM
theory results. More concretely, our intention is to extend
the analysis reviewed above to the case n = 5. This will
provide us with a richer limiting structure in the celestial
parameters (z;,Z;) to play with and, consequently, it will
enable us to have a better picture of what are the specific
corners in the space of kinematic variables where the field
theory result is recovered.

1. Single Regge limit

The complexity of the Regge limits increases for
amplitudes where n > 4 as, in such case, there are at least
two limits that are worth distinguishing: the single-Regge
limit and the multi-Regge limit, the former being of special
interest as it is the direct generalization of the limit
discussed in the case of the 4-point function [37]. Let us
briefly review the preliminaries to consider such limit for

(3.8)

[
our 5-point function: The first step is to define the set of
momentum invariant quantities that we will use,’ consisting
of two body energy invariants

$5==(p2+p3)*  s3=—(p3+ps)? (39)
and two momentum transfers
51 =—(p1 + p2)*, sy = —(ps + ps)*. (3.10)

Momentarily, we are going to choose the three body energy

ss = —(ps+ p1)*% (3.11)
and the convenient definition

S5
K=—.
5253

(3.12)
Thus, the 5 independent momentum variables we are going
to consider are” S1, $2, 83, S4, and k. The single-Regge limit
corresponds to s, — o0, §5 — o0, holding s, 53, 54, and
fixed, or equivalently

S—1—>0, S—3—>0, s—4—>0, Ksy — o0, (3.13)
A o) o)
oo, Boo B0, ksso oo (3.14)
S5 S5 S5

*For more details, see Chap. 3 of [37].
°In general, the number of independent Lorentz invariant
parameters in an amplitude should be 3n — 10.
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This can conveniently be translated into the following set of
collinear limits:

12 €& 234 = &, 245 — €, (315)
with & — 0. We implicitly take the same limits for Z;;. In

such limits, the f;5 functions become

—2¢e
fis =———+0O(eY), 3.16
5= (%) (3.16)
2¢e
fas = ———— 4+ O(), 3.17
25 =g+ O (.17)
1 1 ,
fis=14+2—+——)e+ O(e), (3.18)
225 225 1+ 225
2
fis=-2-—" 4 O(H). (3.19)
225 + 25

Hence, by taking the collinear limits in the integrand of
(2.47) the dominant contributions come from

2¢ s o <x>
- _ Z - b
225 + 205 o8 y

Cl ==\ -7 = I%s5 )
225 + 225

while ¢, ~ O(&?) and c; ~ O(&*)® do not contribute to
the leading term. Then, the expression of interest in
Eq. (2.47) is

A=-—

(3.20)

-—TI(2

o’ 1 1 D¢ 2
- dx | dy|———|z5]?
3 ( ﬁ)A A )’<Z25+225| 25|>
At
R — 0
Xy L 225+ Z2s sl o8
A 2 dx | d
)
2 ( ﬁ)(225+225| 2| ) Y
1 x\ /-2
x—{—log(—)} .
Xy y

Focusing on the integral, we can easily see that it yields a
& function; in fact, by defining u = —log(x/y), we get

1 /lﬁuﬁ_l’—logx’
ﬁ—l 0o X —00

where the © — —oo contribution vanishes because f is a
purely imaginary number, giving

(3.21)

(3.22)

The non-e-dependent product, eaﬂwq;qé}q’;qs becomes zero

due to the antisymmetric behavior of the Levi-Civita symbol.

1 Ldx 1
i /O = (- tog(x)), (3.23)

which is quite similar to the integral obtained in [16] for
n =4, up to a factor f — 1 in the denominator. As we will
see, such factor only provides an overall minus sign.
Defining v = —log(x), we have

1 /00
- dv vP1, 3.24
p=1); 524
and, then, defining z = log(v),
! / dz e” e"P-1), (3.25)
p—1

Last, recalling f = — é Y A= éﬂ, we may define 7 =
—z/2 and recognize the well-known integral representation
of the ¢ function

2
p—1

By similarly applying the 6 function in (3.21) and restoring
all the factors of the amplitude in (2.47), we determine that
the leading term of the 5-gluon superstring amplitude in the
celestial basis yields

/ dre'™ = —475(2). (3.26)

i (1—ry)(1—74) 7
4 7'4—7'4

Atree( ” zaZ )

|Z14|2|Zz3|2223234245251
x flatt gl gl filons(2), (3.27)

which exactly reproduces the MHV 5-gluon YM amplitude
in celestial basis. To see this in a more clear way, we can
perform the Mellin transform of (2.29), in which only one
of the w;’s is not constrained by the ¢ functions. This yields

i(1=ry)(1=74)
4(ry —74)

i 41 pida+1 pidy—1 pidg—1 _3
15 25 J3s Jas L2

223434245251 |Zl4|2|223 |2

® iA—1
X dws 0™,
0

which, by defining u = logws, gives the same integral
representation of the é function, so yielding (3.27).

