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Abstract

We construct a basis of conformal primary wavefunctions (CPWs) for p-form fields in any
dimension, calculating their scalar products and exhibiting the change of basis between
conventional plane wave and CPW mode expansions. We also perform the analysis of
the associated shadow transforms. For each family of p-form CPWs, we observe the
existence of pure gauge wavefunctions of conformal dimension A = p, while shadow
p-forms of this weight are only pure gauge in the critical spacetime dimension value
D = 2p + 2. We then provide a systematic technique to obtain the large-r asymptotic
limit near .# based on the method of regions, which naturally takes into account the
presence of both ordinary and contact terms on the celestial sphere. In D = 4, this
allows us to reformulate in a conformal primary language the links between scalars and
dual two-forms.
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1 Introduction

Conformal primary wavefunctions (CPWs) [1, 2] with conformal dimension A are solutions
of the free-field equations of motion T Zlaﬁf’ak(x, w) that transform covariantly under Lorentz

transformations A", according to

owh owbk

o _ Ap N Piory
Tplg, e (A, W) = TP (W) s B AL AT, T (W), (1)

where g*(w) with w = (w, ..., wP~2) is a fixed section of the light-cone q"(w)q,(w) =0 and
AR (W) = ap(w) g*(w). (2)

The interest in this type of field solutions is mainly motivated by the celestial holography pro-
gram, where one aims at encoding the S-matrix of quantum gravity in four dimensions in terms
of a two-dimensional celestial conformal field theory; see [1-13] for early works and [14] for
more references. In this framework, one trades 4D scattering amplitudes for 2D correlators,
and symmetries of the “bulk” S-matrix naturally translate into Ward identities for the “bound-
ary” description. With the aim of studying the properties of such correlators in a conformal
basis, it is of course important to construct CPWs not only for electromagnetic potentials A‘;, A
and linearized metric fluctuations hg’vA, but also for more exotic types of fields that can be rele-
vant in the ultimate celestial formulation of quantum gravity [15-20]. For instance, two-form
fields naturally emerge in double-copy constructions, whereby one decomposes the “square”
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of a one-form field into irreducible components, including a graviton, a scalar and a two-form.
Thus two-form primaries are expected to play a role in future investigations of celestial double
copies [19,21-24].

In this work, we explicitly construct CPWs for two-forms in D = 4 and more generally for
p-forms in generic spacetime dimensions D > 4. For each family of CPWs, we calculate the
invariant scalar products and we identify conformal dimensions corresponding to pure gauge
configurations. For p-forms, these pure gauge CPWs turn out to occur for A = p irrespectively
of the spacetime dimension D. We also carry out explicitly the construction of the correspond-
ing shadow transforms, obtaining for each CPW with dimension A a shadow partner with
conformal weight A’ = D — 2 — A. Moreover, in the critical dimension D = 2 + 2p for each
form degree p, shadows with A’ = p are proportional to the original non-shadow CPW and
thus are also pure gauge. Our strategy is based on two building blocks: the scalar CPWs,

_ (F)AT(A)
R e DR TOL

(3)

which can be seen as Mellin transforms of conventional plane wave states [1-3, 6], and the
“Mellin-space polarization vectors” [19]

_ o (W)
esr) = 5 (2 ). @

which obey simple transformation rules under Lorentz transformations,

b

ow
eM(Ax, W)= —

Fua M vea (o w). (5)

These two ingredients neatly combine to produce all higher-form CPWs. Along the way, we
also comment on the relation between conformal primary transformation rules and Wigner
rotations and translations arising in the standard little-group construction [25,26].

A further motivation for studying p-form conformal primaries is provided by dualities,
which for instance relate forms of different degrees to one another depending on the spacetime
dimension. When D = 4, in particular, the two-form field is naturally dual to a scalar degree
of freedom. This fact was at the basis of the proposal to identify scalar soft theorems and
their associated charges [27, 28] as manifestations of asymptotic symmetries involving their
dual two-forms [29,30]. Here we provide an explicit realization of this duality. This turns
out to map scalar CPWs to two-form CPWs with the same conformal weight, with singularities
associated to the constant A = 0 on the scalar side and to the pure gauge mode A = 2 on the
two-form side. With an appropriate normalization, the canonical pairing between this A =2
pure gauge configuration and the A = 0 CPW leads to an explicit finite and nonzero expression
for the associated charge.

In order to investigate the behavior of the CPWs obtained in this way near null infinity,
one is also led to analyze in detail the limits of scalar CPWs, and more generally of solutions
of the wave equation, as the radius r is sent to infinity for fixed retarded time [9, 20,31, 32].
Due to singularities appearing in null directions and in particular on the celestial sphere, these
limits need to be taken in a distributional sense. We formulate here a strategy based on the
method of regions [33, 34] to handle them in a systematic fashion, treating carefully contact-
term contributions. In the limit, one finds that two regions of integration are important, and
the near-collinear one dominates the asymptotic expansion for D > 4. In general, both re-
gions enter the leading-order expansion in D = 4, leading to the appearance of logarithmic
terms log r. However, the combination appropriate to the calculation of wave-forms is log-free,
consistently with previous analyses.
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Finally, we come back to the issue of two-forms and their dual scalar charges in D = 4,
discussing their explicit expressions both in the conventional plane wave basis and in the
new celestial basis. The two analyses agree and confirm that the A = 1 mode can be held
responsible for the leading soft theorem [19,27,35].

The paper is organized as follows. After collecting some preliminary material about po-
larization vectors and little-group transformations in section 2, we discuss the construction of
CPWs for the various form degrees in section 3 and their shadow transforms in section 4. We
discuss our method for calculating asymptotic limits in section 5 and conclude with a discus-
sion of D = 4 two-forms and dual scalar fields in section 6.

Notation. Greek letters u, v, a, f3,... denote D-dimensional spacetime indices, while Latin
letters a, b, ... denote d = (D — 2)-dimensional transverse-space indices. The square brack-
ets on p indices denote the alternating sum over permutations of such indices without ad-
ditional factors, for instance A;,B,; = A,B, —A,B,. We ad(lpt the mostly-plus signature
Ny = diag(—+---+). In the discussion of shadow transforms, ¢, denotes the shadow trans-
form of the conformal primary with weight A, itself with weight d — A.

2 Plane waves and polarizations

In this section, we collect useful preliminary material that is later used to discuss conformal
primaries. We begin by recalling some facts about the geometry of the light-cone, which we
then employ in order to construct ordinary polarization vectors, making contact explicitly with
the transformation rules under little-group transformations and Wigner rotations. We then
employ such polarization vectors to construct two-form and p-form polarization tensors.

2.1 Projective light-cone

When dealing with massless fields, a distinguished role is played by the light-cone, defined by
p?=0. (6)

To parametrize it, it can be useful to fix a reference chart of the form
p" =2Aq"(w), 7

where A and w?, witha =1, 2,...,D — 2, are real coordinates. In the next subsection we will
specialize to a standard choice of ¢*(w) (28) that simplifies several formulas. Once a choice
of g*(w) has been made, it induces tangent vectors

et (q) = 3.9", ®
and a metric

hap(q) = eb(@)nyyer(q), 9

on the A =1 cross section it describes.
The projective light-cone can be defined by identifying vectors that differ only by an overall
rescaling:
p?2=0, pH ~ Ap*. (10)

This suggests considering an expression that is automatically invariant under rescalings:

q*
- —, (11
u-q

4
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with a suitable reference vector u*, and to consider as tangent vectors

u .0
=01 )= (a2, (12)
u-q u-q u-q

so that, by construction,
el(Aq) = e(q). (13)

The metric associated to €5(q) is given by

ab(q)
(u-q)?’

since the additional pieces in (12) drop out by orthogonality. Again, (14) is manifestly invari-
ant under local rescalings.

We shall adopt (12) as our preferred tangent vectors. To denote points on the projective
light-cone, we shall also use interchangeably g* or w, writing for instance

Yap(@) = € (@ My €,(q) = ﬁ et (@ nuvey(q@) = (14)

e (w) = el (qgw)), (15)
and
ds® =y (wW)dwdw®,  yo(W) =y (qw)). (16)
Under a generic coordinate change w = w(w’), one then has

b C d

aw
W)= S W), V(W) = S Ve W) S a7)

Let us now consider a Lorentz transformation A", € SO(1, D — 1), which acts via
q“— A q”. (18)

Since A",q”(w) is null, the effect of the Lorentz transformation A can be also characterized by
a mapping w — w’(w) such that

A q"(w) = ap(w)gh(w), (19)

for a suitable factor a,. Taking a derivative of this relation with respect to w'® leads to

owe

Y gw’a €

Jda
A* e/ (w) = ay(w)el(w' It gt (). (20)
Taking the “square” of this identity, and using q> = 0 = e}, qu, we see that a, acts as a conformal

factor for hgp,

aw owd
FO heqa(w) P ai(W)hab(W/) . (21)

The determinant of this relation gives

D2, ~_ 4| R(w) (3Wa)
ay “(w)= ) det 3w )’ 22)

where h(w) = det(h,,(w)). Under the Lorentz transformation described by (19), the metric
also obeys

(u- Ag(w))?

@ an))? Y (W) dwedw’®, (23)

ds® =y, (W)dwidw® =
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as can be checked using eq. (21) and (19) contracted with u*, so that

/ / Yab(W/) u-q(w)
= . Q)= —2 2
In view of (19), eff behaves as follows under Lorentz transformations
_ 9 (q¢'W) ,
el(Aq) = FWE (u : q(w’)) =eh(w). (25)
Consequently, it obeys the nonlinear transformation law
q" _u-q aw® ,
(AVH_EAVP up)e;’(Aq)— L Ag Dw eb(q). (26)

It is useful to make the dependence on the reference vector u* explicit, writing for instance
et (u;q) or i (u;w). Then, one finds the simpler transformation rule

BCAu:w) = awb A* e2(u: 2
el (Au;w') = W SEpw). 27)
2.2 Standard parametrization
A very convenient choice for the section g*(w) is
1+ w? | 1—|wf
q“(w)z( Z'W' W, Z'W' ) (28)
ie.
_ 0, D1 a_ p°
A_p +p B w _p0+pD_1> (29)

in (7). Notice that this choice differs from the one usually taken in the celestial hologra-
phy literature (e.g. [2, 7]) by a factor of two. The resulting metric h,;, with this choice is
flat h,, = 6,5 and the coordinates w® cover Euclidean space RP~2. Moreover, identifying
u* =—nt =(-1,0,...,0,1), one has u - g(w) = 1 for any w, so that e}/ (q) = €5 (q).

Under the Lorentz transformation A" », via (19), we find

—n, A" q"(w) = a,(w), (30)
while (21) and (22) reduce to
awt ow°
ow'a gw’b = a?\(W)éab’ (31)
and Syt
_ w
aﬁ 2(w) = det(aw’b) . (32)

In particular, the square root on the right-hand side of (22) yields 1 for this parametrization.
Finally, the transformation law (26) simplifies to

1 owb
ar(w) dwe

Af =L Apn)elrg =
VT g e e,(Aq) =

e, (q). (33)
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2.3 Little group

In this section we compare the polarization vectors constructed above with the ones that one
usually builds in terms of little-group elements (see e.g. [36,37]). In particular, this provides
an explicit link between their transformation laws on the celestial sphere and standard Wigner
rotations; see also [38,39].
Given the reference vector
k* =(x,0,...,0,x), 34)

the most general Lorentz transformation which leaves k" invariant takes the form

1+ @ xb —#
R=| (Ox)* 0% —Ox)|, (35)
% x? 1— %

where x¢, with a =1,...,D — 2, are real parameters and O is a (D — 2)-dimensional rotation
matrix. For any null vector p* of the form

Pmwd), @@= 14k 20 1-kP), (36)
one can always construct a Lorentz transformation £(p) such that
L(p)*, k" =p*. (37)
For definiteness, let us take £(p) as follows
L(p) =R(z) B(w), (38)

with B(w) a boost in the direction D — 1, which only affects the overall scale of k¥, and R(z)
a Lorentz transformation that aligns it in the direction specified by z¢,

Hg+2) o Hg-%) o
B(w) = 0 5ab 0 , R)=| 2¢ &% gz . (39)
1 2 1 2 2 2
x-%) 0 2(x+%) -5 o=t 1
Let us now define
R(A,p) = L(p) ' AT L(AP). (40)
This transformation belongs to the little group of k", since it obeys
R(A, p) k" = KM (41)

by construction, and therefore it must take the form (35) with suitable O%?(A, p) and x,(A, p).
We define the physical polarizations according to

¢, =(0,8%0),  e'(z)=LEM 8 =(298%,—2), (42)

a

where we can identify eb(z) = et (q) = e5(p). Note that, as a result, e-(z) = dq"(z)/d=z°.
These obey

a

Ay a k*
R(A, p)*,8; =&, O™ (A, p) + — xo(A, ), (43)

and therefore, recalling the decomposition (41) and the defining property (37),
0 ba , PV
AVel(Ap)=e, (p) O™ + —Xa- (44)

7
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Since e} (p) obeys

n,ueg(p)zoa nt = (1)0"":0;_1)’ (45)

for any p, contracting (44) with n,, we obtain
X uv
~ (n-p)=n,A e (Aq), (46)

and we can recast (44) in the form

u
(Av“—rf’fpnp/\f)em\p) =¢,(p) O*(A, p). 47)
Comparing with (33), this transformation rule is of the same type as (47), with the Wigner
rotation explicitly given by

