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1 Introduction

It is well understood that defining a theory in terms of fields introduces a tremendous
redundancy. In particular, one of the most fundamental quantities that can be com-
puted from a field theory are the S-matrix elements or amplitudes. Amplitudes are
known to be invariant under field redefinitions of the form [1-4]

o) —  ox) + f(d(@), 0ud(), 0,0,0(), --+), (1.1)

where f is an arbitrary polynomial function of the field(s) and its derivatives evaluated
at the spacetime point x. This field redefinition invariance plays a minor role for
“renormalizable” theories (with the important exception of gauge theory). However,
this redundancy becomes a significant source of technical complexity when one studies
“non-renormalizable” Effective Field Theories (EFTs) that include irrelevant operators.
In the case of EFTs, the ability to perform field redefinitions, often expressed as an
iterative equation of motion redundancy (along with the application of integration
by parts) implies that the space of allowed operators is highly redundant, so that
Lagrangians which appear different actually describe the same underlying scattering
physics.

In this paper, we build upon and explore the results in Ref. [5] to provide a new
perspective on the notion of field redefinition invariance of amplitudes. In particular,
we prove a “transformation lemma” for an off-shell generalization of the amplitudes.
We then apply this result to show that the on-shell amplitudes are invariant under field
redefinitions (up to one-loop order). This new approach follows as a direct consequence
of a new off-shell recursion relation that we prove in this paper.

The study of field redefinitions and EFTs has undergone something of a renaissance
in recent years. The determination of the size of the operator basis using the Hilbert
series has been developed and applied to many examples [6-23]. This is closely related
to the approach of constructing EFT amplitudes directly [24-55], which again avoids
the issues of operator redundancies. In both approaches, the full set of field redefinitions
included in Eq. (1.1) are accommodated.

Another fruitful approach is to work with the Lagrangian directly, but to express
it in terms of geometric objects defined on a Riemannian field space manifold [56-63].
In this case, the key insight is to identify that field redefinitions without derivatives
are equivalent to coordinate changes on the field space manifold. One can then express
amplitudes directly in terms of well known geometric quantities built out of the Rie-
mannian metric. This makes the invariance of amplitudes under the restricted set of
field redefinitions completely manifest. This approach has seen recent applications to



the scalar sector of the Standard Model [64-74], and has also led to new insights into
the properties of amplitudes for both scalars and particles of higher spins [75-86].

However, the geometric picture that can accommodate the full set of field redef-
initions has remained elusive [5, 87-90]. It is this search for a generalized notion of
geometry that has prompted us to revisit the field redefinition properties of ampli-
tudes. In particular, we will show that our new perspective has a natural geometry-like
interpretation, that we call “functional geometry.” We are able to find hints that func-
tional geometry exists and has the desired features to be associated with a generalized
manifold. However, we also show that it fails to fully generalize field space geometry in
a number of important ways. Nevertheless, we are optimistic that the ideas presented
here represent genuine progress towards what will eventually be the discovery of a new
notion of geometry that accommodates the full set of allowed field redefinitions.

The rest of this paper is organized as the following. In Sec. 2, we review the well-
known path integral formalism of QFTs and use it to derive a recursion relation for the
off-shell amplitudes that holds at all loop orders. We then make use of it to prove a
transformation lemma in Sec. 3, which is the main result of this paper. We demonstrate
that up to one-loop level, this lemma applies when a general field redefinition that
accommodates derivatives is taken, which then immediately implies the invariance of
the on-shell amplitudes. In Sec. 4, we present an attempt to introduce a geometric
interpretation, motivated by the tensor-like structure of the recursion relation derived
in Sec. 2. In particular, we discuss the successes and failures of this interpretation,
and comment on its relation with the well-established field space geometry picture.
Conclusions and future directions are given in Sec. 5.

2 Off-shell Recursion for Amplitudes

We begin with a brief review of the formalism for computing correlation functions
from the path integral (Sec. 2.1). The partition function Z[.J] spans a set of theories
that are parameterized by difference choices of the source fields J(z), and the original
theory corresponds to taking J(z) = 0, i.e., the “zero source condition.” We then
review the LSZ formalism for projecting amplitudes from the correlation functions
(Sec. 2.2). The LSZ formula provides a general definition of “amplitudes” which allow
for the external states to be off-shell; the limit where the external states are on-shell
defines the “S-matrix elements.” Although these first two subsections contain material
typically covered in QFT textbooks, our purpose here is to express these well-known
results in a notation that is convenient for deriving a recursion relation for off-shell
amplitudes that holds at all loop orders [5] (Sec. 2.3).



2.1 Correlation Functions From the Path Integral

Given a scalar field n(z), whose action is given by S[n], one can define the partition
function as a path integral

Z[J] = eiW[J} = /DneiS[n]-‘rifd“zJ(a:)n(zr) ’ (21)

and we have defined {W[J] = log Z[J]| as usual. The partition function Z[J] is a
generating functional of the (time-ordered) J-dependent correction functions

J Dy S () (@) 1 "z
Z1 ... 9Tn = - - = )" 22
<77 n >J fDT] ciS[l+iJzn® Z[J] ( 7’) §Jxl . 5an ) ( )
where we have introduced the concise notation!
n(r) =n", (2.3a)
J(x) = J,, (2.3b)

so that an integral over spacetime is represented as a sum over a dummy index

/d4:17 J(z)n(z) = J.n". (2.4)

It is well known that the path integral formalism and the use of generating func-
tionals being reviewed in this section generalizes to an arbitrary set of bosonic and
fermionic fields [91-93]. When dealing with fermionic fields, one needs to keep track of
the signs carefully. In the case of a general field, the index x in Eq. (2.3) is understood
to collectively label the spacetime position, the spin indices, as well as any of its internal
flavor indices, all of which are summed over when the dummy index x is contracted.

Source Dependence

T1 ..

The J-dependent correlation functions (n -m*); can be viewed as the correlation

functions of a modified theory with the action S;[n]:
Stl - — Syln) =Sl + Jen” (2.5)

The partition function Z[J] generates correlation functions for these generalized the-
ories that include non-trivial dependence on the sources. The correlation functions of

I'We will use both notations in what follows based on convenience.



the original theory S[n] can be extracted from their generalized counterparts by taking
the zero source condition J(z) = 0:

DneStn(zy)---nlx, 1 _ oz
<77x1"'77xn>J:0: f Ui 77( 1) 77( )

[ DSt ~ Z[J = 0] (=0) 5Ty, -0

In | J=0

. (2.6)

Meanwhile, it is useful to work with the source dependent theories, whose correlation
functions are given in Eq. (2.2). Their functional dependence on J is key to the off-shell
recursion relation.