AT (=, =+, . +) =

(3.28)

2. The 212 — 0 limit

Now, let us examine a more general limit: consider the
collinear limit z;, — 0 of the celestial string 5-gluon
amplitude, but keeping the other separations z;; finite.
This can be regarded as a generalization of the single Regge
limit considered above, and so it gives a more general
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picture of where in the (z,Z) plane the celestial YM
observables are recovered. It is possible to show that the
leading term in (2.47) is

8 | | el2002
%F@—ﬁ)A dxA dy%[—c%zlogx—c%zlogy]/"z,

(3.29)

where ¢}? and ¢}? depend on z;; and exhibit a 1/e factor
arising when taking the collinear limit. We then proceed to
integrate in y by first defining u = —(c!2/c1?)log x — log y.
Integrating in u and using properties of the I" function, we
obtain

/4 1d
SSTU=peRy [Tl (330
2 0o X
which is the same integral as in (3.23), leading to the same
expression, including the ¢ function. After evaluating the o

function, and reinstating the additional factors, we recover
the MHV 5-gluon YM amplitude in celestial basis. In other
words, we have managed to identify the limit in which the
field theory results are obtained in the celestial basis.

3. Collinear limits

It is important not to mistake the specific limits consid-
ered above for the generic collinear limits. The latter do not
necessarily lead to the field theory result. This is analogous
to what happens in the case n =4, where the forward
scattering limit is actually the one reproducing the YM
celestial amplitudes. In the case, n = 5 something analo-
gous occurs: in contrast to the limits z;, — 0 discussed
above, other coincident limits z;; —» 0 in the 5-gluon
celestial string amplitude do not lead to the same integral
expression obtained in (3.23). In order to make it clear, we
find convenient to write the following table displaying the
general form that the x- and y-dependent integrand takes in
each limit:

22— 0 9 (cl?logx + c)? logy)/=2
23— 0 &+ li—iﬂ)(cP logx + c}?logy + c}? log(1 —x) + ¢ log(1 — xy))P~2
Z14 =0 (5 + 5252 (ch* log y + cf* log (1 — x) + c}* log(1 = y))*
715 =0 ;_—zy (e log(1 —y) + cFlog(1 — xy))P=2
23—~ 0 % (c§3 log(1 —x) + c? log(1 — xy))#~2
224 = 0 (5 4+ 925) (2 log x + 3 log(1 — %) + 3 log(1 — y))P2
Z5 = 0 (S +125) (P logx + ¢’ log y + ¢ log(1 — y) + ¢3’ log(1 — xy))/~>
234~ 0 (;—; + %)(c?“ logx + c3*log(1 —y) + c3*log(1 — xy))P=2
735 = 0 % (P logx + 3’ logy 4 3’ log(1 — x) + ¢3° log(1 — y))P~2
25 =0 (G + %)(c‘z‘5 logy + ¢ log(1 —x) + ¥ log(1 — xy))#~2
|
The coefficients c;;j , I,j,k=1,...,5, can be written given by (2.26) and (2.27). Now, consider the case in which

explicitly and turn out to be independent of z;. It would
be interesting to further investigate the hierarchical collin-
ear limits of the string n-gluon amplitudes in the celestial
basis and use them to explore the different limits in which
YM celestial amplitudes are reproduced. To that purpose, it
would also be interesting to extend the analysis to the
specific cases n =6 and n = 7.

IV. CONFORMALLY SOFT THEOREM

In this section we would like to discuss the conformally
soft theorems [17,33,38—41] for the case of the 5-gluon
string amplitude.

Let us start by first reviewing the energetic soft theorem
for the case of 5-gluons in the type-I theory at tree level, as
originally found by Stieberger and Taylor [26,32]. The
5-gluon amplitude is given by (2.25), with P®) and V©)

the fifth particle goes soft, i.e. take ps — 0. In this limit,
one has

PO (s;) = O(1), (4.1)
VO (s =L T @l :,t“)/’) +O(ps), (42)
€(1,2,3,4) = O(ps); (4.3)
therefore,
;irBOAj‘ﬁ“g(—,—,+,+,+)
U EITUEoD) o g), (44)

Il1+ds+at) ps—0

126001-10



CELESTIAL STRINGS: FIELD THEORY, CONFORMALLY SOFT ...