1 owb
ba — : (48)
a(w) dwa
Note that, indeed, (48) identifies an orthogonal matrix thanks to (31).
2.4 Standard 4D expressions
When D = 4, switching to complexified coordinates and defining
z=z'+1iz2, z=z'—iz?, (49)
the convenient parametrization (28) can be cast as follows
1 _ _. _ _
q“(z,2) = 5(1 +2%,2 +z,—1(z—z),1—zz), (50)
so that
P P w_ 1 . 1
el! = 5 (z,1,—i,—2), e; = > (z,1,i,—2), h,; = > h,, =0=h;;. (51)
Moreover, since finite Lorentz transformations are parametrized by
, az+b
g— g = , ad—bc=1, 52
cz+d (52)
the Jacobian in (22) takes the simple form
oz’ 1
z ap(z,2) =(cz+d)(c*z+d*). (53)

Fr (cz+d)2’
The basic transformation rule (27) reads
el(Au;2',2") = (cz + ) A € (u;2,2), et(Aw;2',2) = (" 2+ d*) A el(u;2,2).  (54)
Other useful transformation rules are
V2=(8,)+(8,)*=438,6., 2dz'dz®>=dzdz, 6P(z'—2",2%—-2?)=26@(z—2"),

(55)
together with

i
2le/\d22:idZ/\de, €10 = —€97 :+1, 6252—65225. (56)
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2.5 Polarizations in momentum space

The scalar wave equation
O®(x)=0 (57)

reads, in Fourier space,
p*e(p)=0, (58)

which restricts the support of ¢(p) to the light-cone p? = 0. Positive- and negative-frequency
plane wave states can be thus taken as

®(x;p) = eFPx, p?=0, p°>0. (59)
The free Maxwell equations for the vector potential A,,(x), identified up to
Ay(x) ~Au(x) + g, A(x), (60)

are given by
0A,(x)—3,0"A,(x)=0. (61)

Adopting Lorenz gauge, one can reduce the discussion to the Fierz system

0A,(x)=0, "A,(x) =0, OA(x)=0. (62)
In Fourier space, this translates into the conditions

p?au(p)=0,  pa,(p)=0,  p*A(p)=0, (63)

which restrict the supports of a,,(p) and A(p) to the light-cone p? = 0 and enforce the transver-
sality of a,,(p). The residual gauge freedom in (63) is given by

a,(p) ~a,(p)+Ap,. (64)

Thus, D —2 independent polarizations for q, are naturally given by the tangent vectors el'(p)
on the projective light-cone with a = 1,2,..., D —2. We may therefore consider general plane
wave states of the form

AL (x;p) = el (p)®(x;p). (65)

The free two-form B, (x) is subject to the gauge equivalence
B,uv(x) ~ B,uv(x) + a,uAv(x) - avA,u(x) 5 (66)
with parameters A, (x) to be identified up to the gauge-for-gauge transformations
Ay(x) ~Ay(x) + 3,A(x). (67)
In this case the equations of motion are given by*
OB,,,(x) + 3,0 “B,(x) + 0,0“B,,(x) =0, (68)
and can be reduced to the Fierz-like system

0B,,,(x) =0, 9"By,(x)=0, 0A,(x)=0, "A,(x) =0, OA(x)=0. (69)

In analogy with the more familiar electromagnetic case, we note that the equations of motion of the 2-form
set to zero the divergence of the associated field strength, 0*(5,B/,,;) = 0.
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In Fourier space, all the fields have support on the light-cone and they obey

p'ubuv(p) =0, PMGM(P) =0, (70)

while gauge and gauge-for-gauge transformations translate into

buy(p) ~ buy(p) + puay(p)—pya,u(p),  au(p) ~a,lp)+Ap,. (71)

The second relation in (70) and the gauge-for-gauge residual freedom (71) can be used to
identify D — 2 independent polarizations el for a,, as discussed for the spin-one case. The first
relation in (70) enforces D — 1 constraints on b, (since p“p"bw = 0 is identically true). On
the other hand, b, starts out with D(D — 1)/2 independent components, in view of its anti-
symmetry, so that, after imposing transversality, one is left with (D —1)(D —2)/2 independent
components. Therefore, we can parametrize b*” in the following way

B =D pap (ele] —eleh) + > Aa(pte) —p7el), (72)
a

a<b

with suitable coefficients ¢, and A,. The second type of terms can be eliminated using the
gauge freedom in eq. (71), arriving at

b= ewey, . ey =eiej—cley, 73)
a<b

which shows how (D — 2)(D — 3)/2 independent two-form polarizations can be constructed
from the D — 2 photon polarizations. Consequently, we may write

Bly (s p) = ey (p)@(x; p). (74)
In the D = 4 case, only one independent polarization is available, for instance

eltv] = e”e;’— €

1 eg. (75)

v
1
For a p-form, (D;Z) independent polarizations can be constructed in a similar fashion, taking
antisymmetrized products of one-form polarizations
[ur-ppl up]
eal.l“ap" = 65‘1“ "t€q - (76)

For completeness, let us also note that D(D — 3)/2 independent transverse, traceless po-
larizations for the spin-two field can be taken as follows
274

b d
D2 ef'y“ey], 77)

(uv) _ U,y v U
€5 = €q€ptELEL
where y,, = €l Nuv €}, as in (14) and y?? is its inverse. In D = 4, it is convenient to choose a
parametrization where y,, vanishes for the two independent physical polarizations.

3 p-form conformal primary wavefunctions

In this section we construct the CPWs for p-form fields out of the building blocks discussed in
the previous section. We then evaluate their scalar products and identify conformal weights
corresponding to pure gauge configurations. We also provide explicit maps between plane
wave and CPW mode expansions for the quantized field operators. For ease of presentation,
we first review as a warm up the scalar (zero-form) and the vector (one-form) originally built
in [2], and then move to two-form and p-form fields.

10
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3.1 Scalar

The Mellin transform of a scalar plane wave state is given by [1-3, 6]

i(£qhx,+i0)w _ I'(A) _ (F)2T(A)
(0Fig-x)» (Fi0O—q-x)A"

oo

¢§(x;q)=f 4o o
0 w

(78)

Here, the upper (lower) sign corresponds to positive (negative) frequency plane waves and
+10 indicates a small positive imaginary part. To simplify the notation, we will make the +
labels on the fields such as <I>ﬂAE explicit only when strictly necessary. Incidentally, let us note
that the map x — —x has the only effect of flipping this sign, interchanging incoming with
outgoing plane waves.

The field ® 5 (x; g(w)) = ® A (x; w) defines a conformal primary wave function of dimension
A since indeed, under the mapping (19),

dA(Ax; W) = aﬁ(w)fbA(x;w), (79)
with a,(w) given in (22). In the standard D = 4 conventions of subsection 2.4, this reads
dA(Ax;2,2) = (cz + )2 (c* 2 +d*) 2D (x;2,2). (80)
Moreover, ® 5 (x; w) satisfies the Klein—-Gordon equation with respect to x,
ObA(x;w)=0. (81)

To evaluate the standard scalar product

(f.f)= —lf Az (fo,f™* — f*3,f) (82)

%

between two such conformal primaries, it is convenient to use the integral representation in
(78), which leads to

*d *dw’
w 0 ¥

Cl)/
(83)
focusing for definiteness on the product of two positive-frequency states. Note that the scalar
product satisfies

(@A(x;9), @0/ (x,q")) = _f

0

(=00, () ==(1), (84)
so the product between negative-frequency states can be obtained by complex conjugation.
Choosing the x° = 0 surface (so that d=* = dP1x 55), eq. (83) yields

“dw * do’
(‘I’A(XZQ),‘PA/(X,CI/)) =f XwAJ Fco’A (0@’ + w'q?)(2m)P 6P V(wq — w'q),
0

0

(85)
where the argument of the delta function is restricted to the D — 1 spatial components. We
can use the identity

de‘lpf(p)T(p)= f dQD_z(q)J o’ do f(wq)T(wq), (86)
0

which follows from the change of variables p’ = wq/(w) withI =1,...,D—1

I

o I
d’lp = det(a(a)—pwa)) dwdP 2w = wD_Zdwdet(aqu) dP2w = wP2dwdQp_,(q),
> a
(87)

11
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to conclude that the delta function can be factorized as follows

_ 1
5P V(wq—w'q) = —5 00— w')8(q,q). (88)

Here 6(q,q’) is the invariant delta function on the (D — 2)-surface parametrized by the spatial
components of q(w), which obeys

f dQp_2(q") ¢(q) 6(q,9") = ¢(q). (89)

In terms of the standard parametrization (28),

1

1

dQD_z(q)=det(aq 1) d'w=q"(W)d'Ww,  8(q.9)=5=8D@-#). (90
4 q°(w)
We then have

*dw

(®a(x;9),@a/(x,q)) = (2m)°"2¢° 5(q,q") J ?w“ﬂ"”z. (91)
0

The last integral is well-defined provided that the conformal weights take the form

D—2
A=T+i7t, AER, (92)
so that we can use
oo d +00
J 29 i) = J dtel @) =2x5(A—21"), (93)
0o @ —o0

to obtain
(@a0x;9), ®a/(x,q)) = (2m)P2¢° 5(q,q")6(A— L) = (2m)P2 6D (W — D)5 (A—L). (94)

This is by now a standard derivation showing that CPWs with dimensions lying on the principal
series (92) form a basis for normalizable radiative wave packets [2]. In the Mellin transform
(78), the conformal dimension is however in principle an arbitrary complex number A € C. In
[31], it was showed that conformal primaries with analytically continued conformal dimension
can be understood as certain contour integrals on the principal series. Using the generalization
of the Dirac delta function to the complex plane considered in [31], we may write

(@a0x;9),2a(x;q)) =1(A,q;A7,q)), (95)
where we introduced the shorthand notation
I(A,q; A, q)=2n)P26 D —w)s3(A + A" —D +2)), (96)

for later convenience. The precise meaning of the formal distribution 6(iz) has been discussed
in [31]. Note that, while in the present case the inner product between positive- and negative-
energy states is zero, in the massive case this would no longer be the case [2].
Let us also mention that the following more general family of functions, called generalized
conformal primaries [19],
_ )
(x-q)2’

dalx;q) 97)
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with f areal function, also obey the transformation rule (79). In this family, the Klein—-Gordon
equation selects only two independent solutions (up to normalization):

d
1 ( x2)§—A
=", N ———. 98

P1.a (—q- 2~ $2,4-a (—q-x)&A (98)
Indeed, ¢, o is proportional to the scalar CPW (78), while as we shall see below ¢, A is
proportional to its shadow transform [2].

Let us now compare the the standard plane wave mode expansion of a scalar field operator
®(x) with its conformal basis counterpart. The former reads

o(x) = f [eP*a(p) +e P~ '(p)]2ﬂ5(p2)9(p°) 2n )D, (99)
with the usual commutation relations for creation and annihilation operators
[a(p),a' ()] =2lpl(2m)" 16D (p—p), (100)

or equivalently (with the parametrization (36); more details on this step are given in Sect. 5.2)

oo
__1 di a 49 1 iwq(i)x 7)) 4 990X gt (o (i
@(x)—WfRdd WJ;) w %[e“‘) WiXa(wq(w))+e ¢ a (wq(w))]. (101)
The inverse Mellin transform gives

+i —
J<c ico A]"(A) dA _ ptiwgx

5 102
(0Fiq-x)A i2r (102)

c—i00

as can be seen closing the contour to the left of the line (¢ —ioo, ¢ + i00), with positive c,
which runs parallel to the imaginary axis. Using (102) in (101) then yields (see [9,31] for
analogous mode expansions for operators with spin)

c+ioo
®(x) = 2027 )d+1 J d _'J @5 (x; W)ag_a(W) + q’Z(XQW)aZ_A(VT/)] ,  (103)

where we defined as in [40]

oo o0
aA(vT/)EJ w la(wq())dw, aTA(vT/)Ef w?la (wq())dw. (104)
0 0
Consistently with (95) these obey [31]
[aa@@),al,(W")] = (2m)"2¢° 5(q,q")5(i(A + A" —D +2)), (105)
and, using the standard scalar product, one also finds
(8(x), @5 (x; ) =an(@),  (®(x), @ (x; ) =al (i), (106)
so that
ap(W)@(x)|0) = @, (x;)[0),  a,(W)®(x)|0) =} (x;w)|0). (107)

Since the standard Fourier mode decomposition for asymptotic field operators is most
commonly employed in scattering amplitude calculations, the map (104) between cre-
ation/annihilation operators for plane waves and CPWs is particularly useful in comparing
energetically soft and conformally soft theorems [9-11,35,41,42].
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Let us consider the emission of a massless scalar particle on top of a given scattering event.
For this process, if in the energetically soft limit «v — O the soft theorem dictates a behavior
like 1/w for the emission amplitude, then the conformally soft limit is A — 1. A quick way to
see this is the following [43]. Suppose f (w) ~ ¢,, w" for some n as w — 0. Then, introducing
an upper cutoff A in the intermediate steps,

A+n

e dw A dew o dw A
fa= J Wi f(w)— = cnf WA —— +f w?f(w) — = ¢, —— +regular, (108)
0 w 0 w A w A+n

and thus
Resz‘ =c,. (109)

=—n

More precisely, we can start from the energetically soft theorem written as

(outla(wq(®))Slin) ~ 0> % (out|Sin) , (110)

as w — 0". We have kept the exponent a arbitrary in order to encompass different possible
soft behaviors. Then

A

d
(out|ap (w)S|in) ~ J wets 228 Z L_, (out|Slin) + - - -, (111D
0 w 4= p,-q(w)
so that A
. A* &n .
t w)S|in) ~ t|Slin) +---, 112
(outla, (w)S]in) Y zn:pn'q(ﬁ/) (out|S|in) (112)
and g
Res(out|a, (W )S|in)‘ ~ Z —="— (out|S|in). (113)
= — DPn- Q(W)
For instance, for the leading soft theorem, & = —1 and the relevant weight is thus A = 1,

independently of the spacetime dimensions, while the sub"-leading soft theorems single out
the conformal dimension A =0,—1,—2,... (see e.g. [35,44,45]).