Connected and 1PI Correlation Functions

It is more convenient to work with W[J] defined in Eq. (2.1), since this is the generating
functional for the contributions from the connected diagrams

W)
(=) Y

x|

<77 o 77“>J, conn — (27)
The one-particle-irreducible (1PI) effective action I'[¢] is then defined as a Legendre

transform of W[J]:

ow

oU=57

= Tl =W[Jl¢l] - ¢"L[e]. (2.8)

To implement the Legendre transform, one introduces a new set of variables, the set of
fields ¢(x) defined as in Eq. (2.8). By construction, these are “conjugate variables” to
the source fields J(x), in that there is an invertible map between them determined by
Eq. (2.8):

J(x) +—  ox). (2.9)

We emphasize that the fields ¢(z) are not the scalar fields n(z) of the theory.
However, making use of the n = 1 case of Eq. (2.7), one derives a relation between ¢(z)
and n(z); ¢(x) are the J-dependent quantum vacuum expectation values (vev) of the

fields n(x):
4

1] = =(n");. 2.1
)= 5 = ) (210)
Some other relations also follow from the general properties of the Legendre transform
2/ - 9/ - —1
or g and 9°(al) _ |9 (W) (2.11)
Yok dPpToPY 0Jz0Jy

It is well known that iI'[¢] is the generating functional of the J-dependent 1PI



correlation functions
om(il)
(1) 09(xn)

The 1PI correlation functions for the original theory are then recovered by taking

(1) - n(xn))s1er = 5 for n>3. (2.12)

the zero source condition J(xz) = 0. Through the one-to-one map in Eq. (2.9), this
corresponds to evaluating the right-hand side of Eq. (2.12) at a specific choice of ¢(x):

J(@)=0 = (@)= = ¢u()

") =0 - (2.13)

We see that ¢, (z) is the quantum vev of the fields 7(x) for the original theory. According
to Eq. (2.11), it satisfies the condition

or

o —0. (2.14)

=0y

The 1PI effective action I'[¢] can be computed as a series of “1PI diagrams,” which
are diagrams with the property that they cannot be separated into two disconnected
parts that each contains a nonzero number of external legs by cutting a single internal
leg. One subtle case is that diagrams with tadpoles can be consistent with the 1PI
requirement; cutting off the tadpole could separate the diagram into two disconnected
parts, but the part including the tadpole does not contain any external legs. There-
fore, when computing the 1PI effective action I'[¢] diagrammatically, one must include
diagrams with tadpoles (when they are nonzero), see e.g. [94].

2.2 Amplitudes From Correlation Functions

To compute the amplitudes from the correlation functions, we first define the on-shell
momenta. For this purpose, we study the connected two-point functions, namely the
propagators:

D™Jl = (") J,comn =

52(iW) { 0%(4T") ] - , (2.15)

T 6J.0d, | 6groew

where the second-to-last expression comes from Eq. (2.7), while the last equality is due
to the property of the Legendre transform in Eq. (2.11). Again, this is the propagator
for the J-dependent theory S;[n] = S[n] + J.n*. Taking the zero source condition,
J(x) = 0 or equivalently ¢(z) = ¢,(x), recovers the propagator of the original theory



S[n]. Tts momentum space form is the familiar one:
/d4$1d4l'2 eiP171 piP2T2 Da:wz[J — O] — (27T)454(p1 +p2) A(p1) : (2.16)

with R
Ly
A(p) = m + regular, (2.17)
where m,, denotes the pole mass of the particle and R, denotes the residue. Using
Eq. (2.15), one can write Eq. (2.16) alternatively as

- 5°r
d4 ip(x1—x2)
fatae 5671097

Alp)

(2.18)

= /d4x1 ePl@1=m2) iD;llm[J =0] =
P=¢v

Note that Eq. (2.15) is the fully connected two-point function, or the full interacting

propagator. Specifically, if we denote the 1PI two-point function as —iX(p?), we have
A(p) = + [ = =)

2 —m24ie p?—m2+ie

P2 —m? + e
7
_ 2.19
p? —m? — X(p?) + ie’ ( )

where m? is the tree-level mass parameter, and the pole mass mf, is determined by the
condition m? = m? + Re ¥ (m.?).

On-shell Condition

A momentum p* is said to be on-shell when it sits on the pole of the propagator

where we are introducing the notation p to denote on-shell momenta. Using Eq. (2.18),
we can equivalently state the on-shell condition as

e, 0T
Yoy P ———— =0. 2.21
/d xre v 0 (2.21)



Amplitudes From LSZ and External Wavefunctions

To compute the amplitudes following the LSZ prescription [95, 96|, one can first com-
pute the J-dependent amputated correlation functions

— iMoo [J]

(D‘;llyl) T (D;nlyn) <77y1 e 77y">J, conn - (222)

Then the momentum space amplitudes A follow by evaluating M at J = 0, taking a
Fourier transform, and including the appropriate residue factors for the external legs:

(271')464(])1 + - +pn) ZA (pla e 7pn>

— (RL2)n / [Hd‘lx eWz] (—’Mm...zn| J:O). (2.23)

This defines general amplitudes for off-shell momenta p? # m?2,;. The on-shell ampli-
tudes (the usual S-matrix elements) are then given by taking all external momenta to

be on shell.

It is convenient to introduce the external wavefunction?
Ut (p) = Ry e, (2.24)
which is an eigenstate of the inverse propagator (c.f. Eq. (2.18)):

6T
0PG4y

V) = 0 0. (2.25)

Note that when the momentum is on-shell, the eigenvalue vanishes

5°r
56307,

2 (p) = 0. (2.26)

With the external wavefunctions, we can write the LSZ formula in Eq. (2.23) more
concisely as

(2%)454(171 et pa) GA (P, pa) = [w“(pl) ce gt (pn)] <—iMx1--~xn\J=0) , (2.27)

?In general, the external wavefunctions are v; = (0|n®|p;, hi, - - ) ;_,, which represent the overlap
of the fields with the i*" external states of given momentum p;, helicity h;, etc. For an external scalar,
it has the form in Eq. (2.24), whereas for a gauge boson, it would also include a polarization vector,

i.e., i = 1 (p) €Pi%



compare analogous equations in |77, 78]. We emphasize here that A (py, - - , p,) defines
a generalized momentum space amplitude where the external momenta can be off-shell.

Computing Amputated Correlation Functions

In order to compute amplitudes, Eq. (2.27) implies that we can focus on calculating
the amputated correlation functions —iM,, ..., [J] defined in Eq. (2.22). These can
be obtained by gluing together the 1PI correlation functions (Eq. (2.12)) using the
propagators (Eq. (2.15)). As discussed above, these two types of building blocks for
—1My, ..., are both conveniently expressed in terms of the 1PI effective action. Con-
cretely, the three-point amputated correlation function can be expressed as

— M zyes = %7 (2.28)
while at four-points we have
| 54T 6°(iT) 6°(al’)
— M wwyzs = e T e vz 57673 5T
B(T) . S O(L) e 80D (2.29)

T Y P E T P P T P e T P T

Similar expressions can be worked out for higher-point functions. As we will explain
next, they can more efficiently be built recursively out of lower-point functions.