PHYS. REV. D 110, 126001 (2024)

leading to

im A (= =+ ) = SOATE (- — 4 4),  (4.5)

Pi—’O

where S© is the leading, tree-level soft factor for YM
theory; notice that, in (4.5), the left-hand side involves a
5-point string amplitude while on the right-hand side
involves a 4-point string amplitude. Thus, we see that
the string amplitude also satisfies the soft theorem with
precisely the same universal soft factor that appears for
Yang-Mills theory, S(°). With this in hand, it is now
possible to show that the conformally soft theorem for
the string celestial amplitude is also obeyed.

Let us first review the general result for the conformally
soft limit in gauge theory [17,33,38,39]. Consider the case

}:%An({m}) = }1{{}@ ( /
,{A—>0 lﬂk < /

In the last line we see that the effect of the & function is to
select the soft limit w; — 0 of the momentum-space
amplitude A,({p;}), which we already know from its
energetic soft theorems. More precisely, at tree level, the
single soft gluon theorem for the amplitude reads

A, =S0A,_ +O(a?), (4.9)
with
s L <€k Pirt € P 1)
V2 \Pis1°Pr Pie1 Pr
_ 1 <€k kvl €k Qk—l) i, (4.10)
V210 \Gk - Qe Qi Gr-1) ok

where, in the second equality above, we have again used
the usual parametrization p! = nw;q{ and ¢, is the
polarization vector of the kth gluon; also, we have denoted
€ Gy = ekﬂqﬁ,. Notice that all the w, dependence in the
soft limit (4.9) lies in the soft factor (4.10) since A,,_; is the
hard amplitude with the kth particle removed. Using this
and inserting (4.9) and (4.10) into (4.8) allows us to
explicitly solve for the integral over w, yielding

. ~ M
tim 4,((,) = }kgn@( [ [ do’)

1 (ek dk+1 ek'Qk—1>
\/_rlk 9k 9k+1 9k " 9k-1
) Ay [ dogs(wy). (4.11)
0

when the kth gluon in a (color-ordered) celestial amplitude
goes conformally soft, corresponding to A, — 1, i.e.

hmA({A} —hm< / dw;w, >

x / " dw™ A,({p}).  (46)

Here, A,({A;}) and A,({p;}) stand for the n-point
amplitudes in the conformal and momentum basis, respec-
tively. Using the representation of the Dirac § function

5(x )—hm |x|”1 ! (4.7)

one can write

o) [ o o)

) /ooo dod(w)or A, ({pi}).

obtaining
. ! € i1 €k i1\ 1+
lim A, ({A;}) = ( SR LSS . — A,
2—0 ({a:d) \/Zyk Gk Q1 G D1/ T :
+ O, (4.12)

i.e., in the conformally soft limit 4, — 0 we again have the
factorization into a universal (conformal) soft factor S()
and the conformally hard (n — 1)-point celestial amplitude

./zln_l Wlth
_Ck 61k-1> i
Gr " Gi—1) Ak

With this and (4.4), we can readily apply this to the string
amplitudes. That is, we write down the conformally soft
theorem for the celestial 5-gluon amplitude in the type I
superstring theory as follows:

_ 1 (55'6]1_55'Q4>
iV2nsAs \ds - 41 45" qa
% ./zl?trmg(_’_7+’ _|_) _|_ O(l(s))’
(4.14)

50— ! <€k ks (4.13)

V21 \dk - Qi1

Asmng (

-+ 4+ +)

which relates 5-point string amplitudes, in the conformally
soft limit, to 4-point string amplitudes in the celestial
basis. Here, we have also made use of the fact that, for
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color-ordered n-gluon amplitudes, we have the cyclic
identification k + n ~ k.

V. MAPPING THE STRING WORLD SHEET
TO THE CCFT

Before concluding, let us move to discuss another
interesting feature of the celestial string amplitudes.
In [16] Stieberger and Taylor made a very interesting
observation regarding the high-energy limit of the tree-level
4-gluon string amplitude and its corresponding celestial
correlator, which we briefly review now.