3.2 One-form

We now consider the Mellin-space counterpart of eq. (65), with polarization vectors given by

(12), identifying the reference vector with the observation point u = —x, or more precisely
writing
0 q*(w) ) o 0 )
B(x; = =— ——log(&i0+ x - , 114
€a(x:aw) awa (ZFiO—x-q(w) owe dx, 0g(+i0+x - q(w) (114

which satisfies

queg(;) =0,  x,ep(x;9)=0,  Guef(x;9)=0, 9%, (x;9)—0"¢;(x;q)=0.

(115)

One then defines [2]

(F)2T(A)
AL A(5q) = €l(x;9) (=g - X) @a(x;q) = el (x5 ) ETEPESI=E (116)
or more explicitly
) 9,q" x-9,q
A (x;q) = (F)AT(A [ 4 4 “]. 11

2050 = D) | s+ e g (117)

14
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In view of the basic transformation rules (27) and (79), the field (116) behaves as a spin-one
conformal primary under Lorentz transformations:

wb

0
aw'a

A (A w') = alt ™ (W) A AL A w). (118)

In the standard D = 4 conventions of subsection 2.4, the Jacobian is simply (53) and a, is
given by (53), so that we have from (118)

A‘ZL,A(AX; 2/,2)=(cz+d) T (c*z +d*)A ! A AT \(x;2,2), (119)

and similarly for the z component. Moreover, in view of the last equation in (115), the field
strength
wy I
Fop= a“AZ’A —9"A A (120)

is given by
q'e)—q"€q

uv _ A
Foa= A= DEDTA) e r

(121)

and the A = 1 mode
Al 1065 q) = Fiek(x;q) (122)

gives rise to a pure gauge configuration. This is also clearly displayed by writing (117) in the
form

1 1
T 0
A= (1_Z) Va’A+8M(vaVa“”A), (123)
where one isolated a “representative” [2]

9.9"

L A
Va,A - (:Fl) F(A) (:Fl.O_q ; X)A .

(124)

Finally, we note that A‘; A(x;q) solves the Maxwell equations thanks to the properties (115).
To calculate scalar products, it is useful to first recast (116) in the equivalent form [31]

1 1 “d .
Ay =@+ 5 00 ) eati = (a0 + q“aa)J 99 yagriori-oo (125)
0

so that

1 *d .
FZ‘Z = 4+ (1 — Z) (g"8,q" — qvaaqu)f aw AT pEioghx,—0w (126)
, -

In this case the scalar product reads
(A4) = —lf dzt (AF), —A7F,,) (127)

and we turn to evaluate it focusing for simplicity on positive-frequency wavefunctions. Choos-
ing the x° = 0 surface and substituting the above expressions, one finds

(Aga(x;9),Ap A (x3q")) = —(2m)PS(i(A + A —D +2))

1 1
l (1 B A’*) (aaqv A qvaa) 5(0:4) (450, = 4,2 0) (128)
1 1
+ (1 - K) (8a’q/v + E q/v a’) 5(‘1, q/) (qoaaqv - Qvaa%) ] .

15
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We now use q> =0 =q - d,q, together with d,q - 3,q = h,;, and we note that

q"0,6(4,9) (¢804, — 4,0:9"°) = —hea(9)9°5(q,q), (129)

as can be checked integrating by parts with respect to g. We then find

A

(Aqa(x; @), A0 A (x5q")) = haor(q) (1 - l) (1 A

1

) I(a,q;4,q),  (130)
with I(A,q;A’,q’) as in (96). In fact, the same result for the inner product would obtain
dropping the pure gauge piece in eq. (123). In four dimensions, where the delta function
enforces A™ = 2— A, this can be simplified to

(A—1)?

AA_D) 6(q,q)8G(A+A™=2)). (131)

(Aa A(x Q) Aa’ A’(x q )) = (27I)42q0haa (Q)

In order to compare with (A.9) of [31], we need to divide both sides by

(—DAT(A)(+)A T(A™) = (A= 1) ——, (132)
sin(tA)
to match the overall normalization, obtaining
A
(2m)*20 o (@ e ™ SR 2L 50 0 s(ica+ o —2y), (133)

A A—2

and take into account that h,,, = 6, in the parametrization (28). The two formulas agree
(see also (90)). As discussed in [31], the above inner products can be seen to vanish or
to have poles for specific integer values of A. Interestingly, recent works have shown that
integer A CPWs span a complete, discrete basis, by taking residues of the Klein-Gordon inner
product [46], which leads to the more standard delta-function. The same conclusion was
achieved in [47] by considering a deformed version of the inner product involving the shadow
transforms. One can expect that those results will continue to carry once generalized to integer
A p-forms CPWs.

Let us conclude by mentioning the possibility to construct a more general family of primary
fields. Suppose that in addition to x*, we have another D-vector Z* at our disposal. Then we
can write down a conformal primary

q“ A a q
A N(x,Z59) = (aaq“ - q—Za ®A(x,p). (134)
This is a solution to field equations in Lorenz gauge but it does not obey the radial gauge
qu‘; A = 0. Rather, it satisfies Z,, AM = 0. In this regard, it can be compared to the general-

ized conformal primaries of [19] The field strength for (134) is

FEAGnZ30) = (@€ —ael)—— 8a(x,p), (135)
which is non-vanishing except for A = 0. We may in principle use this to construct a pure
gauge two form at A = 1. We shall return on this point in the next subsection.

In a similar spirit, we could consider the gradient of a conformal primary scalar wave-
function, J,®(x;q), which also transforms as a primary vector and obeys the Lorenz gauge
condition, but does not obey the “radial” gauge condition. However, it is easy to see, retracing
the steps leading to (130), that such wavefunctions are orthogonal to any A‘;’ Alx;q).

As for the scalar case, we conclude this section by working out the map between cre-
ation/annihilation operators for plane waves and for CPWs. We start from the textbook
Fourier-mode expansion of the vector field operator in Lorenz gauge, d,A" =0

16
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__ 1 dip [ o2 49 [ piway 7)) + e—19a0)x gt (4 o (i
AP (x) = WL@ d WL wf = [e!17) X gl (e q(iD)) + e @1 ¥ gl (o g(W))] . (136)
Proceeding like we did for the scalar, we change integration variables and arrive at
1 ao [ AA s
A (x) = W J;Rd d ch_ioo oy [CI’A(X, w)a; (W) + &, (x; W)Cld_A(W)] , (137)
where
oo ) oo
CIZ(VT/) = J w laMwq())dw, af(ﬁ’z) = f W la" (wq())dw, (138)
0 0

are the “naive” Mellin transforms of plane wave creation and annihilation operators, in com-
plete analogy with (104). Our objective is to compare (137) to the expansion of the one-form
field in terms of CPWs, according to

1 c+ioo dA
— d- +u Lo - —u .o T -
A(x) = 22 JRd d WJC_ioo Ty [Aa’A(x, W)ag,q—a(@) +A L (x; W)a;,d—A(W)] , (139)

where the CPWs are given by (116), which obeys both Lorenz g,A" = 0 and “radial” gauge
x,A" = 0. To this end, we can use

1
A () = | " + ¢ 0 [ @), (140)

as in (125), equate (137) with (139) up to pure-gauge terms and take the invariant scalar
product of both sides with ® . (x;q"). Integrating over x using (96), we find (“~” stands for
equality up to pure-gauge terms)

w
a, (i) ~ J dw [(8aq“ + - EA, aa) s — VV’)] g n/ (). (141)

Performing the integral over the angles and dropping the “prime” superscripts we get

— 1 — ® w —
ai(w) ~ 9, q" (1 — d——A) ag A(W)— % aaaa,A(w). (142)

The latter term is manifestly pure-gauge. Contracting both sides with gq,,(#) and J,q,, (W) we
see that (using h,, = 643)

1
d—A

QA @) =0, g, (#)a" () = (1 - )aa,A(v*v). (143)

The latter relation can be solved for a, o provided d — A # 1 and we obtain

004, (W )ap (W)

aqg (W) = (l_d—%A) .

(144)

This provides the sought-for relation between the ladder operators for conformal primary
states (on the left) and Mellin transforms of ladder operators for plane wave states (on the
right).

17
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Instead of the ladder operators a, A, it is customary to work with closely-related quantities
called celestial primary operators, defined as [31]

O (@) = (A% 5 (x;),A(x)). (145)

Using (139) in (145) and recalling the explicit form for the inner product (130), we see that
Og.a and a, 5 are proportional to each other,

(1 1 ) (o 1\, 1 )
00 =(1-1) (1= 2 Jawaae@)| = (1-3) (1~ 125 ) twa®, G146)

so that by (144)
1
O @)= (1= 1 ) a2 @0,0,0). (147

This equation provides the counterpart of (144), i.e. it links the celestial primary operator to
the Mellin transform of the momentum-space ladder operators.

The definition (145) suggests an alternative way to arrive at (147). Since the scalar product
is gauge invariant, we can insert in (145) the expansion (137) for A*(x), (here a4_A. is the
one-form annihilation operator)

1 c+ioo dA*
Ogn(@) = e | 4%
0al) = 3Gy JRd Jc_l.oo i27

The inner product (-,-) appearing in the integrand between CPWs can be computed retracing
the above steps leading to (130),

(A7 A Geow), 0% (e daga (7). (148)

(,)=—2m)Ps3(A+ A" —d))
1 S
X [(alq" + X qvﬁa) 6(q,9) (qaav,d_M — q'vao’d_m) W)

]. —
# (173 )l ()50, @000~ 0,2090) (149

The Lorenz gauge implies quai = 0, so this simplifies to

(-,) =—202m)Ps(3i(A+ A" —d)) ( l) ay_nn(W)8(q,9")900,95 - (150)

1—
A
Finally, recalling that ¢°6(q,q") = 6@ — "),

2(2m)P
2(27-5)d+1

. c+ioo dA/* ) . 1 ) R R
Oua) = a(i(a+ 8" =) (1- 1 als (M, @), 15D

c—i00 i2m

which reduces to (147). In conclusion, thanks to (147), in order to calculate amplitudes involv-
ing conformal primary states (celestial amplitudes), one need not worry too much about the
“pure gauge” difference between a true CPW and the naive Mellin transforms of a momentum-
space wavefunction, e.g. the second term on the right-hand side of (140). One can simply
calculate amplitudes involving ordinary momentum-space states projected on the ath polar-
ization, and take the Mellin transform as in (138). The only thing to keep track of is the factor
in the right-hand side of (147), which one can easily insert afterwards, as is usually done in
these kind of calculations (see e.g. [13]).
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3.3 Two-form

In order to discuss the the two-form case, let us begin by taking a closer look at the polarizations
(73), denoting as above
el w) = el (s q(w)) (152)

interchangeably. By eq. (27), these obey

aw’ aw [pcr]

[uv
(A w) = A A = e

(u;w), (153)

for any Lorentz transformation A. When D = 4, a short calculation shows that,

o)
el Au;w) =A% AY_elPolw;w) det( id ) , (154)
b o ow’

where el#1 = e[l‘;v] is the only independent polarization (75).

We can now consider the Mellin-space analog of (74), defining

B! (x;:q) = el (x; q)(—q - x)P@ 5 (x,q), (155)

or more explicitly

hapg" | q(x - 9,9) 3pq™ + 8uq™(x - 89) ¢
B:U/V — AF A q b + a d 156
by (6) = (F)AI( )[ CT E , (156)
which, by (79) and (154), transforms according to
owe awd
BW AAX; W)—ocA Z(W)A“ A P 3w B cd A( s W) (157)
under Lorentz transformations. When D = 4, this simplifies to
B (Ax;w) = aﬁ—z(w)AMUA”pBg"(x; w) det(jx’/) , (158)
or using eq. (22),
Buv(A LN LA (W/) U v PO ...
A (Ax;w') = ag(w) h(w )A A B (x;w), (159)

where the Jacobian determinant has canceled out. Adopting for instance the choice (28), for
which h(w) = h(w’) = 1, we note that (159) has the same conformal transformation law as
the scalar (79). In the standard conventions of subsection 2.4, we have

BR'(Ax;2,2") = (cz + A)*(c*z + d*)* AP _A” pBg"(x 12,%), (160)

which matches (80).
To calculate the field strength

H},"\ =0"B_; \ +3"Bly \ +3PBl; ,, (161)
we note that many terms drop out thanks to (115), so that the end result is simply
pelvel 4 gvelon] 4 e luv]
HY = (a—2)(F)Ar(a) I ——1 T 4° (162)

(Fi0—q - x)A1
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Therefore, we see that the A = 2 mode

Balaz Z(X Q)——E[“(X q)e (X Q) (163)

corresponds to a pure gauge configuration. In analogy with the one-form case, we can make
this more manifest by isolating a representative two-form plus a pure gauge configuration
according to

2 1
v wy [u v]
= (12wt (L), 16

where

Hopq” — 0,9"pq"
Vuv _ AFA aq b a
anas = (P o g s

The equations of motion are once again satisfied. In fact, all tensors that we have been
considering throughout are built out of terms the form

> vavb A—X VaOZVA (1 65)

Thevap - q” aqa___abqﬁ fx-q), (166)

with f a scalar function. Therefore they are divergence-free and obey OT#"*"F = 0.
To evaluate the scalar products, for generic D, it is convenient to recast B(‘: Y in the form

b,A
*dw
Bgp A (X q)_( L+~ (q[“f}bq”]a +q["9,q" 3b))JO — et (167)
with
el = 9,4"8,q” — 8,4"9pg" (168)

and the field strength Hib’“ Y in the form

oo
2 d .
H:;’”A(x;q) =4 (1 — K) (que[vp] +q”e[p“] +qPe [,U«V])L Z“) wAHleorx—00  (169)

We then substitute into

i
(B.8)=—, J dzt (BPOH! —B"*H (170)

upa) ’
and follow very similar steps compared to the scalar and one-form cases. We are thus led to

1
(Bus,a 03 ), By o (x39")) = =, (2m)°5(i(A + A"~ D +2)
[(1—m)( 2+ % (g 3,078, + 417 8,9"13,))
x 6(q q )(qoe 'b'[po] +q 6 a’b’[00] +qaea/b/[0p])

+(1=3) (et + a7 (470,070 +"70,4;,))

a’b/

X 5(Q> q ) (qoeab[pcr] + qp €ab[o0] + qaeab[Op]) :I 5 (171)

and thus, using integration by parts to simplify the action of the derivative on the delta func-
tion,

2 2
(Bab,A(X; @), By, nr(x; q/)) =1(A,q;A',q") (1 - K) (1 — E) (ean>€ad) > (172)
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with I(A,q; A’,q’) as in (96) and

1 hoo  hap
(eab,ea/b,) = — e['uv] ea/b/[uv] =det (h;a/ ab ) . (173)
a

21 ab hppr
As for the one-form inner product, the result (172) is insensitive to the pure gauge part in the
decomposition (164). When D = 4, one can also use the delta function 5(i(A + A™* —2)) to
simplify the scalar product as follows,

(Ba(x;9), Bar(x;4)) =1(A,q; A, q') det(h), (174)

which is equal to the inner product for scalar CPWs when we choose parametrizations such as
(28) where det(h) = 1.