2.3 Recursion Relation for Amplitudes

We now explain how to derive higher point generalizations of Eqgs. (2.28) and (2.29)
recursively. For convenience, we introduce notation for the following combination of
the three-point function and the propagator:

GY . =iMy,. DY (2.30)

T1T2
With this, one can rewrite Eq. (2.29) as

0
e

This way of writing the four-point function exposes a relation to the three-point func-

j»4z1x2x3x4 = jb1x1$213 __(;y /»1yx2x3 __(;y j»1x1yx3 __(;y /k4z1m2y- (2.31)

41 T422 423

tion. We will now argue that this pattern persists to any number of external legs as a

— 10 —



recursion relation of the form [5]

J

Mo owpan = W

Mayoay = Y G Moy, (2.32)
i=1

where a hat denotes the absence of an index in the sequence. Note that the form of
Eq. (2.32) is suggestive of a covariant derivative where G is the connection; we return
to this point in Sec. 4.

To derive this recursion relation, we first use the definition of M,, .., in Eq. (2.22)
together with Eq. (2.7) to obtain

-1 -1 n
—iMay .z, = Dy, Da:nyn(_z) m . (2:33)
This implies the following relation between M, ...;,5,., and Mg, ..,
M _ D—l D—l D—l . 5 Dylzl Dynan
T1Tnlntl — Cxiyr T TnYn T Tnt1Yntl (_Z) (5Jy +1 o e
-1 -1 0 z z
=D . D ———DV...DI M, (2.34)

T1Y1 ITnYn 6¢mn+1

where we have used Eqs. (2.8) and (2.15) to obtain the second line. We can simplify

this expression using the commutator between the functional derivative W++1 and the
propagators. Using Eq. (2.15) again, together with Eq. (2.28) and the definition in

Eq. (2.30), we get

5 Yizi _ 5 YiZi _ 5 52(ZF) -
N G )__(M% o] )

_{52@]—1 ST [52@?)1—1

OPUioPt | GgUdgrntrdgl | dgUOG*
= —D¥UiM,, e DY = —DVGE (2.35)

- 11 -



Using this repeatedly, we obtain the following relation

)
-1 -1 z nZn
Dmly1 . Dﬂcnyn §¢xn+1 pDviz oL DY
N S 5y S R Ll el 2.36
_xl...%Ww_z(m...m...xﬂ) 5 s (2.36)

=1

where 02 = % = ¢%(z — x) and the hat indicates the absence of a quantity in the
sequence as before. With this relation, Eq. (2.34) simplifies to the recursion relation in
Eq. (2.32). Note that no step in this derivation relied on any reference to perturbation
theory. Therefore, the recursion relation for M,, ..., in Eq. (2.32) holds to all loop

orders.

2.3.1 Diagrammatic Derivation

The above derivation of the recursion relation Eq. (2.32) is purely algebraic. To provide
a more intuitive perspective, we present a diagrammatic derivation in this section, which
repeats the argument given in [5] with more details.

Consider the diagrammatic representation of the amputated correlation functions
—iM,,...,,- They can be obtained by gluing together the 1PI vertices with the full
propagators; both ingredients are conveniently expressed in terms of the 1PI effective
action, as shown in Egs. (2.12) and (2.15). Here we recap the dictionary between
diagram components and algebraic factors for our convenience:

: . Sk (il
k?-pOlIlt 1PI vertices : m s k Z 3, (237&)
s23ir) 1"
. vy _
full propagators : D™ = |:6¢I5¢y:| . (2.37b)

As usual, we group all the contributing Feynman diagrams into different “gluing topolo-
gies,” which characterize all possible ways of gluing together 1PI vertices. For example,
at n = 3 there is a unique gluing topology:

1

~iMayayes = : (2.38)

T2 T3

This corresponds to the single term in Eq. (2.28). At n = 4, there are four distinct

- 12 —



gluing topologies, each corresponding to a term in Eq. (2.29):

1 T4 1 T4 T T4

o 3 9 xrs3 xs3 T2
x1 €2

+ - (2:39)
T4 T3

Now let us consider the gluing topologies for —iM,,..,, and —iMy,..z,0,.,, With
n > 3. The latter has one more leg, z,.1, and hence receives contributions from more
gluing topologies. We can examine each of them, paying attention to where the extra
leg x4 is attached. In this way, for each gluing topology T}, 41 of —iMy,..c.4,.,, ODE
can first identify a corresponding gluing topology 7,, of —iM, ..., , and then figure out
how one can calculate T, from T,.

Let us elaborate this procedure in detail. Specifically, there are three scenarios for
the position of the leg x,, 11 in T}, 1:

1. 2,41 is part of a four- (or higher-) point 1PI vertex in the gluing topology 7).
In this case, if one removes x,.1, the 1PI vertex that it is attaching to will
remain as a 1PI vertex, and 7,1 will become a gluing topology T,, for —iM,, ..., .
Diagrammatically, one identifies the corresponding 7;, from 7}, as

Next, from the dictionary in Eq. (2.37a), we see that T},;1 can be calculated from

T,, by taking a functional derivative —2— of the corresponding vertex factor in

6¢1n+1
T,,, because

gerar)y 8 Sk (i)
OPYL - - - Yk Y PpTn+1 a dpTn+1 (5¢y1 . §¢yk> ’ <2'41>

2. x,y1 is part of a three-point 1PI vertex in the gluing topology 7},+1, and none
of the other two lines from this 1PI vertex is a leg. In this case, one can re-
move &, by replacing the three-point 1PI vertex with a propagator, and thus
obtain a gluing topology T,, for —iM,,...,. Diagrammatically, one identifies the

— 13 —



corresponding 7;, from 7}, as

- T, = . (2.42)

Next, from the dictionary in Eq. (2.37b), we see that T}, can be calculated from

T,, by taking a functional derivative WL”H of the corresponding propagator factor
in T,,, because
§3(iT) o
Dyi#1 D?Y2 — __— (DY1y2) 2.43
5¢215¢zn+15¢22 5¢wn+1 ( ) ( )

. Tpy1 is part of a three-point 1PI vertex in the gluing topology 7,1, and one
of the other two lines from this 1PI vertex is a leg ;. (For n > 3, one cannot
have both the other two lines being legs.) In this case, one can remove z,,; by
cutting off the three-point 1PI vertex from the diagram and relabeling the leg
from the cut as z; to get a gluing topology 7;, for —iM,, ..., . Diagrammatically,
one identifies the corresponding 7, from 7,1 as

Tn+1 1

Tn+1 -

(2.44)

x; Tn

Next, from the definition in Eq. (2.30), we see that 7,1 can be calculated from
T, by first taking the replacement x; — y and then contracting with the factor

—GY ., because
§3(iT) 2 ’
m D Ml‘l“‘iiiy“'itn = _Gl‘n+1$i Mmaf?zyacn . (245)

In summary, scenarios 1 and 2 together gives the functional derivative term in Eq. (2.32),

and scenario 3 gives us the terms involving the contraction with GY This completes

Tn41T4"

the diagrammatic proof of the recursion relation in Eq. (2.32).