At tree level, the SL(2,R) invariance of the moduli
integrals, representing an n-point open string amplitude,
allows one to fix the location of three out of the n vertex
operators to any desired value.” Thus, in the 4-gluon case,
only one (real) integration variable is needed to write the
full amplitude [see, e.g., (3.1)]. Using this integral repre-
sentation we can use the stationary-point approximation to
evaluate the integral in the high-energy limit at fixed
scattering angle.® This procedure yields one constraint that
fixes the location of the vertex operator which, in turn,
becomes completely determined by the angular position of
the external momenta on the celestial sphere. More pre-
cisely, the stationary-point equation ties the world sheet
location of this vertex operator to the kinematic ratio r
(2.14), thus identifying a point on the world sheet with a
point on the celestial sphere (see Sec. IV in [16] for more
details).

Recall that, in celestial amplitudes, the Mellin transform
involves integrating over all of the energies in the scattering
process, thus, erasing the usual hierarchy among the low
energy and the high-energy regimes. After computing these
energy integrals, celestial string amplitudes thus remain
written as integrals over the moduli, as in (2.21) for
instance. This raises the question as to whether there is
also a limit, now based on celestial data only, in which this
pinning on the celestial sphere also occurs in the celestial
basis. In [16] Stieberger and Taylor show that this is
indeed the case, and that the limit in which it occurs is
the limit of large (imaginary) total scaling dimension, i.e.,
when Y% | 4, =1 — oo.

Due to this result, we would like to pursue the idea of a
potential map between the string world sheet, punctured by
the insertions of vertex operators, and the celestial sphere,
also punctured but by the conformal primary operators
corresponding to each of the external states with momen-
tum p; that these vertex operators represent. Thus, the
natural next step would be to extend this analysis to five
points and beyond, which is what we study in this section.

For the 5-gluon case in string theory, let us first rewrite
the integrands for the amplitude in (2.25) as

"Therefore, the full tree-level n-point open string amplitude
involves integrating over n — 3 real moduli.
¥This regime is also known as the hard scattering limit.

1o
PO)(s;) = / / dxdy(1 — xy)~le®/xy) - (5.1)
o Jo

and

V(5)<Si> = %a'2(s2s3 T S485 — 818y — 85354 — SISS)P(S)(Si)
+ o555 Al Al dxdy(xy)~ e? (xy), (5.2)

with

flx,y) =sInx+sslny +s3In(1 —x) +s4In(1 —y)

+ (51 — 53 — 54) In(1 — xy). (5.3)
Before continuing, it is worth mentioning a general feature
of string amplitudes. Both integrals above will give con-
vergent expressions as long as the Mandelstam invariants s,
are constrained to certain regions in the complex plane.
These regions will not necessarily lie in the domain of
physical scattering, but they allow us to compute the
amplitude and also to use the stationary-point approxima-
tion to evaluate it in the high-energy limit. Nevertheless,
one usually computes these integrals in the (unphysical)
convergent regions and, at the end, we analytically continue
the resultant expressions to the physical domain.’

In the hard scattering limit, namely when o’s; > 1 with
all the Mandelstam ratios s;/s ; held fixed, we can now
evaluate the integrals above using the stationary-point
method. The stationary-point equations d.f = d,f =0
now yield two (independent) solutions, say, (x;,y;) and
(x2,¥,). The exact expressions for these two solutions can
be straightforwardly written but are cumbersome and not
very illuminating. However, the relevant observation is that,
since the x and y variables represent the positions of the two
remaining vertex operators that need to be integrated over
to obtain the full 5-point amplitude, the high-energy limit
yields now two possible configurations that give the
dominant contributions in this limit.'” The explicit expres-
sions for these two solutions, when written using the usual
celestial parametrization p = n;w;q"(z;,Z;), show that
they depend solely on the angular positions of the external
states (z;,Z;) on the celestial sphere. This is because total
momentum conservation makes all the energy factors w; to
cancel out in these solutions. Thus, in the 5-gluon case, we
can again interpret this as the fact that the vertex insertions
on the string world sheet become pinned by the locations of
their corresponding primaries of the celestial CFT.
However, there is a caveat: we now have two possible
configurations of vertex operators on the world sheet

9See, e.g., Sec. 6.4 in [42] for a discussion on these points for

tree-level amplitudes, and [43—45] for the extension to one loop.

In contrast with the 4-point case in which there is only one
dominant saddle.
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corresponding to a single configuration on the celestial
sphere, that is, the map is no longer bijective.