In principle, additional pure gauge “two-form CPWs” could be built by acting with an
exterior derivative on one-form CPWs, i.e. considering BZVA = glv AZ] A Wwith arbitrary A.
These two-forms obey Lorenz gauge, but not radial gauge. However, the scalar product

(FayA(x; q), Bas(x; q/)), with F(‘;Z as in (126), is identically zero because
(qpeg—qaeg)(quepg+qpew+qoe“p) =0. (175)

The generalized one-form primaries introduced at the end of the previous subsection (134)
have the same field strength as the standard ones (up to a constant relative factor). Therefore,
the property (175) holds for them as well. In conclusion, both types of pure gauge two-form
CPWs built out of them are always orthogonal to the CPWs (155).

We now turn to the map between creation/annihilation operators for plane wave and CPW
states. This can be worked out following the same logic employed for the one-form in the
previous subsection and using the same technical tools employed in the rest of the present
section.

1 N i dw [ iwati)- - icwa(i)- S
BW(X):WJ ddwf wdz [el 1#)xq, (wq(i))+e q(w)xaLv(wq(W))], (176)
Rd 0
and
1 . c+ioco dA . _ B . _
BW(X):WJRdddWJ | %[B:;f;(x;w)aab,d,A(w)+Ba£2(x;w)a(’lb)d_A(w)]. a77)
c—10Q

Using (167) we find

L1 2 . q#3,q” 4
@) ~ 30000 (1= 75 Jama@ - L2000, a78)
so that ur
Lo Capfun(W)a, (W)
agp ()= 2D a s (179)
2(1- %)
and similarly
— + — 1 2 — uvy -
Oapa(W) = (Bab,A(x;W),B(X)) =512 eab (W) ay (W). (180)

This extends the dictionary to convert insertions of momentum-space states into the corre-
sponding ones of conformal-primary states to the two-form case.
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3.4 Higher forms

The extension of the previous construction to anti-symmetric tensors of rank p can be achieved
naturally defining polarizations

el e = el (s ) e (s ), (181)
and conformal primaries
B (60) = et (6 (=g - X)PBa(x3 ), (182)
or more explicitly
[, 4) o L. ot

. [ oM, .,
a; a X eakq keal eak

® 1, (83

B x;q) = (Fi)2T(A T+

a5 D) = GO | o= ; G0—q AT
where in the second term, the “hat” notation means that e * is omitted from the product. As
for the two-form, these fields trivially obey the equations of motion as noted below (166).
An equivalent expression is obtained by isolating a p-form “Mellin representative” and a pure
gauge part

_ P\ mn [ 1 1 pa-+pip]
Bal ‘ap A(x q) = (1_Z)Va1 apA+a (mzx'val...apik > (184)
where
[Hl .. eup]
" A a oty Ayl
Vall ap, A = (1) F(A)ﬁ ) X - Vaﬁ.a:A = XaValn_Zap,Ap . (185)

The corresponding field strength is easy to evaluate by remembering egs. (115) and reads

[aeul _,eg‘p]
- _ A P
Hop o060 = (A= pFD (A = (186)

Thus, as one can also observe from (184), p-form CPWs of conformal dimension A = p are
pure gauge; see Table 1 below. This holds independently of the dimension d of the celestial
sphere, in contrast with the case of shadow p-forms, as we will see in section 4.3.

In order to evaluate scalar products, it is again convenient to trade the x-dependence in
the polarization for a derivative

oo
d )
0
and similarly for the field strength
“dw
Hglula Al w) =i (1 — %) q[o‘eﬁl‘l1 eiﬁ’]J — wAtletiwqx—0w (188)
0
This highlights that A = p mode
tp]
Byroa acp(6:0) = (FPT(P)E (x39) - €0 (x39) (189)
is a pure-gauge wavefunction. The inner product
_i v (gP1Pp E’* 1kp1-p
(B.B)=— sz (Bereemy, | —BOeoH, L, Y, (190)
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thus takes the form

1 .
(Ba,a,,a(X; @), B gy 2 (x347)) = —— (27T)D 6(i(A+ A" —D+2))
P p1pp] Pp]
y [(1 A/*)( ey 2 Zq[pkem eak “eq” 8ak5(q,q’)qf()lel’lg...%ml,..py])

p Mp1-pp] Mpx /P /P Ppl o/ /
+ (1 h Z) (ea;...a;, Ve Zq eyt eyt (e %0 )q[0|ea1...ap|p1---pp])] .
(191)

Derivatives acting on the delta function can be simplified integrating by parts and this leads to

p
(Bayay s (630, Bag oy (500 = (1= 2 ) (1= 2 ) 108,05 8,0 a0y ), (192)

where I(A,q; A’,q’) is defined in (96) and

1 [ugp,)
(ea-a,» ea;...%) = ol €aya, €a) ! [11-11p] (193)
Eq. (192) provides the generalization of (172) to generic form degree, and, in analogy with
one- and two-forms, the same result would obtain dropping the pure-gauge term in the de-
composition (184). The result can be simplified by noting that, letting ez = hy uveps
a

upl
(eglfl...eb;’ )(ezll... P)_ .5

b, by]" (194)

We conclude by remarking that, when D = 2p + 2, the scalar product (192) can be written in
the form

(A—p)?

. -a’ = —
(Bal...ap,A(x) q):Ba;“‘(lllj,A/(X’q )) - A(A_2p)

1(A,q;A7,9) (€q;a,» €a)ay)» (195)
which highlights the pure gauge mode A = p, in analogy with the expression in eq. (131) for
the one-form. Note that D = 2p + 2 can be also regarded as a “critical dimension” for the p-
form theory [48,49], since it is the dimension for which the asymptotic behaviors of radiative
and Coulombic solutions coincide [50].

Comparing plane wave and CP decompositions of the operators

1 o [0 4O gy - icoq(
BMMHP(X):WJ‘Rdd WJ;) W~ [el”q( )xaulu.“p(wq(w))+e t0q()-x g r (wq(w))]

(196)
and
c+ioo N
BY1H — dd-> B Yy
Px)= 2p'(2n)d+1j J 1271:[ -y & 65 W), - () (197
+ Ballha ? (x; w)a ap’d_A(sz)},
we deduce

- . 1 p g gL
Oupazay s = (Bl 0y, s 0690 B0)) = 1 (1= % ) asara s I3 ),

A
(198)
which completes our dictionary to convert insertions of momentum-space states into the cor-
responding ones of conformal-primary states.
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3.5 Hodge duality and self-duality

We want to show that, using the parameterization (28), if By, ..q,a 1s a p-form conformal
primary in D = d + 2 dimensions with field strength Hg,..apn = dB, Ly, A then

1 _ 1 biby
A——p * Hal"'ap’A - _(d —p)(A—d+p) €ay-q, e pI_Ibl"'bd—p’A : (199)

That is to say, Hodge duality maps a p-form conformal primary to a (d —p)-form with dualized
polarization.
To this end, let us first decompose the anti-symmetric tensor according to

1
Mk — n[aeﬁh --~egdqm = En[aezll ...e!;;qﬁ] ehiba n* =(1,0,---,0,—1), (200)

which can be proved by
et =nfw, + 06!, qg-n=-1. (201)

Alternatively, we may first check (200) in the w® = 0 case, and then apply the transformation
R given in (39) to obtain the general case. Then, it is sufficient to note that

1 0 -1
det| 0 8° 0 |=1. (202)
1 1
2 0 3

By eq. (186), in order to retrieve the duality (199), it is sufficient to show that

1 ] 1 b b
- - lagur ..., Ml — _ Pl 0
+ 1) €apy-ugpd Cq, “ =7 —o)! €ay-aybyir--bg AppCuper " €yl (203)
This can be seen using (200) according to the following steps:
1 ] 1
- lagh ... Ml — — bi...gb agh, .. gMr
o+ 1)!€au1~~-udﬁq eal1 €q, = d!(n[aeui eMZqﬁ]ebl...bd)(q €q, eap)
_ 1 by b u Mp
- _a(e[ul e dp ebl"'bd)(eall ---eap)
1 (204)

— 1 [by bp by byl
o _a 601 o 6ﬂp e[HpH o eug q/5:| €by-by (d _p)!

1 byt b,
_rp)' eal"'apbp+1"'bd e[Mp+1 . e.ud qﬁ] .

In the third line, the factor 1/(d—p)! compensates for double anti-symmetrization in ;- - tiq-
Let us apply this duality to a few examples, especially, to critical dimensions where self-dual
forms exist [51]. For one-forms in four dimensions we have

e PR, = —e P (205)
In complex coordinates of subsection 2.4, we have €,; =i/2 and €’; = €,® = i. As a result,
1 appuv _ _.pap
ZGW FZ,A = lFZ,A (206)
is an anti-self-dual form, while

1 py _ pap
zem‘ﬂ‘ﬂ@’A = iFy, (207)
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is self-dual. Another example we have already encountered is that of a two-form in four di-
mensions and in real coordinates (z',22),

1 w1

where HW —H?;A as in (357).
A two-form in six dimensions has 6 degrees of freedom. Defining two pairs of complex
coordinates w, w, z, Z, they are {ww, 22, wz, wz, wz, wz}. From €,,;,; = —4 we have for instance
Lo, oabpe _ _poab (209)
31 uwvp wz,A wz,A *

{wz,wz, } are anti-self-dual while {wz, zw} are self-dual. Finally, H,,; « H,;, hence H,,; +H,;
is self-dual with positive sign and anti-self-dual with negative sign. Slmllarly, p-form CPWs in
D = 2p + 2 dimensions are mapped to p-form CPWs by the duality, so that one can organize
them in %(2;’) self-dual and %(2;) anti-self-dual degrees of freedom.

4 Shadow transforms

In this section we construct the shadow transforms of the p-form conformal primaries ob-
tained in the previous section. To this end, we also describe their uplifts obtained via the
ambient-space construction, whereby polarization indices a, b are promoted to spacetime in-
dices up to suitable projections. From now on, we shall systematically employ the convenient
parametrization (28) and the shorthand notation

d=D-2. (210)

We also highlight (Euclidean) d-vectors using an arrow, writing for instance q(w ).

4.1 Scalar shadows

We start by revisiting the construction of [2] for the shadow scalar conformal primary wave-
functions. We use the following definition of the shadow transform (see [52, 53] for early
works and [2,54-57] for a more recent literature)

dd—»/ R
ENES w)—J Ty SA(x; ). (211)

This non-local integral transform maps the scalar CPW & , (78) to an operator & , of conformal
dimension d — A. Notice that, with the present normalization, the shadow transform does not
square to unity, but instead leads to the following proportionality factor:

~ it -arn-4§
AT TN ATd—A) @12

Letting for brevity ¢ = q(W), ¢’ = q(w’) and using the identity
—2q-q' =lw—w'f?, (213)

the shadow (211) reads

dd—»/

op(x;9) = JW L INCHDF (214)
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whose calculation involves the integral

ddw’
Salx;q) = — . 215
A( q) f |W_W/|2(d—A)(_2q/ . X)A ( )
Since
—2¢" - x =xT|W PP =2%-W +x, xF = x0 & x I+ (216)
this can be recast in the form
1 ddw’
Salx;q) = — AJ — - — (217)
() (= [2)=2 (2 - 25 - + )2

This can be simplified introducing Schwinger parameters and performing the Gaussian integral
over w’, which gives

- d (=2g-x) | ,(=x%)
1 dt,dt, tf AtZA 2 —ﬁ(tltzx—++t§ )2
RZ

@D Jeo ity Td=AD) (1 + 6,8

). (218)

Salx;q) =

Changing variables according to t; = A, t5 = At and carrying out the integration over A then
yields

(—x2)~%  mir(d) * dt A4
(AT d—A)r(@D) ), t (

Salx;q) = - (219)

(=29-x) 2

t+ 5o x+)

The last integral can be reduced to the Euler Beta function by suitably rescaling ¢t and then
1—s

letting t = ==, which finally leads to
d_ d d
(—x2)272 m2:T(A—3)
S ;q) = 220
A(x:v CI) (_zq ‘X)d_A F(A) ( )
Using this basic result and the definition (78), provided x* > 0, we obtain
- F20)2r(A—¢
B, (e ) = (i0— x2yi-a__FR A~ 5) (221)

(Fi0—2q(w) - x)d—4"’

recovering (up to the different choice for the normalization factor) expressions given in [2,54].
One can check that ¢, is indeed a solution of the equation of motion and behaves as a CPW
with weight d — A. The more general case where x* can be positive or negative is instead
captured by
D N A d
2 (—i0xT —x?)2 (F20)°T(A—3)
[sgn(x*)]d  (Fi0—2q(W) - x)4-2"

This is crucial in order to ensure that the antipodal mapping x — —x leaves &, unmodified
up to reversing the Fi0 prescription (i.e. interchanging incoming with outgoing states), as
apparent from (78) and (211). Note that x™ = —n-x where n* = (1,0,...,0,—1) is the vector
characterizing our preferred choice (28) of slicing of the light cone, —n-q = 1.