2.3.2 Connection with Berends-Giele Recursion Relation

Since it involves off-shell building blocks, the recursion relation in Eq. (2.32) can be

related to the Berends-Giele off-shell recursion relation for computing the amplitudes

[97-99| as we now explain. First, all the amputated correlation functions (and therefore

- 14 —



the amplitudes) are encoded in the functional relation ¢*[.J]. Specifically, using our
definition of the field ¢* in Eq. (2.8), we can rewrite Eq. (2.33) as

n—1 _1y1
—iMayyw, = (D)) - (D) (—i)"‘1—5 ~ (2.46)
L1 Tn T1Y1 TnYn 5Jy2 L. 5Jy
Note also from Eq. (2.15) that
: 0™
D,., =—. 24
L TilYi 5(]% ( 7)

Therefore, by rearranging terms and evaluating them at J = 0, we can obtain the
relation between M, ..., | /=0 and the Taylor expansion coefficients of ¢*[J] at J = 0:

(2 ) 2.48
JO) (5Jyn J=0 ‘ ( ‘ )

The Berends-Giele approach [97-99] is to iteratively solve the equation of motion con-

(5n—1¢y1 (5¢a:1
P ——— - _Mﬂﬁlmxn |J:0 (
0y, ==+ 0Jy, | 0 ( ) 0Jy,

dition ST
=—J., 2.49
Yo% ( )

to obtain the functional relation ¢*[J] order by order in J. This is computing its Taylor
expansion coefficients at J = 0 in Eq. (2.48). One can then obtain M, ..., | ;=0 through
Eq. (2.48). This is in contrast with our recursion relation in Eq. (2.32), which directly
constructs M, ..., [J] recursively for J # 0.

3 Invariance of Amplitudes Under General Field Redefinitions

In Sec. 2, we reviewed how the n-point amplitudes A (p1, - - - , pn), for both on-shell and
off-shell kinematics, can be obtained from the n-point amputated correlation functions
M., [J] using LSZ reduction (Eq. (2.27)), and we derived an off-shell recursion
relation for M., ..., [J] (Eq. (2.32)). Both of these results are well known; the novelty
here is how we organize the terms. As we will show in this section, this organization
of the results facilitates a new proof of the invariance of on-shell amplitudes under
general field redefinitions, including those involving derivatives. Our results here are
complementary to the traditional approach that makes the argument directly from
the path integral (see e.g. Section 6.2 of [4], which we also reproduce in App. A for
completeness).

An important lesson learned from Sec. 2 is that the amplitudes A (py,--- ,p,) are

— 15 —



encoded in a given 1PT effective action T'[¢]:
Flgl — Moo [J] — Alpr,---pn) - (3.1)

This is independent of the loop order; for a given theory S[n|, the truncation in terms
of loop order only impacts the computation of the 1PI effective action I'[¢] itself. One
can therefore explore the properties of amplitudes by analyzing the behavior of the 1PI
effective action.® In particular, we will make use of the recursion relation in Eq. (2.32)
to prove the following transformation lemma in Sec. 3.1:

Define the 1PI effective action I'[@] as a transformation of I'[¢] that results

from substituting in a given analytic functional relation ¢[¢]:

I[g) = T [¢[4]] - (3.2)

Then the amputated correlation functions encoded in these two 1PI effective
actions, M and M respectively, are related by

—— 5 Y1 5 Yn
M., =220, 00"

~ " My, + Uspoa 3.3
o s M (33)

where U,,..,, is an “evanescent term” (see Eq. (3.18) below for a detailed
expression), which satisfies

%Exl (ﬁl) o ,[I)J»‘n (pn) (Umazn |J:0> =0 ) (34)

where p; is an on-shell momentum. Therefore, U,,...,, does not contribute to

on-shell amplitudes. As a consequence, the on-shell amplitudes encoded in
['[¢] and T'[¢] are the same:

A@rs-- 3 pn) = A1y Pa) - (3:5)

This is the main result of this paper. We emphasize that this result holds to all loop
orders, since Eq. (3.1) holds to all loop orders.
In Sec. 3.2, we will apply the above statement to show that tree-level and one-

3We mention that this is the exact same spirit of functional methods for EFT matching calculations
(e.g. [100, 101]), where the matching of amplitudes are efficiently achieved/guaranteed through the
matching of the 1PI effective actions.

— 16 —



loop amplitudes are invariant under general field redefinitions. Concretely, we will
parameterize a general field redefinition by writing the old fields n(z) and the new
fields 7(x) as functionals of each other:

n— 7 n=f[q]. (3.6)

This accommodates all field redefinitions that are expected to leave the S-matrix ele-
ments invariant, and in particular includes field redefinitions that involve derivatives.
Such a field redefinition leads to a new Lagrangian, which gives a new 1PI effective ac-
tion I:[gz;] In Sec. 3.2, we will show that up to one-loop order, one can find an analytic

functional relation ¢[¢], such that the new 1PI effective action is related to the old one

as in Eq. (3.2), [[¢] = F[qﬁ[(bﬂ Therefore, the transformation lemma applies, which
leads to the conclusion that the on-shell amplitudes are the same.

3.1 Proof of the Transformation Lemma

Given a relation between two 1PI effective actions I'[¢] and T'[¢] as in Eq. (3.2):

Llo] =T[¢lo]] , (3.7)

we now address how their corresponding amplitudes would be related. Specifically, we
will prove the transformation lemma described above; see Egs. (3.2) to (3.4). Following
the procedure in Eq. (3.1), we will first use Eq. (3.7) to derive the relations between
their functional derivatives, and then the relations between the amputated correlation
functions valzn and Mg, ..., , and eventually the relations between the amplitudes.

Zero Source Condition

We begin by relating the first functional derivatives of the two effective actions. They
are related by the chain rule N
or ¢ oI
dp* dop® Yol
It means that for analytic functional relations ¢[¢] in Eq. (3.7), where the matrix
d¢Y/0¢” is invertible, the zero source condition Eq. (2.14) is unchanged:

6T 6T
— =0 <

— =0. (3.9)
5¢$ &ZQEU 6¢ ¢:¢[¢~7v]

— 17 —



Put in other words, ¢,(z) is given by plugging ¢, () into the functional relation ¢[¢]:

¢u(2) = ¢[00] (2). (3.10)

Note that this would not be true if there were an inhomogeneous piece in Eq. (3.8).