Now, similarly to the 4-point case, the 5-gluon celestial
string amplitude (2.47) is also manifestly written in terms
of the moduli space integrals, inherited from its momentum
space counterpart. Thus, we can ask ourselves again in
which limit does the celestial amplitude localize the vertex
operators to the same positions that dominate the high-
energy regime. From (2.43) and (2.47) one can see that,
again, it is the > 2_, 4; = A — oo limit that yields the same
stationary-point equations as in momentum space.

These results, therefore, prompt us to understand how to
extend this analysis to the arbitrary n-point string ampli-
tude. The sought connection between the string world sheet
and the celestial sphere seems, however, to be clearer in the
case of closed strings for which, at tree level, the world
sheet topology is also a sphere.

Let us start by writing down the expression representing
a tree-level, n-point, closed string amplitude. This ampli-
tude takes the general form

/(H“awk) ({witApi-pi} ,H,'W —w;|2Pipi, (5.4)

where P is a polynomial function of the Mandelstam
products o' p; - p; whose degree will depend on the spin of
the scattering external states. More importantly, the
W — w;|2¥PrPi factor is universal to all string amplitudes'”
and depends exponentially on the Mandelstam products
o p; - p;, thus being responsible for yielding the dominant
contributions in the high-energy limit &’p, - p; > 1. With
this, we can use again the saddle-point method to obtain the
leading contribution in this limit. From (5.4), one can
readily see the saddle-point equations are [46,47]

PiPj
2w =0

J#

i=1,...,n.

(5.5)

These equations have received significant attention rela-
tively recently due to their key role in the Cachazo-
He-Yuan formulation of scattering amplitudes for massless
particles [48,49], and are usually referred to as the
scattering equations. After imposing total momentum
conservation, and the massless condition p% =0, the
equations in (5.5) are SL(2,C) invariant and thus, permit
to fix three of the n positions {w;} to any convenient value

""We use here wy, to denote the complex coordinates on the
string world sheet in order to distinguish them from the z;
parametrizing the angular directions of the external states on the
celestlal sphere

"*This is because this factor comes from the Wick contractions
of vertex operators V(p;) which all contain the plane-wave factor
V(p;) ~ ePiX representing free asymptotic states with definite
momentum.

on the world sheet. The number of independent solutions,
i.e., the number of distinct possible configurations for the
positions of the vertex operators on the world sheet, is
(n—3)! [50]. Moreover, using elimination theory, the
system of equations (5.5) can be brought into the form
of a single polynomial equation of degree (n — 3)! for a
single variable, say, w, [51,52]. The solutions for all the
remaining vertex locations w;, with i =4, ..., (n — 1), can
be expressed in terms of the single solution z,, and become
functions of ratios of generalized Mandelstam variables.
After using total momentum conservation, the positions of
all these punctures will again only depend on the angular
positions z; of the scattered strings on the celestial sphere.

This establishes, then, the general map that emerges in
the high-energy limit: A single configuration on the
celestial sphere, for the momenta of n closed strings in a
(tree-level) amplitude, gets mapped to (n — 3)! possible
configurations of vertex operators on the string world sheet
that govern the scattering process in this regime. It would
certainly be interesting to confirm if one arrives at the
same conclusion by taking ) "% | 4; — oo at the level of the
n-point celestial amplitude.

As a final point, it is also interesting to note that very
same configuration on the celestial sphere (at null infinity),
representing the insertions of conformal primaries for each
of the scattered gravitons,13 also solves the saddle-point
equations for the corresponding vertex operators on the
world sheet sphere (5.5). Namely, from the usual para-
metrization for the external momenta

1 _ _
=—mw;(1+ |z 2 + 2= (2 — 7). 1 = |z]),

"
Pi 2

one has p;- p; = nnjww;|z;*, thus, if z; = wy for all
k=1,...,n, we have

zn iNjwiw W jWwi; o
W<< l l

J# ij

Z’h Z”jijj>

J# Vil

=nw;,(—-wnw; +n,0w;) =0,  (5.6)

where, in going from the first to the second line, we have
used total momentum conservation. Thus, the configuration
of physical (stringy) gravitational scattering on the celestial
CFT is one of the configurations of this world sheet map
that arises in the high-energy limit. It would be very
interesting to pursue this idea further.

"The same statement certainly holds for the other states in the
massless spectrum of the closed string, such as the dilaton and the
Kalb-Ramond field.
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VI. CONCLUDING REMARKS

In this last section we would like to make a brief
observation regarding the effective field theory expansion
of string amplitudes in the celestial basis, that is, we study
how the o expansion is recast in the conformal basis. After
this, we finalize with some closing words.