To compute scalar products involving shadow transforms, one can proceed as follows. Let
us first turn to

B (x; W) = (222)

-\ T — ddgl — -
((I)A(X; W)a @A/(X; W/)) = J< |£/ — Wllz(d_A/*) (q)A(X: W): (I)A’(X; z /)) . (223)
Using (95),
(@A (0; ), @/ (s ")) = 2(2m)P D (W — W) (i(A + A — d)), (224)
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when specialized to (28), using in particular (90), we immediately get

2(2m)P

[ s(i(a+A"—d)). (225)

(q>A(X§ w), ‘T’A/(x, VT//)) =

A similar approach can be adopted to calculate

S, diz diz’ = L
(CPA(x; W))CI)A/(X)W )) = |§—W|2(d_A) |§/—W/|2(d_A/*) (q)A(x)z)aq)A/(X:Z )) B (226)

obtaining

o~ . . § diz
(<I>A(x;w),<I>A,(x;W’)) =202m)Ps(i(A+ A’ —d))f |Z [2(d=2)|Z + % — /|28 (227)

Starting from

iz _ Ta+p—9%) TE—-ar(§—-p) na° (228)
Z 202 + W —w/|28 |W_w/|2(a+/3—%) T'(a)T(B) rd—a—p)’
settinga=d — A — %, B = A, and considering the A — 0 limit, we find
diz rHra—-HrE —-a
_ 2 TQMAZING ) ) 5 —we (229)
|Z|2(d=A)2A)Z + W —w/ |28 2I'(d — A)r(A)
Now, using (A.7), which implies to leading order
d
ot
lim Alip— /" = o 6D — ), (230)
10 r(d)
2
one finally has [2]
d d Ik d
~ ~ T'T(A—35)T(A*—3)
(‘I’A(X;Q),‘I’A/(X;q/)) = 2 2 (‘I’A(X;Q), ‘PA/(XQCII)) ) (231)

r(a)r(a~)

in terms of the scalar inner product (95), (96). In conclusion, the shadow transform preserves
the inner products as expected, up to a factor arising from our choice of normalization in the
shadow definition (211).

4.2 Embedding formalism

For objects carrying nontrivial polarizations, such as A’; A and Bf; Z AWitha,b=1,2,...,d, per-
forming the shadow transform involves first building uplifts .AZ A O BZ;; A» Where the indices
a, b are promoted to a, 3 =1,2,...,D in such a way that the resulting tensors obey [54]

Q" A \() =0,  q“By A(x;9)=0, (232)
uv

Yoy
systematically replacing the basic polarization €%(x;q) in (114) by

and are defined up to terms of the type q,(:--)* or q[a(- These uplifts can be obtained

S Xoq"
Fi0—q-x (Fi0—q-x)?’

el(x;q) = (233)
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which can be also written formally as follows

2 q" g 0
lx;q) = =—————log(+i0+x- 23
ey (x;q) a(:l:iO—x-q) 3¢° 3x, og(£i0+x-q), (234)

and reduces to € when projected along eq = 0,q% i.e.
e el =eb. (235)

Note that €} also satisfies xaez(x; q) = 0. We can thus choose

AL () = (F)AT(A) O, a0 (236)
a.at 4= (Fi0—q-x)2  (Fi0O—q-x)A+L |’
5h&Y xaq“5V+x/5q”5Z
B (x;q) = (F)T(A R d - , 237
ap.a (30 = (F)T(A) Fo—g 08 T Gio—g e MY (237)
which we can rewrite in the following way (here all derivatives are with respect to x)
1
A a(x;0) = (65+ Zxaa“)%(x;q), (238)

1
By A(39) = [5ﬁ5,’5 — 52505+ — (840" + 5 x,0" —5;xﬁ3“—5gxa3v)]<bA(x;q),
(239)

in terms of the scalar conformal primary.

4.3 p-form shadows

Given the uplifted fields discussed in the previous subsection, the shadow transforms are de-
fined by first taking
—2q-q'5¢ +2¢°q,
(_zq . q/)d—A+1
[—2q-q'6% +2q°q, ][ -2 4’55 +2°q} |
(_2q . q/)d—A+2

,Zl/ﬁ’A(x;q)=JddW’ Ag’A(x;q’), (240)

By AGs) = J d4in’ B, A(q)  (241)

and then projecting along e (x;q), eP (x;q) to finally obtain Z‘; Alx;q) and Eiv(x ;q). In fact,
(238), (239) can be also cast in the compact form

AL 1 A(d'529)

T cq) — d=7 u -y
Aa’A(X, q) - J d w (:Fl)d_AF(d —A) AP’A(XJq ), (242)
po /
- 1 Big a-a(q529)
W ooy L da : wy oo
Baﬁ,A(X’q) T 9 Jd w (xi)d-AT(d _A)BPU,A(x’q ). (243)

Again, it is convenient to first rewrite the kernels in terms of derivatives,

TU . /3 ]. [3 3 ddﬁ)/ u B

‘Aa,A(x’q) = 5(1 + d—A q aqa (—2(1 . q/)d—A 'Aﬂ,A(X’ q )’ (244)
~ 3 3 ddw’

v Ca) — uv .
B A(x;9) = [555% t A (55610@ +65q° 8q°‘):| C2q 972 Booalx:q).

(245)
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Using (238), (239), the previous equations can be expressed as derivatives of the scalar
shadow,

~ 1 G,
A a(;9) = (55 + mqﬁa—qa

2 2

pao_Y L 50,0
(920 55 + 5 3|
5%5;—5;’554—%(5gx03v+5;xp8“—5;x08“—5gxp3v)]$A(x;q).
(247)

)(5g+%xﬂa“) ®,(x;9), (246)

BZ;;’A(x;q) = [556;; + T_A

X

| —|

One should note that, strictly speaking, taking derivatives with respect to g% is not allowed,
due to the constraint g2 = 0. To be more precise, for each such derivative, one ought to first
consider expressions of the type

ddiw’
N)A=A(=2x - q(w))A’

0

%F(k,x), with F(k,x)ZJ ok a0

(248)

where both k* and x* are unconstrained D-vectors, and only evaluate the result at k* = g*(w)
after taking the derivative. However, we find that this only introduces mismatches that project
to zero at the end of the calculations, and are thus immaterial for our present purposes. To
see this explicitly, let us first note that, following steps very similar to those applied in the
calculation of @, (x;q), the integral F(k, x) can be cast in the form

d
nor () 1
F(k,x)= G(—k?,—k- %), (249)
(k, x) T(d — A)T(A) (—x2)3 ( )
where
u o d—A
PUSIE G(_kz,_k,fc)zj dt ‘ _ (250)
—x2 o U [(—k2)e2+2t(—k-%)+1]2

Performing the change of variables

. K K2
— a —
A=k", wh=T P——W, (251)
with k* = k% £ kP~ according to which
k“zl[q“(ﬁ’/)+%m“}, m=(1,0,...,0,1), (252)
or more explicitly,
kKt=2A, k'=a, kK =A(#wf+p), (253)
one obtains
6 8 1,0 1,., .20
2 =2 +2(wP-p)=, 25
s = a2 et (P p)ap (254)
0 _1( 9 _2wai) (255)
dka A\ dwa op )’
d 10
—_— = 256
ok-  2dp (256)
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Using these derivatives, one can check that, denoting by G; and G, the partial derivatives of
G with respect to its two arguments,

0G(—=k*—k - %) A ) A
3ka ),Zl,pzo :_xaGZ(O,_q 'x)_2qa Gl(O:_q 'X). (257)
This differs by the “naive derivative”
dG(0,—q - X
% =—%,G5(0,—q - %), 258)
qa

just by a term proportional to q,. Terms of this type project to zero by construction after going
back from the embedding space to the physical polarizations, so that we can safely drop them
throughout our calculations. We only need to deal with first derivatives with respect to g%, so
this analysis is exhaustive for the present purposes.
It turns out convenient to introduce [19]
mi = 5t 4 XeL (o) (259)
a a —q-x a

Using (246) and the explicit expression (221), we see that, in the embedding space, the shadow
vector primary is directly related to mg,

o 1 -
Apal;q) = (5Z + Zxﬁa“) mP &, (x; q). (260)

From

[Sixe

xgmh =0, (261)

we see that no contribution comes from the action of the derivative on @ . In addition,

(6g+%xﬁ3“) mg =(1—%)m‘;, (262)
and thus,
AL\ = (1—%)mZ5A(x;q). (263)
For the two-form, we may similarly write (247) in the form
Sy 1 ” 1 v 1, o _olx
By alx:0) = 5(5%‘50] + S Op 0"+ <55 xp M )mP I , . (264)

To evaluate this expression, one may note that, by (261), x,J" gives a non-vanishing contri-
bution only when it acts on mg with upper index o, so that

VO _ Y
x50 m, =-—m,. (265)
Therefore, the final result is simply
B =(1-2 ) mirm?% 266
aﬁ,A(q’X)_ _Z m, m/j A ( )

In summary,

~ 1 ~ ~ 2
A‘;’A = (1 — Z)(—q “x)Eb @, BZ/;,A = (1 - Z) (—q - x)? [855,‘5’ —sgsg] d,. (267)
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The projection on the tangent space to the light-cone has the only effect of turning ¢, into e}
via (235), so that the shadow transforms read

~ 1 ~
A‘;’A=(1—K)(—q~x)e’j¢m ijb”A (1——)( q- x)2 B, (268)

As for the scalar case, the factors of (1 — —) and (1 — —) can be reabsorbed into different
choices of normalization in the definition of the shadow transform for fields with nontrivial
tensor structure (see e.g. [2,19] for one-form expressions).

For a generic p-form CPW, we define the shadow transform by

L1"Pp

/.
B (xiq) = 4 ddvT/’Bal ayd-a(d ’Zq)zs‘“ (x:q). (269)
ey s 050 = GOE-AT—a) P sl

After evaluating the integral we need to compute

al'"ap’

p
T | wl 1 gy Prl g
Bt = 1)_!(6%1 ...5p£ +K;%ﬁl...5p:...5p§xpk3uk]) m[ale...mai d,, (270)
where 52’; means that the factor is omitted from the product. From (261) and (265) we
conclude that P ]
Bal ‘a, A(x q) = (1 - K) m([;:l ’ (I)A: (271)
and projecting back from the embedding space,

1~
By a (X q)—(l——)( q-x)Pelr - gl By (272)

The corresponding shadow field strength is thus

p ] o (d/2—A)x" (d—A—p)q“
Ha1 a, (x )—(1—Z) r[aegl eap <I>A7 r¢ = 2 :Flo—qx , (273)

which is to be compared with (186).
In the critical dimension d = 2p, we get

xa qa
=p-a) =+ —1—), 274
-85+ ) (274)

so that the shadow of A = p is pure gauge. This is actually not surprising because, in
D = 2 + 2p, working out the explicit expressions for the shadow field (using in particular
(221)), one has

o avpa (F2D)°T(A—p+1)
B,'. a, SNCE q)——( q-x)Pel - egh mP(—x>P" (C2q 03 (275)
and setting A = p leads to
B, gy = T el el (276)

al"'apsA:p P

p“1

which is proportional to the pure-gauge wavefunction already obtained in (189). In other
words, the pure-gauge shadow CPW coincides with the ordinary pure gauge CPW (up to an
overall factor); see Table 1.
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Table 1: Occurrences of “pure gauge” p-forms in D = d + 2 spacetime dimensions.
While p-form CPWs of dimension A = p are pure gauge in any d, their shadow is
pure gauge only in the critical dimension d = 2p. In that case, the expression of the
shadow pure-gauge mode coincides (up to a factor) with the non-shadow one, given
in (189).