On-shell Condition

Now we move onto the relation between the second derivatives. Following Eq. (3.8),
we derive the relation between the second functional derivatives again using the chain
rule: _
62T S ¥ 6°T §2¢¥r o
— :Qf ? —|—~¢)~ . (3.11)
Sp*1 P2 Spr1 fpe2 YL Y2 SpT1 P2 Yol

From Eq. (3.9), we see that the inhomogeneous piece vanishes when this expression is

evaluated at ¢(z) = b,(2):
_ (o] ) (o) ) (T
bu B <5g5x1 év) <5&x2 (;%) <5¢y16¢y2 ¢v> ) (312)

where we have used Eq. (3.10) for the last factor. This tells us that the on-shell

52T
5Q;x1 5Q~SI2

1
momentum condition Eq. (2.21) is unchanged:

. 5T
4 Pl
/d xrie —5¢x15¢x2

52T

¢1)

=0 <— /d4x1 P
Pv

again for analytic functional relations ¢[¢] such that the matrix d¢¥/3¢" is invertible.
Moreover, from Eq. (2.26) we see that Eq. (3.12) also implies the following relation
between the on-shell external wavefunctions

vp) = (22
w@)—(w

] ) U (p) . (3.14)
[oss

Note however that eigenstates with nonzero eigenvalues 1% (p) and ¢*(p) with off-shell
momentum pt are not related in such a simple way. This is because Eq. (3.12) is

a congruence transform instead of a similarity transform between the two matrices
82T 82r

66°166°2 |y SpY1o¢Y2 |¢>v'

preserved /invariant, which is also inferred by the mismatch regarding the upper/lower

index structure between the two sides of Eq. (2.25).

and

Under such a transform, the nonzero eigenvalues are not
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Three-point Function

Following Eq. (3.11), one can further move on to the third functional derivatives of I'[¢],

which are of course the three-point amputated correlation functions (c.f. Eq. (2.28)):
— SHYL §pv2 §pvs 53¢y1 oT

MI1$2$3 = 7 T e T Yy1y2ys -~ 7 bt 7

5¢x1 5¢xz 5¢az3 5¢x15¢125¢x3 §¢y1

52¢y1 dp¥? 52¢y1 Sp¥? 52¢y1 dpv2 521

— —————t =+ === .

(5¢x25¢r3 5¢x1 5¢x15¢x3 5¢12 5¢x15¢x2 5¢x3) 5¢y15¢y2

(3.15)

We see that this expression involve more inhomogeneous pieces as compared to the
second functional derivatives. However, these terms will drop out when computing
on-shell amplitudes:

(27)*6%(B1 + P + 3) iA (B1, o, P3) = ™ (B1) "2 (Ba2) ™ (P3) (_i-//\/lvx1x2x3 ‘d%) . (3.16)

This is because the inhomogeneous pieces in the first and second lines of Eq. (3.15)
respectively contain the following two types of factors:

or or

W : W . = 0’ (317&)
R AN 52T B
%(ﬂbyl(&b:@ ' w (p’L) (% (igv) <5¢y1(5¢92 ¢v> - 07 (317b)

where x; refers to an index in .K/lvxl...xn, corresponding to an external leg of the diagram.
As indicated above, terms with the first type of factors vanish upon enforcing the zero
source condition @¢(z) = ¢,(x); terms with the second type of factors are nonzero at
QNS(JJ) = q;v(x), but will vanish upon a further contraction with the on-shell external
wavefunctions % (p;), due to Egs. (2.26) and (3.14). Since they do not change the
observable (on-shell) physics, we refer to these quantities as “evanescent.” A general
parameterization of the evanescent terms that can appear is

n 2
Uppooay = a4, (;;Fyl + Zbyl Sgpv2 52T

(3.18)

=1

By construction, it satisfies the condition in Eq. (3.4).

— 19 —



Now we can rewrite Eq. (3.15) as

—~ JdY1 Y2 Y3
Moy = 200007 007
5¢1‘1 5¢x2 (S¢IL‘3

My1y2y3 + Uzlmgxg ) (319)

where all the inhomogeneous terms are collectively denoted by the evanescent term
Usyzyzs, Which has the structure of Eq. (3.18) (and hence satisfies the condition in
Eq. (3.4)). This proves the n = 3 case of the transformation lemma around Egs. (3.3)
and (3.4). It says that the three-point amputated correlation functions Mxlm% and
My oy are related homogeneously by the transformation matrices d¢¥: / §¢%, up to an
evanescent term Uy, 4,5, that would not change the on-shell amplitudes A (p1, D2, P3)-

n-point Functions

The relation in Eq. (3.19) (with the structure of the evanescent term given in Eq. (3.18))
holds also for higher-point amputated correlation functions, i.e., Eq. (3.3). To show
this, one can derive the higher-point analog of Eq. (3.15), and then check if the inho-
mogeneous pieces are evanescent.

In order to organize the proof, we will use the recursive expression of the n-point
functions in Egs. (2.31) and (2.32), where an (n + 1)-point amputated correlation
function is concisely written in terms of the n-point ones. The n = 3 case that we
proved above in Eq. (3.19) (with Eq. (3.18)) serves as the base case for the induction.
To further prove the result for arbitrary integer n > 3, we need to prove the induction
step: if Eq. (3.3) (with Eq. (3.18)) holds for &, then it will also hold for &k + 1.

To show this, we assume that .K/lvxlxk and M,, ..., are related as in Eq. (3.3):

— Yol JpYE
M, =290 0o

5(5951 5&% Myl"'yk + Uﬂ?lfﬁk ) (320)
where Uy, ..., is an evanescent term that has the form in Eq. (3.18):

T & Sov2 52T
Uz, = a0 +) o ¢ . (3.21)
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We then make use of the recursion relations for both M and M

— — 5

Mooy — Mm...xkxkﬂ_wkﬂ — E:G%% ey (3.220)

5
My, — Myl.,.ykym:wkﬂ - ZGkayl i > (3.22h)

to show that consequently //\/lvxl...xkxkﬂ and My, ...y, ., Will also be related as in Eq. (3.3).
To this end, we compute the inhomogeneous pieces at k + 1:

—~

SpY1 SdYk SHYk+1
Mgy — 22 928 00 A

5(2511 5¢1k 6¢zk+1 Y1 YrYk+1
k —
_ E QUL 0¥ | SgUk ;
— <6(Z)11 5(5301 &51;@ ) Myl"'yiz'”yk
=1
o (55 Gy setiagn e 0%t
8¢V T ThFITi  §OTRHL §pTi T Yk+1¥i  §PTRH15%i

)
+ (W @1, Zkasz @1ty zk> : (3.23)

To obtain this result, we have used Egs. (3.20) and (3.22). Our goal is to show that the
right hand side has the general structure given in Eq. (3.18), so that it is an evanescent
term. Let us check that this is true for the first and the second terms in turn.