Consider the tree-level string amplitude of 4 gluons
written in the form that makes the connection with YM
amplitudes evident in the o' — 0 limit, namely

1 [(1—ds)I(1—o
‘Agree(_’_,_h_‘_) —5® <Zp/ld) (F(lfis)/ ( /(ZZ>

— as—d't)

+,4), (6.1)

tree
x A¥ (=, =,

and let us expand it in powers of o

(Zp> e (—, =+, 4)

2
x <1 - a’z%st — ad?¢(3)(s*t + s1?)

AT (=, =+, +)

p
—— (453t + $2% + 4sP®) + )

360
(6.2)
The celestial counterpart of this expression reads
~ h/3=hi=h;_h/3~hi~;
AV (=, =, +,4) = £(r. ) H (%)

i<j

with f(r,8) now given by

f(’”’ﬂ):/ooodww_ﬂ_l[1+a’26 w43 (3)(r? —r)w?

ot (6.4)

4
3_,2 4
360(4r r*+4rw* 4+ ],
up to some, for now, irrelevant numerical factors. Notice
that, since /3 is purely imaginary, the integrals over all terms
are UV divergent, except for the 1-term which (marginally)
converges to the known & function 476() _; 4;) appearing in
the field theory limit. Thus, in order to make sense of the o
expansion in the celestial basis, we need to introduce an UV
cutoff on the energy integral above.'* Let us call the cutoff

"“This is another example of the fact that celestial amplitudes
are usually not well-defined for effective field theories and need
an UV completion. However, see [53] for a very recent proposal
on how to define them in a consistent way. Additionally, see [54]
for a detailed study on the constraints that effective field theories
with celestial duals must satisfy, even at tree level.

A, with A being the energy scale. The full expression for
f(r,p) can then be written as

(1) = 4m(2) + (1)
@A) (1)
62-p) ¢ (3-5)
i
—(A?)? 360( —4r2+r- 4)ﬁ+ (6.5)

where 2 = "% | 4;. From this, we see that the dimension-
less parameter that organizes the effective field theory
expansion is o’A2%, which was of course expected on
dimensional grounds since these are the only two dimen-
sionful quantities at our disposal. Notice also the appear-
ance of the pole structure in the f-complex plane. As
initially analyzed in [55] in the context of effective field
theories with exponentially soft UV behavior, the residues
of the poles in (6.5) are precisely given by the coefficients
obtained by the low-energy expansion of the original string
theory amplitude.

Let us summarize the results of this work as follows: In
this paper, we have computed celestial correlators that
correspond to the tree-level 5-gluon amplitudes in type I
superstring theory. We have observed that, as it happens
with the 4-gluon string celestial amplitudes, both at tree-
level [16] and at one-loop [24], the 5-gluon string celestial
amplitudes exhibit a remarkably simple dependence of o,
which is encapsulated in a universal overall factor. This
raised the question as to how the field theory limit is
recuperated from the string observables in the celestial
basis. This motivated our study of the limit in the space of
kinematic variables where the YM results are recovered.
We have identified such limit, generalizing in this way the
results obtained by Stieberger and Taylor in [16]. We have
also computed the conformally soft theorem for the 5-gluon
case in the type I superstring theory and confirmed that it
also obeyed as in the case of celestial field theory
amplitudes. This was expected, at least at the tree-level
we have considered here since, due to the fact that field
theory arises in the low energy limit of strings, the soft
factorization for both theories should be identical, both in
momentum and conformal basis. Finally, we discussed the
map that emerges between the punctured string world sheet
CFT and the also punctured celestial CFT, in the limit of
high energy, in momentum basis, corresponding to high-
scaling dimension, in conformal basis, for a general n-point
string amplitude. In order to gain more insights into this
correspondence, it would be interesting to perform the
explicit computations to higher-point amplitudes. We hope
to address this and other questions in the near future.

It is an interesting question whether similar phenomena to
the ones discussed here happen in the case of graviton
scattering. The spin-2 scattering processes in string theory, in

126001-14



CELESTIAL STRINGS: FIELD THEORY, CONFORMALLY SOFT ...

PHYS. REV. D 110, 126001 (2024)

the celestial basis, have been investigated at tree level in [16],
where results similar to the spin-1 case have been obtained.
We are currently working on the graviton case at one loop and
hope to report our results in an upcoming article.
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