R T N
ap-a,,A ar-ay,A
d #2p X
A=p
d=2p A=p

Let us now turn to the calculation of scalar products involving shadow transforms, starting
from the one-form case. To compute the inner product between A, 5 and Zb’ A, We can start
from the definition (242). The uplifted inner product for one-form primaries can be calcu-
lated using the same technique as for (130), where J, can be replaced by formal derivatives
d/dq“*. As discussed above, this only introduces ambiguities proportional to q,, which can be
systematically dropped. Similarly, (129) translates to

q"3,5(9,9)(q" " Nary = 4,80) = —Mawq’5(¢,9) + -+, (277)
where the omitted terms are proportional to g, or q,. Proceeding in this way, one obtains

1

1
(s G0 Aw a5 0) = (1- 1 ) (1= 57 ) 160820, @79

In turn, this leads to the shadow product

(Agalx;9), Ap a(x;q") = f A2 AL 4 pn(29',2) (Aua(x;0), Ap ar(x;2)

1 1 (279)
=y (177 ) (1= 52 ) 48 20 2020 518 + 27— ),

and contracting with eg(q)ef (¢’) this reduces to

~ , 1 1) 2@2m)P . "
(Aq,a(x;9),Ap A (x3q")) = hgp (1 - K) (1 - M) [ 5(i(A+A™—d)). (280)

The inner product for two shadow one-form primaries can be computed analogously. One has

(Ao G ), Ap ar(x:4)) = f ddeg,d_A(zq,s')f 924G o (20,2) (Ap A (635), Ay o (x35)),

(281)
and therefore, using (278) and dropping terms proportional to q, or qg,
~ - d¥sn,4 2(2m)P
. R _ 1 1 . e af
(-Aa,A(x: q), A/j,A/(X, q )) = (1 A) (1 A’*) 6(i(A+A d))f | — §|d—A|7/ — §|d—A" :
(282)

Projecting along e; and ef , and recognizing the same expression appearing in the scalar case
(227), we thus obtain

(A al; ), Ap A (3;q)) = napelel (1= %) (1—2) (Balx;0), 8p(x39)) . (283)
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A very similar discussion extends to forms with generic degree p and leads to

~ 22m)Ps(i(A+ A" —d
(Bal“'ap,A(X; q), Ballma;),A’(x; q/)) = (eal'“ap’ eai‘“a{)) (1 — %) (1 — AP/*) ( TC) |ﬂ§l£ W/PA )) ,
(284)
(Eal---ap,A(XQ q),ga;u-al’),A’(X; q/)) = (ealu-ap’ ea§~~~a1’7) (1 - %) (1 - ﬁ) (&;A(X; Q), 6A’(X; q/)) >
(285)

with (eg,..q ea{"'a{a) asin (193).

5 Singular asymptotics

In order to discuss the role that conformal primary wavefunctions play in the context of soft
theorems and more broadly in celestial holography;, it is crucial to have a detailed understand-
ing of their asymptotic expansion when approaching the conformal boundary of flat spacetime,
null infinity .#. In order to do so, one has to deal with the problem of calculating the limit
as r — 00, for fixed retarded time u and observation angles, of conformal primary wave-
functions [9, 20, 31, 32]. As we have seen in previous sections, scalar CPWs form the basic
ingredient also for p-form ones. The delicate issue arises from the presence in denominators
of the type 1/(Fi0 — 2q - x)® of terms where the r — oo limit can be compensated by the
collinear limit, in which the observation point and the null momentum can be almost paral-
lel. It has been pointed out in [32] that conformally soft limits A — Z [9] do not commute
with the large-r expansion. Indeed, the stationary phase space approximation usually taken in
the soft theorem-asymptotic symmetry literature [58,59] is only strictly valid for finite energy
wavefunctions, while generic conformally soft operators, for which Re(A) # 1, do not corre-
spond to radiative, finite energy modes. One way to handle this issue, advocated in [32], is to
take the conformally soft limit last: this prescription allows to analytically continue the Mellin
transform of a radiative amplitude to conformal dimensions lying outside the principal series.
The alternative road is to take the opposite order of limits, namely taking first the conformally
soft limit of CPWs and then expand them in large-r. This leads to overleading wavefunctions
at ¢ (that one would have typically excluded from the phase space), whose inner product
with radiative wavefunctions is divergent and thus needs to undergo a renormalization proce-
dure [31,32,60].

In this section, we present a systematic treatment of the asymptotic expansion of CPWs
which is based on the method of regions [33,34]. In order to take into account the full range
of available directions, we will treat the angular dependence in the distributional sense. In
this way, contributions due to the collinear regions turn out to be regular, but give rise to
contact terms (i.e. delta functions and their derivatives) on the celestial sphere. Moreover,
the limits A — 1,2,... involve nontrivial cancellations of singularities between collinear and
non-collinear contributions, which lead in general to the appearance of logr terms in the
asymptotic expansion, exhibiting a “resonance” phenomenon already noted e.g. in [61].

We conclude by presenting a similar analysis for general solutions of the scalar wave equa-
tions, expressed in terms of their Fourier representation, highlighting also in that case the
presence of two types of series in the asymptotic expansion and their interplay. As an appli-
cation, we consider the field generated by an idealized scattering event taking place at the
origin of the spacetime. This allows us to show how in the physically relevant combination of
positive- and negative-frequency modes the log r terms drop out and one retrieves the standard
memory effect [62].

33


https://scipost.org
https://scipost.org/SciPostPhys.15.1.026

Scil SciPost Phys. 15, 026 (2023)

5.1 Asymptotics of scalar CPWs

We now want to discuss the limit of the scalar CPW of conformal dimension A in d+2 spacetime
dimensions

1

Go—2g 08" A

Ox(x;9) = (F20°T(A) fA(x;q),  falx;q) =

near future null infinity .#* (analogous expressions can be obtained for past null infinity .#7).
Cartesian coordinates x* relate to Bondi coordinates (u, r,Z) via

2r

xt=uth+ —
1+ |22

q"(@), (287)

with t* = (1,0,...,0) and employing the standard parametrization (28) for g*(Z). #% is
reached in the limit r — oo, while u, 2 are kept fixed. For later convenience, we define

9 2r

_ 2 (s .
——1+|§|2, m* = (Fi0+uw)(A+|w|?), (288)

o
so that
Fi0—2q(W)-x =m?+ p2lw—2 |2, (289)

and the %i0 prescription is absorbed into the definition of m?. We want to analyze the asymp-
totic expansion of the quantity [61]

1
(m2+ p2lw—Z )

fa= (290)

regarded as a distribution in Z, as p — 00, using the so-called method of regions [33, 34].2
To this end, we need to consider the integral

Iy = J o P() 4z, (291)

P2 —ZP)

for a generic test function ¢. As p — 00, we need to distinguish two regions in the integration
domain. The first region is characterized by the scaling [w—2| ~ O(1), so that m < p|w—Z]|,
while the second one is characterized by the scaling |w —Z| ~ O(%), so that |[W—Z| < 1. We
can separate the integral accordingly as

In ~ 10 +189, (292)
where )
Q) ¢(Z) m*A NR
I, ~ 1— +0( =) |d°2, 293
A f (p2lw—Z[|2)A [ p2lw—Z|2 (p“) % (293)
and

d—2A d= )

(0, m d®x ...m . m ) 1
EIT J(1+|5E|2)A [‘P(WH e acp(W)+ﬁxalxﬂzaalaazap(wﬂo(ﬁ)]

(294)

In the first integral, we expanded the denominator for m < p|w —Z|, while in last integral we
introduced the variable X via

Z=w+ —X, (295)
Jel

2We thank S. Pasterski and A. Puhm for discussions on this expansion.
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and expanded ¢ for p > m|X |. Moreover, both in (293) and (294), we extended the integra-
tion region back to the whole space, applying the method of regions. The leftover integration
in (294) can be dealt with using

d
x4 ... x%n dd_’ w2 aal ) aa2n F(A—E—Zn) (296)
a+1ZP)2 200(A) P B A
so that in particular
d d d d
1 m2I'(A—3 a1 542 milT(A—4% —1
L joy o MDATS) X% g AT T sae 97
(1+]x[2)4 r'(a) (T+[x[)A 21(A)
As a result, (293) and (294) read
2
(r) 1 m<A d=
2 NJ ((pzwv—ﬂZ)A_(pZW—zP)AH)‘p(Z)d #+0(5m). @9
and
d d d
nz | T(A—3) r(fa—5-1) .
© 2 (i) + L v2p@) |+0 () - (299)
T(A) | pd(m2)A-2 4pd+2(m2)A—5-1

These two expansions translate into the following double series for the distribution (290) itself,
1 m2A 1
fa~ (p2lw—2|2)A B (p2|w—Z|2)A+! +0 (pz(A+z) )
nt ra-— %)
+
r'(a)

(300)

ra—4-1
sWDw—2)+ (A-;—1)

v25d +0 :
pd(mZ)A—% 4pd+2(m2)A—%—1 (W Z) (pd+4)

This expansion is valid for generic complex A, and it is straightforward to obtain higher orders
in both series. However, care must be exerted for A = 2 . dy 1,--- where terms in the second
line can diverge. Such divergences are canceled by correspondmg resonant terms in the first
line, as can be seen applying (A.7) and (A.15). For instance, letting A = retarmng the
first nontrivial terms, we have

P ) nt T(=5)
7 (plw—Z )2 T(52) pd(m2)~%

+0 (7= §D(#—-2)+0(54z), (30D

and sending A — 0O the % singularities cancel between the two terms, thanks to (A.7), leaving
behind®

d
! e P2 d (d) logp

- " log 5 =¥(2)=7e |0 +0 : 302

f% (plw—2|)d F(%)pd[ogmz (2) ] (w—2) ( m) (302)

with 1 the digamma function. In a similar fashion, one can obtain the next terms in the
expansion retaining one more order and using (A.15), obtaining

d

1 2
i~ = — WD —2)
fz (plw—zd F(%)pd[ g w( ) YE:|
m?d n%m? p2e? d 9
_ _ a4 _ @) _3z logp
20pl#—2NT2  4r(d)pi+? log 2 Y (§)—re V6P (W Z)+O(pd+4)'

(303)

3For simplicity, we omit the e in |[w—Z|_¢ and | —Z|_*? (see appendix A).
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Letting instead A = ©*2=2 we find

1 1
fd+%—/1 ~ (plﬁ/—§ |)d+2—l +0 (pd+4—l)

4 A
r(1— r(—%
e [ ( )l D —2)+ (—2)1 V25D — )] +0(-H),
r(H52) L pd(m)t- 4p+2(m2) ’
(304)
and sending A — 0 yields, after using (A.15), yields the finite expression
g
o~ o i D g
(305)

d
2

mlm. = Nm. 3

P . 1
T1)4pte2 [10 Tz v () _YEi| V25O —2)+0 (%5,

r(

after using Y(z +1) = = + Y(z). To highlight the same cancellation as A — dﬁ we would
need to go further subleadlng in the expansion of I(AC). Instead, retaining only the first few
leading terms, the I(") series stays subleading and the limit can be taken naively, obtaining

[Nf=9

T

fuzs ~ 5D —7) +

v25<d>(W—z)]+o logp) | (306)
2 F(2+2)[p dm# (pd 4)

4 pd+2 m2
We note that the expansion we obtained are consistent with the identity

Om2fa=—Afas1- (307)

It is useful to write down explicitly (302), (305) and (306) for the specialized case of a
d = 2 celestial sphere. Recalling 1(1) = —y, we obtain

[y log 5(2)(w Z) m*
1Y = a2 T 5208 5 T (oliv—zN4

(p|W Z|) (plw—Z21) (308a)

—%l pe e V25(2)(W z)+(’)(l°gp),

1 T p e lo

~ 5@ + +— log = v*6® +0O(222 308b
f2 p2m2 (Ww—2) (plW 2t At %% e (Ww—2) ( ) (308b)
fa~ 7 y §@w— z)+ V26(2)(w Z)+ (’)(logp) . (308c)

02m

Going back to the original variables using (288), one finds that in d = 2 the asymptotic ex-
pansion near .#* (287) of

fo— 1 _ 1 (309)
A= = = )
(220092 [yt + )+ g liv—2p2]
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for A =1,2,3 is given by

u(+ WA+ E R
4r2lw—2Z |4

le(1+|z|2) n(1+Z%) [ 2r

— 5@z
2rlv—z|2 2r u(1+|17v|2)2} (%)

— v26@(@w—2)+ 0 (2L,
16r2 w1+ WP+ EP) (w-2)+0()
(310)
1 212)2
fom 5O —7)+ L ED
2ur 4r2lw—2Z|*
n(1+2]?)? 2er (31D
V2@ —z)+0(8r),
1612 [u(1+|m2)(1+|§|2)] w-2)+0(%)
5P —7) n(1+Z1*)* . 1
~ V2@ —-2)+0( %), 312
S ar(L+ W) 32ur2(1+[iw[2) (=% (”’ ) G12)

where the Fi0 prescription u — Fi0 + u is left implicit for brevity. These expansions are
consistent with the identity
Oufa =D+ W) fas- (313)

In appendix (B), we also provide an explicit cross-check that these expressions satisfy Of, = O.
Alternatively, one could write these expansions in complex coordinates, recalling from (55)
that 5@ (W —2) = 26¥(w —2) and V? = 48,4..

5.2 Asymptotics of solutions of the wave equation
In this subsection we analyze the asymptotics of the solutions of
O®(x)=0. (314)

Going to Fourier space, the most general solution of this equation can be written as follows

o(x) = f e?*f(p)5(p*)d®p, (315)

where f is arbitrary. This can be split into positive- and negative-frequency parts according to
P(x)=®,(x)+P_(x), where

&, (x) = f 2P f(p)6(p°) 5(p2)dPp, (316)

each of which separately satisfies the wave equation. This splitting is Lorentz-invariant and
we can first focus on the positive-frequency part for definiteness.
Similarly to (287), we can change integration variables via

p" =pth +wgh(w), (317
whose Jacobian determinant is simply

_ 9"
a(u,w, w)

det = |w|{q°(D). (318)

Then,
0(w)5(1)

26000 (319)

p?=—p?—2pwg’ @),  0(p°)s(p?) =
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Therefore,
e dw P
o, (x)= wl — | d%we ) f(wq(i)), (320)
0 20 Jpa
or more explicitly
o0 d(l) iwr| w—zl2
o,0)= | @S2 dhwe TN fwq(i). (321)
0 20 Jga

At this stage we want to take the limit r — oo and note that there are two regions that
grant an O(1) scaling for the exponent

iwr|w—2|?