To check the evanescence of the first term in Eq. (3.23), we need to study the

relation between ng 2, and sz - Recalling the definition in Eq. (2.30) and the
relation in Eq. (2.15), we get
52\ !
Ggle ZMmleZ D# = —MmleZ (W) . (324)

Therefore, using the relations in Egs. (3.11) and (3.15), we have

~ N1
Y - _ _&°T
G$k+1ﬂ% - Mﬂ?k+1wiu <5~ 7 )

Rl
— [ 99YEHL 5gYi 6gv o 8%¢v1 sev2 8T st (e \ sy + U
= SPTk+1 §p%i S Yk4+1Yiv SOTRH160% 64u 0pV1aY2 | 5o \ 64Wp* 567 Thi1%i
SR+ §BYi §HY 5207 S
i L C T e S AL (3.25)
Opret i 67 I Gk g 67 T
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where UZ . collects terms that contain the evanescent factors in Eq. (3.17), in a

Z;
similar fashion as in Eq. (3.18). We emphasize that in the parentheses of the second
line above, the second term is not evanescent and hence did not get collected into

Uy . This is because unlike z;., or x;, the index u is not a leg, since it not an index
Th+41T4 + b 9

in Mg, ...4;,,- It yields the non-evanescent inhomogeneous piece in the last line. With
the relation in Eq. (3.25), the first line of the result in Eq. (3.23) simplifies into

y Y1 Sy Yk P
_ Z (g?xl R gqéx cee g?z ) Myln-z)iz...yk % ng+1l‘i S le.l.x,ﬁrl . (326)
i=1 ¢ P PprE o)

As indicated here, this is clearly an evanescent term, because of the Uy, 1o, factor.
Now let us move on to the second term in Eq. (3.23). This term contains the

evanescent term Uy, ..., , whose general form — given in Eq. (3.21) — comprises “a-type”

and “b-type” evanescent factors in Egs. (3.17a) and (3.17b), respectively. However, if

one takes a functional derivative and /or makes an index replacement x; — y, an

5

T
evanescent term of the a-type or giﬁty;)e might become non-evanescent. In what follows,
we show that despite this, the combination in the second term of Eq. (3.23) is still
evanescent.

Since the second term of Eq. (3.23) is linear in U,,...,,, We can examine its a-type
and b-type terms separately. Let us begin with the a-type terms. The evanescence of an
a-type term does not rely on any of its indices being a leg x;, so the index replacement
x; — y would not cause any problems. On the other hand, it does rely on containing
a factor of the first functional derivative of I', so the additional functional derivative
could potentially be a problem. However, since this additional functional derivative is
at a leg xy,1, any potentially problematic term that arises from an a-type term will

simply be a b-type term, which is still evanescent:

5 6T spv2 52T
_ Y1 Y1 _ -, ‘ 2
6¢$k+1 (axlmxk (5¢y1) - axlmmk 5¢xk+1 (5¢y15¢y2 € Uzl k+1 (3 7)

Therefore, for a-type terms in Uy, ..., , the second term in Eq. (3.23) remains evanescent
for each individual term in its parentheses.
Now let us check the b-type terms. Acting the additional functional derivative on
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them yields the following non-evanescent terms

5 5 b g 5T
— - = bt
5¢xk+1 U:vl k D) 5¢$k+1 (; Tl Zg Tk 6¢ml 5¢y1 5¢y2 )

52 py2 52T SHY2 SpYk+1 53T
DZbgl.,,x__.%( 9% + % 09
1o SpTr15 i OPYLH Y2 SpTi §pTi+1 OPYL O PY2  pYk-+1

) . (3.28)

On the other hand, the external-to-internal index replacement z; — y yields the fol-
lowing non-evanescent terms

g 5T
— yl
Z ka_le 1LY Tk o= Z ka_H:c, T Tyi T 5¢y 5¢y15¢y2

B Z dpyk+1 §pyi 5¢y o N (52¢z 5¢ - dopv2 5T
(S¢Ik+1 5¢90z 5¢z Yk+1Yi 5&9%_,_16&11 §¢z Ty Ti T 5¢y 5¢y15¢y2

5¢yk+1 5¢yz 52¢92 5T
b C _ Y2 — —
D — E L1 DT, (5(259“€+1 5¢x1 Gyk+1yi + 5¢xk+15¢xi 5¢y1§¢y2

SOV+1 §HYi 53T 522 5r
§ : 18 SpTrt1 §PTi OPYE+1d pYi § Y1 JPpTr+1§ i YL Y2

) . (3.29)

where we have used the results in Eq. (3.25), Eq. (3.24), and then Eq. (2.28). We
see that the non-evanescent terms in Eq. (3.29) precisely cancel those from Eq. (3.28).
Therefore, for b-type terms in Uy, ..., , the second term in Eq. (3.23) remains evanescent
as a sum of the two terms in its parentheses.

Combining our investigations on a-type and b-type terms in U,,..,,, we conclude
that the second term of the result in Eq. (3.23) remains evanescent:

0
W :61 Tk ZG%H% wyediyezy, € U:C1~~zk+1' (3-30)

Egs. (3.26) and (3.30) together then complete our proof of the induction step, namely
that the following relation for (k + 1)-point amputated correlation functions holds

— JpY1 JdYe SpYr+1
Ml"l TpThy1l Q”Z’) Qf ? Y1ykykr T Urlwkwk 10 (331>
sgm §grr Spren * *
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provided that it holds for k-point functions (Eq. (3.20)). Combining this induction step
with the base case that we proved for n = 3 in Eq. (3.19), this proves that Eq. (3.3)
(together with Eq. (3.18)) holds for an arbitrary integer n > 3.

To complete our proof of the transformation lemma, let us show that Egs. (3.3)
and (3.18) imply that the on-shell amplitudes are the same:

(277-)454(]31 + - +ﬁn) Z-’Z((ﬁl) e 7]377.)

_ };m (B1) - g™ (pn)} (—iﬂzl...xnlév)

)W(MM
7 s

= [0+ 07 ()] (=Moo

v
g1

é

=[5+ )| (

) (_iMy1-~'yn|¢v>

= 2m)*6* (P14 + Pa) A (D1, D) (3.32)

where we have used the relation in Eq. (3.14). W

3.2 Applications to Tree and One-Loop Amplitudes

We now apply the transformation lemma to show that tree-level and one-loop ampli-
tudes are invariant under a general field redefinition that accommodates derivatives:

n — 0 : n:f[ﬁ}. (3.33)
Our task is to show that under such a field redefinition, the change of the 1PI effective

action can be described by Eq. (3.2), i.e., [[¢] = F[gb[gm for some ¢[¢].

Tree-Level Amplitudes

We begin with the tree-level case. When we perform a field redefinition described by
Eq. (3.33), the new action at tree level is simply given by substituting in that relation
(see Eq. (A.6) for a general expression):

S[a) = s[f[l] - (3.34)

Meanwhile, the tree-level 1PI effective action is just given by the action of the theory

[g)=Sl¢], and  T[¢] = S[g]. (3.35)
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Putting Egs. (3.34) and (3.35) together, we get the relation between the new and old
1PI effective actions at the tree level:

U(9) = 8[3] = s[¢[d]] =r[r[d]]. (3.36)

We see that they do satisfy the transformation relation in Eq. (3.2), with the functional
¢[¢] identified to be the field redefinition functional itself:

¢lo] = [flo]. (3.37)

The transformation lemma then implies that tree-level on-shell amplitudes are invariant
under the general field redefinition in Eq. (3.33).