322
1+ 1|22 (322)
A first possibility is to consider the near-collinear scaling w = Z + % 5, with 5 formally of O(1),
for which to leading order
1 [ ,do _iols?
(%) ~ = J wld —ied @ f(coq(%’))J dise kP (323)
rz 0 20) Rd
Performing the resulting Gaussian §-integral, we find
d
oo d
1+|Z)? 2 o d
() ~ f (M w) i N (0g(2)) 3. (324)
0 ir 2w

Rescaling w this can be also cast in the form

(c) ~ * 2mw —lwu q) d_w
{7 (x) L ( - ) fodd) 5o (325)

A second possibility is to consider the scaling w ~ O(r™!), with generic |iw—7 |2. To leading
order, considering a general scaling

flwg(i®)) ~ 0™ f, (W), as w—0, (326)
this leads to
oo _iorli—2 d ¢
@g)(x) ~ f ddv'f/fa(ﬁ/)f w¥e WEZ — (327)
R4 0 2w

The w integral can be performed obtaining

o)~ LD g 1 |)af fal®)_ g, (328)

(ir)e a 2lw—Z |2
As a cross-check, we can verify that effecting the choice
flwq(@)) = 2057 6D — i), (329)

in eq. (320) reproduces the scalar conformal primary &, and that correspondingly egs. (328),
(324) reproduce the leading terms in the two lines of (300). In conclusion, including the
corresponding analysis for negative-frequency modes as well, to leading order in each region

; ® oo\t )
2 ()~ 8 gy ppye | S gagy [ (2E9) pring (4,421 49 55
0 °F)J 24

(£ir)e rd 2w —Z 2@ +ir
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The two terms are of the same order when a ~ d /2.
As an application, let us consider the field

& (331)
*p

Dn

D
op(x) = J [eP*F(p)+ e P*F*(p)]6(p°) 25 (p?) (;nl;) . Fp)=).

where p,, are the hard momenta of a background scattering process dressed with soft scalar
emissions, and g,, denotes the coupling between the nth hard state and the scalar itself. Since
F(wq) = w 1F(q), for positive w, the scaling (326) corresponds to a = D —3 = d — 1 and
F4_1(W) = F(q(w)). Then, the expansion (330), which we consider for D ~ 4 (i.e. d >~ 2) so
that it provides the leading-order terms in the 1/r-expansion, gives

r(d—1)(1+|Z )% i1=d 4 (—)t
(2m)d+1pd-1 R 2|l —Z|2(d-1)

* w \2 dw
2 #)
+2Re ( : ) e ——F (5=,
fo 2inr 47> (qo(z))

where we have used F*(p) = F(p) in the first line and F(wq/q®) = w™! F(q/q°) in the second
line. Let us also define .
q(z)

q°(Z)
At this point we can set D = 4—2¢ and perform the integral in the second line, which leads to

p(x) ~ F(q(w))d%w

(332)

N(E#)=

=(1,x(%)). (333)

[(1—2e)(1+Z]?)2 sin(re) . e
®p(x) ~ 3—2e1-2 224 Fq(#))d* W
(2m)3—2epl-2e ra [W—Z 274 (334)
+2Re M0 pingy)
Z)).
(2imtr)l—¢ 4m(0+iu)—¢
In order to take the limit € — O we can use
_ sin(me) e IRLe P
N ez Moz - 2 0 WE), (335)
1 I'(—e) 1 1 logr +1og(0 + iu)
== — +O(e). 336
(2imtr)l—¢ 4m(0+iu)—¢ € 8in?r 8im2r (e) (336)

Note that the fact that we are focusing on the real combination in (331) is crucial to grant two
simplifications. First, the limit (335), which follows from (A.6), involves the sin(7re) and this
compensates the singularity of 1/|Z—w | in D = 4. Second, while the expansion (336) contains
singular 1/€ and logarithmic (logr)/r terms, they both drop out in the real part. Using

log(0+1i log(0—1i +1, >0),
_ og(. iu) N og(‘ iu) — sgn(u) = (u ) (337)
in in -1, (u<0),
one is led to FNY  F(N BN
8,0) = LN _FIN) oy = o<y EOY (338)
8mr 8nr 4nr
6 denoting the Heaviside step function 6(x) = +1 if x > 0 and 8(x) = 0 if x < 0. We can
make this more explicit defining n,, = +1 if n is an outgoing state and n,, = —1 if n is an
incoming state, and p,, = n,(E,,k,), so that
9(—11) &n &n
d ~— — , 339
P~ Ozut:En—kn-fc %:En—kn-fc (339)
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where q(Z)/q°(Z) = N = (1, %). In this way, we retrieve the standard memory effect [62],

1 &n &n
~ -y —F—-|. 340
u<0  4mr |:ZEn—kn-)“c ZEn—kn-fc (340)

out in

()| —2s()

Note that, while in the present example all logarithmic terms have dropped out, in general they
can appear in more involved setups, especially in connection with tail effects (see e.g. [63] and
references therein), themselves related to logarithmic corrections to soft theorems [64].

In D = 4, we can consider a more physical regularization, given by the —i0 prescription
[65-68]

. . d4
() = f (7P (p) + )]0 2m5 () B Fo) = . a4

In this case, one sees that only the near-collinear region contributes and one is led to

1 e dw —iwu
Pp(x)~ — —e F(wN), (342)
4nr |_o 217
so that thanks to
+00 : + 00 .
dow e ¢t dw et
a0 € = _ hided -0 , 343
J_oo 27—y —i0 J_Oo 2nw—io W (343)
one finds ) 6(n.1)
8n ONpu
® ~ s 344
R e 24, kg (344)
or more explicitly
1 &n 8&n
Sp(x)~—|6 —— +0(— _—, 345
T LD dee T E e o 545

which we recognize as the appropriate asymptotics of the retarded solution [69,70]. Of course,
(345) also reproduces the standard memory effect (340), as it only differs by the solution we
had found by taking the D — 4 limit by a u-independent term.

6 Two-form and scalar celestial primaries in 4D

In this section, we analyze more in detail certain properties of two-form primaries in four
spacetime dimensions and discuss their duality to scalar degrees of freedom. This allows us
to discuss in a concrete setup the connection between two-form asymptotic charges and scalar
soft theorems.

6.1 Hodge duality between scalar and two-form primaries

We will mostly work in the standard four-dimensional conventions detailed in subsection 2.4.
We begin by recalling the scalar conformal primary wave function (CPW) (78)

(F)2r(A)

S INCHTATES (Fi0—q-x)8°

(346)
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which satisfies the Klein-Gordon equation O0®, = 0 and where the parametrization for the
null vector g*(w, w) is taken as in (50). Under Lorentz transformations A,

, _aw+b

A g*(w,w) = (ew + d)(c*w + d*)g* (W', W), W= (347)
and the conformal primary transforms as
dA(Ax; W, W) = (cz+d)2(c*z + d¥)2® A (x; w, W). (348)
On the other hand, the two-form CPW (156) reads (dropping the a = ww index)
BY (ox;w, ) = (F1)°T(A) [(f;”g [jzw.ci:)]A L 8Wq()i?§ f ;—3;)(1A[‘:Ex 50" ] , (349)
and under Lorentz transformations
B (Ax,w',w') = (cz +d)>(c*2 +d*)* A" | A” BRT (x,w, ). (350)

Hodge duality provides an on-shell link between a scalar ¢ and the field strength H*"P of
the two-form B*?,
HM'P = 9B 4 §VBPH 4 9PBMY (351)

according to

1
VPO —_ J—
56“ P°H,pe = 040, Hyyp = €pvpo

09%. (352)
The duality interchanges the equations of motion and Bianchi identities:
0% =0« e""??g,H,,, =0, e""?98,0,8 =0«> 3"H, 05 =0. (353)

The duality can be explored at the level of conformal primaries. Using the explicit param-
eterization (28), and €153 = +1, a short calculation allows one to check that

guvpcref eg q(7 =—qu> (354)
and therefore
q 2q
G e B A e i

As a result, the field strength (162) obeys

1 voo __ (:Izi)AF(A)
or, equivalently,
1 2
EEMVPO_HZpU:—(]_—Z)qu)A. (357)

Therefore, while for generic A this scalar/two-form duality determines & 4 in terms of BZV up
to a constant, it fails to do so for A = 2. Notice that this is to be expected because A = 2
corresponds to a pure gauge two-form, as discussed in section 3.3. Of course, this is only
one possible way of explicitly solving the duality equation, which is invariant under gauge
transformations on the Bzv side and under shifts by constant numbers on the ®,. However,
this is a nice solution because it preserves the conformal primary nature of both objects, as
already remarked.
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6.2 Revisiting the scalar charge

Within the family of soft theorem-asymptotic symmetry relationships, the scalar case is at the
root of potential conceptual puzzles, despite the fact that spinless fields are the easiest to
handle technically. Indeed, how can we understand soft factorization theorems for scattering
amplitudes as Ward identities in the absence of large local symmetries? In [27], Campiglia et
al. studied soft scalar theorems in the field theoretical context where a massless scalar field ®
is coupled to a massive one via a Yukawa-type interaction.* They showed that the leading soft
scalar factorization could be understood as arising from the conservation of certain asymptotic
charges, whose soft part

gsoft — § K (358)
I+

is expressed in terms of an antisymmetric tensor
KM = GREY—jYER, i = AM® —BIVA, (359)

where £ = £"J, is the dilatation vector field and A(x) a “symmetry parameter” that satisfies
OA = 0. In Bondi coordinates, the relevant component of « is k,, and, since & = ud, +rd,,
we then have

Ky = (A3, —®3,A)(—u) + (A3,& — D3, A)(u+Tr). (360)

The field ® is taken to be a radiative configuration for which
1 -
¢~_¢(u,z)+..., (361)
r

and such that
3, p (W, ) ~ Jul717¢, (362)

for |u| — oo. A particular choice satisfying this is the real part in (310) of the A = 1 conformal

primary,
m(1+EP)

Red% | = (—uw) 6@ —2)+---. (363)

From this expression, we thus see that the radiative free data corresponds to a pure retarded
time shift at future null infinity; one can thus interpret (363) as the “memory” imprint coming
from the conformally soft (A = 1) scalar primary, which was already introduced and analyzed
in [19].

On the other hand, the asymptotic limit of A near .#% is captured by [27]

1 1 2
A~—A<1>+—1ogﬂ;\+---, (364)
r r r

where both A(V) and A are arbitrary functions of the angles but do not depend of u. This as-
sumption is satisfied in particular by the imaginary part of the conformal primary wavefunction
with A =1, for which we have, by (310),

-

1+Z2 n(1+|Z]?) [ 2r
= +
|w—Z|2

Ime*_. ~ SO —2)+---. 365
FIm®an 7 ) ) (365

The imaginary part of the scalar primary thus plays the role of what would be the scalar version
of a “large gauge” transformation at .#™.

“See [28] for a study of scalar soft theorems for massless cubic interactions in even D > 4.
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Now, substituting (361)-(364) in (360), multiplying by r? and retaining only terms that
do not tend to zero as r — o0, we have

2Ky ~ —ud,p (/1(1) +log u A) +A—y (A“) +log u /1) +o (A(l) +A+log u A) . (366)
r r r

Notice that the first term drops out when evaluating this quantity at Z] because of (362).
Then, recalling that the unit sphere is parametrized by q*(2)/q°(), the scalar charge (358)
reads [27]

4dud?z

soft =4 =4
= ——— 2A(2)4, . 36

® =Red"__, one obtains

. . . . _ +
In particular, employing the two conformal primaries A = Im & A1’

A=1°
O = (2m)® 6w — ). (368)

Following [9, 19, 31, 32], this soft charge can thus also be regarded as the canonical pairing
between the (would-be) Goldstone and memory modes, whose role is played by the imaginary
and real part of the conformally soft CPW, respectively.

Let us now discuss the asymptotic limit for the field operator itself. We know that the
leading energetically soft theorem

(out|a(w q)S|in) ~ Z &n (out|Slin), (out|Sa’(w q)|in) ~ —Z L(outlSlin)
w WPn g . @WPn-4g
(369)
translates to the conformally soft one
Res{outlax (9)Slin)|y_, ~ D . pgn (out]Slin), (370)
n oen’
Res{out|Sal, (q)lin)|y_, ~— >, pg"q (out|Slin) . 371)
n n’

Since we have shown that ®, are smooth functions of A, we can calculate (out|®(x)S|in),
where ®(x) is the scalar field operator, by using the explicit expansion (103) and using (370)
to evaluate the A integral via residues, deforming the contour by closing it in the right half-
plane. We assume that the only relevant pole comes from A = 1. Consistently, we see from
(309) that higher values A = 2,3,... corresponding to subleading soft behaviors are further
suppressed in the large-r or in the large-|u| limit. Then,®

. 1 5 = . &n
out|®(x)S|in) = f d?w & (x; W) (out|S|in (372)
( ) 2(2m)3 Jga ! ( >Zn: Pn°q
Using (286)
. 2i o - . &n
(out|®(x)S|in) = — f d?w f,(x; W) (out|S|in) . (373)
2210 Jpo Zn: Pn'q
Combining with the other “half” of the commutator,
. - - — — . gn
out|S®(x)|in) = f d?w &7 (x;w) (out|S|in , (374)
( ) 2(2m)3 | ! ( ) Z Pn-q

>The minus sign due to the fact that the contour runs clockwise is compensated by the minus sign in the
argument of a,_,.
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and
. —2i . g
out|S®(x)|in) = ——— d?w f*(x; ) (out|S|in n (375)
(outlS(x)lin) = - N)BJW s ) {outlin) >t
Therefore
. 2 . &n
out|[®(x),S]|in) = — f d?w Im f,(x; W) {out|S|in . (376)
( )= =Gy |, fle; ) ( >;pn.q
Near .#*, using (310) and recalling g = 1252 N,
. _ 9(—1,[) &n
(out|[2(x), 8] lin) = =,— Zn:pn o (377)

Of course we can smear this with A(X) in particular again with the 6 function term in f;, as
we are instructed to do by (367).
This derivation parallels the one following from the plane wave representation:

3
(out|[®(x), S]|in) = (2:[)3 f ;1|_If| (eip'x(outla(p)Slin) —e_ip'x(out|8a“"(p)|in)) ,  (378)

and in the large-r limit [59]
1 “ dow
(out|[®(x), S]lin) = —f — (7% (out|a(w®)S|in) + ei“’”(outISaT(wfc)lin)) . (379)
4nr J, 2im

Since we are only interested in the large-|u| limit, we can expand each matrix element using
the soft theorem, so that

(out|[®(x) S]lin)—LJuroo de e_i“’“z &n (380)
’ 4nr | o 2inw ~p,-N’
and one recovers -
. —u &n
t|[® S = . 381
(out[#(x),Sin) = 525 > R (381)

Let us finish by commenting on the dual two-form approach to the scalar soft charge (358).
By the Hodge duality (352), for any scalar @, , and two-form B, , pairwise dual to each other,
the corresponding scalar products obey

(®1,%,)=(By,By)—i | (®,B5—B,®}). (382)
5,

So, in general, the standard inner products for scalars and two-forms dual to one another
may differ by a boundary term. For our specific solution of the duality however, we find that
the scalar products are exactly equal, so that the boundary term must be zero. Therefore,
since the Hodge duality relates scalar and form CPWs of the same conformal dimension A,
one might have expected that inserting the A = 1 two-form primary in the dual form inner
product would lead to recovering the scalar soft symmetry charge, in the spirit of [29, 30].
This turns out however not to be the case, since BZ”:l does not reduce to a pure “dual large
gauge” configuration. We thus see that this contrasts with the case of the soft photon and soft
graviton charges, whose expression can be derived from the inner product between a generic
(spin-one or spin-two) field perturbation and a pure gauge, conformally soft, CPW [9,31]. As
it was pointed out in [27], the spin zero soft charge rather resembles the magnetic version of
the soft photon and soft graviton charges [ 71-76]; further connections between form celestial
primaries and these new dual asymptotic charges would thus be worth exploring.
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7 Discussion and outlook

Let us briefly summarize our main results. In this work, we explicitly constructed CPWs for
p-form fields B A with arbitrary form degree p in generic spacetime dimension D. We

derived the express1ons for their inner products and for the corresponding mode decomp051-
tion of the canonically quantized free field operators. For each p, the CPW B a, A - with
conformal weight A = p 1s pure gauge in any D. We then constructed the assoc1ated families

of shadow transforms B a, A, workmg in the embedding formalism. Such shadow families

also possess a pure-gauge waveform B with A = p only in the special dimension

~ap A—p
D = 2+ 2p, corresponding to the * crltlcal” dlmension for the given form degree, which how-
ever coincides with the ordinary one B -2, A . lef;’ A=p In order to discuss the limit at
#7 of such wavefunctions, we 1nvest1gated the limit r — oo for fixed retarded time and fixed
angles, providing a systematic strategy to perform such singular limits based on the method
of regions. Finally, we revisited the asymptotic charges of scalar fields in D = 4 and their
associated dual two-form CPW.

We leave to future work the discussion in the conformal primary basis of dual form mem-
ory effects of [77], as well as of further duality links between asymptotic charges associated to
forms of different degrees, such as the one proposed in D = 4 in [29,30]. The main appeal of
such constructions is that the symmetry interpretation of the charges can be more transparent
in one formulation than in the other. In particular, scalars do not have bona fide asymptotic
symmetries, while two-forms do [29,30]. The technical reason for the absence of a natu-
ral map between the soft charge associated to a leading soft scalar theorem and a symmetry
charge involving a dual two-form CPW is that the latter is not pure gauge for A = 1 and
therefore its canonical pairing cannot be interpreted as the charge associated to a symmetry
transformation. However, pairings between scalars and pure-gauge forms might occur when
investigating subleading soft theorems [78,79], a direction which is therefore worth exploring.
In this respect, it would be natural to investigate conformally soft theorems providing analogs
of known energetically soft theorems involving for instance two-forms and scalars. The lat-
ter, particularly in the case of the axion and the dilaton, have been reformulated in terms of
the geometry of field space [80], and very recently a geometric formulation of conformally
soft theorems was given [81,82]. Finally, it can also be of interest to complement the study
initiated in this paper by constructing CPWs for more “exotic” types of field including higher-
spin ones [83-87]. Although interacting theories involving such fields are severely limited
by a number of no-go results, including Weinberg’s soft theorem which rules out their long
range interactions, interest in theories involving massless higher-spin quanta is motivated by
its connections to the high-energy limit of the string spectrum [88].
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A Distribution identities

Starting from the one-dimensional case, we note that, provided Re A > 0, integration by parts
gives
oo

f AP L p(t)de = —J tro/(t)dt ~ @(O)—AJ log(t) ’(t)dt + O(A%), (A1)
0 0 0
for any test function . This implies, as A — 0 for Re A > 0,

A1) ~ 6(0) + % +0(A?), (A.2)

where |t|e_1 is the distribution defined by

|tle

f 1 cp(t)dt:—f log(t) ¢’(t)dt. (A.3)
0

Noting that

1 ® dt
— (t)dt = lim | ©(0)log(e) + —(t) ], (A.4)
|I.L|6 e—0t B t
we can also write . 0
t —_
= lim [S(t)log(e) lt e)} . (A.5)
|t|6 e—0+ t
The d-dimensional analog of (A.2) can be obtained considering
J Aw—Z M) diZ = jg de(fc)f Arr oW+ ri)dr, (A.6)
0
and applying (A.2) to the integral over r. One obtains
2t
M=z~ T 5D —-2)+ == +0(A%)  (A—0,ReA>0). (A7)
F(E) |W—Z |6

Once again a subtraction of the type (A.5) is needed to make sense of the ill-defined distribu-
tion |w —Z|~ in d dimensions,

[NTEN

1 2 0(w—2|—
L 27 5@ —)log(e)+ LW EI ), (a8
W—21¢ (4 2|
where the limit € — 0% is left implicit.
For instance, using (A.7) and the identities
Dl —Z|% = ax,|w—2]*1, (A.9)
V2w —Z|*=ala+d—2)w—Z|*2, (A.10)
one gets
Vw—Z M = (A +2—d)Alw—2 71, (A.11)
and, sending A — 0, one retrieves in this way the expressions of the Green’s functions
ot
Vi -z = o 6@W(ip—2), (A.12)
r'(3)
d
log|w—2 212 2—d
2loglW =2 _ 27* sy _zy4 2794 (A.13)
lw—2[4=2 gy [ —Z|d
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When d = 2 the latter reduces to the formula

V2log|w—Z|=2n6P(Ww—7). (A.14)
Applying the Laplace operator V? to (A.2) itself, one also gets

A
|w—Z[d+

ns ( d+2
1+

Alw—Z P42~
2r(d +1) 2d

A) v2sDn—2) + +0(A%), (A.15)

where we have defined |W—2 |;d—2 appearing on the right-hand side via
V3w -z =2dlw—Z| 7972, (A.16)

in order to comply with the formal behavior of | —Z |~ under (A.10).
Let us work out these quantities explicitly in d = 2, starting from the definition (A.8),

which reads
O(lw—2|—e)

———— =2nlog(e) 6P W —2)+ ————7. (A.17)
|w—2 |2 |w—Z|2
The first derivative involves in particular
HE |2 =g G0l €)= | (3 0(EI=e)~—nd, 53(@)+0(e), (A.18)
where in the last step we used, letting 7(8) = (cos 6, sin 8),
1 2r
| |3 7)d%z = EJ n,(0)¢ (en(6))dO ~ nd,p(0)+ O(¢). (A.19)
0

Using (A.18) in (A.17), we obtain

—9(g —
0—L — onlog(e) 0,6 (H—7)— 1 8,6 D(H—F) + 0|7 —F | — ) —2Za=Wa) (s 20
|w—Z2|2 |w—Z|*
The next derivative involves
%a —2 sz AT sz 252)(z
0,0(Z|—e)===6(Z|—€)~——=06Y(E)—nV 6 (Z)+ O(e), (A.21)
| |4 |23 €2
where we used
1
W5(|z|—e)——fso(en(9))de~ #(0) + 2 V2(0) + O(e). (A.22)
We then obtain
vl __ 5<2)(W 7)+ 21 log(e) V26D —7) — 2 V25 @(i — ) + FOUF ZEl =€)
Ww—z2 | —Z 4
(A.23)
Via (A.16), this defines 4| —Z|_*.
Let us also calculate
1+Z)? 1 1
vl BE 4 el La+ppvi— (A.24)
W—ZF -zl CTw-ZP 22
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Using (A.20) and (A.23), we find

1+Z)?
v2| 'zllz_—(1+|*|) 8P —2) +2mnlog(e) [4+42°8, + (1 + [Z[2)V2] 6P (W —2)
41+
—41299,6P(Ww—2)—2n(1+ Z|)VZ6P @ —2)+ 0(|w—Z | — )%,
(A.25)
and after integration by parts this reduces to
1+|Z2 1+ |w|?
2 LYEE _AQHWE) o eg 500 —3). (A.26)

- = - — - 14
|W—Z|§ |W_Z|e

B Asymptotic expansion cross-checks

The equation of motion Of, = 0 provides useful cross-checks on the asymptotic expansions

worked out in section (5.1). Using (287) to go to retarded coordinates, we have (see e.g. [89])
d d 1.

m:@uaﬂz—(zar+—)a +(82+ -9, +—v2) (B.1)

r

r2

where V? is the Laplacian on the sphere S, which is related to the one on the Euclidean space
RY, denoted V2 = 9,3,, by

12\ d ~2\2—d
62:(”'2' ) aa((”lzl ) aa). (B.2)
2 2

Writing the asymptotic expansion of a generic f in the form
g®

Z f Z S log(r), (B.3)

the equation of motion for f translates into the recursion relations
(d —2k)3,8™ = [V? + (k= 1)(k—d)1g* ", (B.4)
(d—2k)3,f® +28,g® =[V?+ (k—1)(k—d)]f &V +(d+1—-2k)gkD. (B.5)

For simplicity, let us only verify the d = 2 expansions (310), (311), (312), for which

1 =12 1 =12)2
5D —2), g(z)__ﬂU( 1WA+ EF) o529,

@ _ w(1+[Z?)
F S T —

2 T 16
=12 212

@ _ 1+EP | n(1+EP) [ 2 ] @y _z

= + 10 w—z),
1 2lw—Z|2 2 u(1+|wl2)2 ( ) (B.6)
() _ _uQ+[wAA+[2 |
) 4l —Z*

= 12 212)2 2
(14w F)(A+Z]9) 426 ___|v2s@(w—32),
16 u(l+[w2)(1+Z2)
1+121%)?
M T 5@ —3), gt? = Mvz(i(z)(ﬁ/—g),
2u 16 (B.7)
@_ A+EP? | n(+E))? 2e V2@ (i —3
T >2 712 w-z),
4w—Z|* 16 u(l1+w2)(1+Z%)
)= _ =2 212\2

1 _ m6 P (W—2) @ _ TA+EF) Cos@)p_z

- =————— V5w -7). B.8
3T 42(1+ W) 37 32u(1+ [w]?) (=% .
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Using these expressions and (B.2) when d = 2, we see that: f; trivially solves (B.4), (B.5) for
k =1, while (B.4) for k = 2 provides a cross-check involving ggl) and ggz) ; fo trivially solves
(B.4) for k =2 and (B.5) for k = 1, while (B.5) for k = 2 provides a cross-check involving fz(l)
and the u-dependent part f2(2); (B.5) for k = 2 provides a cross-check involving fg(l) and f3(2).
To check (B.5) for f; when k = 2, we note that

—238,f® +25,¢@ 1 T [ ] 2
— +21 v2s@mm—2), (B.9
A+ ERR  2w—2r "8 Bluarmmat D @—%), ®9)
and
VW _gm N nw?d,6P W —7)
A+ @A +IZ2)2 2w—Z 4 21+ w|?) (B.10)
1 2 n6@(iw—32) ’
+Zloe| ——=2 | v2s@(p—z) = " =2/
g o8 [u(1+|v*v|2)2] =8 = o e
where we used (see (A.26))
14122 1+ |w|?
v2 f 'f' = 4(f 'K”' )+4nwa8a5(2)(17(/—§). (B.11)
|2 —w|2 lw—Z4
The difference between (B.9) and (B.10) is thus
. 1+|w?_, nw?d,6FW—2) ns@@w—2)
=1 v25@ i —2)— a ) B.12
8 B1yEP (w—%) 21+ W [2) 2(1 + | [2)2 (B.12)

This quantity indeed vanishes, as one can check integrating by parts.
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