One-Loop Amplitudes

In the one-loop case, both Eqgs. (3.34) and (3.35) become more complicated. As elabo-
rated in App. A, under a general field redefinition in Eq. (3.33), the action in terms of
the new field at the loop level is (see Eq. (A.6))

S[i) = S|f[a)| - i10gdet <§%y) . (3.38)

Note the extra one-loop sized Jacobian term compared to Eq. (3.34). Apart from
anomalous fermion chiral transformations, this term vanishes if one works with dimen-
sional regularization [3, 4]. However, we keep it here to make our argument independent
of the choice of the regularization scheme. On the other hand, up to one-loop level, the
relation between I'[¢] and S[¢] is also modified:

i 528
Il = —1 R
6] = 59] + 5 log det ( s

) . (3.39)
n=¢

With Eqs. (3.38) and (3.39), we can obtain the relation between I'[¢] and T'[¢].
The second functional derivatives of the new action are

28 spope 8°8 S 58
57’7901577’132 - 577501 5771’2 §ny15ny2 5ﬁx15ﬁ$2 577y1

+ (one-loop terms) . (3.40)
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Plugging this in, we obtain the following relation up to one-loop level

~ e 525
(3] = 53] + L logde (W (5)

)

- S[f[g;ﬂ — i log det (ggz

) Y1 Y2 2 2
+ 3logdet 57] 57] 05 + ~5 d - 05
2 On™ 01" |5 0N oY= | gy O O™ |5 0N | g
528 52y o™t o2 68

= S[f[g?)ﬂ + %logdet <

M)

] . (3.41)
718

We see that there is an extra term compared to Eq. (3.36). Although this term looks
complicated, after expanding the log it will yield a series of terms that are proportional

¢~S 5773!1 577312 57719

onyrony2 1191 t onrLon2

52y

1
+ 5ﬁx1 57712

= F[f[q?)ﬂ +%Trlog

577111 57721 5772,/1 577112 5_779

( 528 >15ﬁr1 57 6
3

to the tree-level equation of motion §5/0nY, with some one-loop order coefficients a?:

~). (3.42)
£19]

Since a¥[¢] are one-loop order, we can replace S with T', as the difference introduced
will be two-loop order. For the same reason, we can keep the accuracy only to the first

power of a¥[¢]. Carrying out these manipulations, we get

718 - [l ol (2

£18) - sl + 1) (3

M) =T [ flo] + a[g?s]] . (3.43)

This shows that up to one-loop order, the 1PI effective actions I'[¢] and I'[¢] again
satisfy the transformation relation in Eq. (3.2), where the functional ¢[¢] is identified
as

old] = f[d] +ald]. (3.44)

The transformation lemma then implies that on-shell amplitudes up to one-loop order
are invariant under the field redefinition in Eq. (3.33).
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4 Towards a Geometric Interpretation

In the previous section, we used the transformation lemma to show that the tree-level
and one-loop amputated correlation functions transform as tensors under generalized
field redefinitions up to terms that vanish when the sources are set to zero and the
external states are taken to be on shell. Since the proof of the transformation lemma
in Sec. 3.1 is rather technical, it would be useful to have a more intuitive explanation
of these results. With this motivation in mind, we note that the recursion relation
Eq. (2.32) appears to have a tensor-like structure — the relation between the n+ 1 and
the n leg results resembles that of a covariant derivative acting on a tensor:

0
= 5o

2

n
— Y . -
Mo oananin My, =D G Mgy = Vara Moy, - (41)
=1

Having the notion of a covariant derivative evokes the expectation that this can be used
to define parallel transport along some kind of geometric space.

However, such a geometric interpretation requires that we can identify a manifold
such that

d
a) The functional derivative — can be interpreted as a coordinate derivative. (4.2a)

Yol
b) The factor GY ,, serves as a connection. (4.2b)
c) The amputated correlation functions M, ...,, transform as tensors. (4.2¢)

We already know that the third condition fails. When the transformation lemma ap-
plies, the amputated correlation functions do not transform as tensors, due to the extra
evanescent term:

T ¥ — JpY? Sy
T3 =T[6ld] = Mo, = 220000

a — Myyoy + Uy, - (43
gm oo Y 43

Nevertheless, one could imagine that some sort of procedure to quotient out the evanes-
cent terms exists, leaving behind a well defined “projective” geometry, that we will refer
to as “functional geometry.” This section is devoted to exploring the possibility that
the resulting “functional manifold” could be constructed. In particular, we will discuss
aspects where this approach appears to be successful, and we will highlight some ways
in which it fails. We will also comment on the relation between functional geometry
and the well-established field space geometry formalism (which does not incorporate
derivative field redefinitions).
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4.1 Evidence for a Functional Manifold: Success and Failure

We begin by checking the condition in Eq. (4.2a). Our goal is to find a manifold on
5

which the functional derivatives 5o can be identified with coordinate derivatives. To
this end, we consider the so-called “field configuration space,” which is the collection
of all the ¢(x) field configurations that are integrated over when computing the path
integral. This space is naturally endowed with a functional differentiable structure,
and hence can be viewed as a differential manifold, albeit an infinite dimensional one
[61, 102, 103]. We refer to this manifold as the “functional manifold.”

One way to parameterize the field configuration space is to simply specify the values

of the field at all the spacetime points:
{qu ! x € spacetime} . (4.4)

Each allowed value of the set of variables in Eq. (4.4) gives a specific field configura-
tion ¢(x), and by our construction, corresponds to a specific point on the functional
manifold. The whole functional manifold is a collection of all such points. The func-
tional manifold is therefore charted by {¢*}. Functions on this manifold are functions
of the field configurations, or equivalently functionals of the field ¢*, for example the
1PT effective action I'[¢]. Therefore, functional derivatives with respect to the field ¢®
are just coordinate derivatives on this manifold, and they form a basis for the tangent
space:

)
{ e with ¢” parameterizing the configuration space} : (4.5)

4.1.1 Success: 1PI Effective Action as a Scalar

We argued in Sec. 3.2 that under a general field redefinition parameterized by Eq. (3.6),
the 1PI effective action (up to one-loop level) transforms as in Eq. (4.3):

L[o] =T [¢[0] - (4.6)

As a functional relation, ¢[¢] is a map between the two field configurations, {¢*} and
{gg"”} Alternatively, one can view this map as reparameterizing a point on the functional
manifold {¢*} to the same point using the new set of variables {¢*}. Therefore, it is a
re-charting or coordinate change on the functional manifold.* From this point of view,
Eq. (4.6) means that the 1PI effective action transforms as a scalar on the functional
manifold.

4Note that this coordinate change gf)[g;)] is not necessarily the same as the field redefinition relation
n = fl7], c¢.f. Egs. (3.37) and (3.44).
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4.1.2 Success: Physical Vacuum as a Geometric Point

Since the 1PI effective action transforms as a scalar, its first functional derivative
transforms as a vector on the functional manifold (c.f. Eq. (3.8)):

6T S

6T
5 67

571y oo

Recall from Eq. (2.14) that the physical vacuum field configuration ¢,(z) (for the
original theory S[n]) is determined by

) (4.7)
(9]

or

S| =0 (4.8)

=0y

The transformation law in Eq. (4.7) then implies that the physical vacuum is a geometric
point on the functional manifold — it is independent of the chart chosen, and its
coordinates changing accordingly:

4.1.3 Failure: Evanescent Terms Ruin Covariance

Given these successes, we move on to check the conditions in Eqs. (4.2b) and (4.2c).
Unfortunately, it turns out that the functional manifold considered above fails to satisfy
these conditions. However, it is still enlightening to see how it fails, since this can
provide guidance for alternative constructions.

First, we can check the properties of GY , . We will argue that it does not have the
appropriate transformation rules to be interpreted as a connection. Following standard
methodology, we use {%, d¢"} as the bases of the tangent and cotangent spaces of the

functional manifold. Then a connection I' can be defined using

d ) d
0 (5¢y3> = Jo¥? V¢y2 (5@25_%) = J¢¥? FZ;yS ((5@33/1) , (410)

where '/l are components of the connection (not to be confused with the 1PT effective

action). Now consider a coordinate change gb[(ﬁ] The bases transform as tensors

5 d¢v o

e el (4.11a)
_ 5" .
5" = 55 5o . (4.11b)
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This leads to the following standard transformation law for a connection:

- Y2 Y3 §AT1 2 hy1 111
fo 2 Q0P OOROOT | 0OM 007
3 (5¢x2 5¢x3 5(/5111 3 5¢x25¢x3 5¢y1

(4.12)

Now comparing with the transformation property of GY . derived in Eq. (3.25),
we see that GY . does not satisfy Eq. (4.12). Therefore, it cannot serve as a connection
on the functional manifold. However, it is worth mentioning that the transformation
property of GY__ in Eq. (3.25) is very close to that in Eq. (4.12); the only difference is

12

that Eq. (3.25) contains an extra evanescent term. Given that GY . does not serve

as a connection on the functional manifold, the right-hand side of the recursion relation

7

in Eq. (4.1) cannot be interpreted as a covariant derivative “V,, "

The same essential obstruction holds for the amputated correlation functions. As
derived in Sec. 3, the transformation property of the amputated correlation functions
are given in Eq. (4.3). Clearly, they do not transform as tensors on the functional man-
ifold, again due to the extra evanescent term. So similar to the situation of Eq. (4.2b),
the condition in Eq. (4.2¢) is almost satisfied, except for the evanescent term.

4.1.4 Failure: Vanishing Curvature Tensor

We will now identify another fundamental issue with the functional geometry picture
as defined above. We show that if we ignore the evanescent term issue discussed above
and mindlessly use GY ., defined in Eq. (2.30) as a connection to compute the Riemann
curvature tensor, then it vanishes. One straightforward way to see this follows directly
from the recursion relation Eq. (4.1) — using it twice, we find

Mgy = Vo Vy My g (4.13)
Then the crossing symmetry of M, ..., between the legs y and z implies that
Vy, VMg, w, =0, (4.14)

namely that there is no curvature. We will provide a bit more insight into this issue in
Sec. 4.2.5 below, in terms of so-called field space geometry.

4.2 Relation to the Field Space Geometry

There is a well-established geometric picture for amplitudes in the literature [56-66,
based on the idea of the “field space manifold,” which accommodates a narrower set
of field redefinitions, namely those that do not involve derivatives. In this section, we
comment on the relation between the functional manifold and the field space manifold.
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We will also discuss how a variety of quantities on the functional manifold reproduce
geometric statements that have been derived using the field space geometry picture.
Some of these have been shown in [5|. Here we give a more detailed discussion.

4.2.1 Review of Field Space Geometry

We briefly review the field space geometry picture. For this purpose, we again focus
on the case of scalar fields, similar with Sec. 2.1. We consider an EFT of scalar fields
{#*}. The most general Lagrangian involving up to two derivatives is:

L= —V(0)+ 5 0u(0)(00°) (00") + O(2") (4.15)
V(¢) and g.(¢) can be interpreted as functions on the so-called “field space manifold,”
which consists of all the allowed field space (or target space) points. Note that each
point on the field space manifold is specified by the set of values {¢”}, so it is a finite
dimensional manifold, with its dimension being the number of field flavors. The field
space geometry deals with the differential geometry on this manifold.

A field redefinition without derivatives

o= f(9), (4.16)

can be viewed as a coordinate change on the field space manifold. As usual, the bases
&l

of its tangent and cotangent spaces { d¢?} transform as tensors

g%

o 9 0

05~ 00 00 )
Ta __ a(;;a b

4" = 557 49" (4.17b)

Using these bases, a connection on the manifold can be introduced as

O\ _ g O\ _ e (9
d(%):d(ﬁ Vd’b <8T¢C>:d¢ FbC(aTw)’ (418)

where ['?, are the connection components (not to be confused with 1PI effective actions).
A covariant derivative of a general tensor is then given by

vc Ta...bm _ ac Tamb... + <1“Zk ka + .. > — <1—‘12b Tamk... + i ) . (419)

We note that the function g.(¢) transforms as a (0,2)-tensor under the non-
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derivative field redefinition in Eq. (4.16):

_ dg°
gab(¢) aza azb

9ed(9) - (4.20)

This object is a natural choice of a metric on the field space manifold. If we require
the connection in Eq. (4.18) to be compatible with this metric, i.e., V. ga = 0, we get
the usual Levi-Civita connection:

be = %gak (Grbe + Geb — Goek) 5 (4.21)
where indices following a comma denote partial derivatives.

The field space geometry is a Riemannian geometry. On-shell amplitudes can be
written in terms of geometric tensors on the field space manifold, multiplied by addi-
tional kinematic factors. For example, for the theory up to two-derivative interactions
given in Eq. (4.15), the three-point amplitudes can be written as

(H ?2{;) ajaszas (ﬁluﬁ%ﬁ?)) = V; (araz2a3) - (422>

Here indices following a semicolon denote covariant derivatives under the Levi-Civita
connection in Eq. (4.21), and the parentheses denote a normalized symmetrization of
these indices. The bars on the geometric quantities, g.5, V', etc. indicates evaluat-
ing them at the physical vacuum point on the field space manifold. The four-point
amplitudes have a similar but richer expression:

4
_ o = 1 =
- (H gi{i) Aa1a2a3a4 (p17p27p37p4) = V;(a1a2a3a4) + g Z Sinai(akal)aj

i=1 i<j

—be
P g N
+ 1 V.iaa —V.aac} . (4.23
{,(1217)812 mz 7(34)3pers ( )

where R.p.q denotes the Riemann curvature tensor derived from the metric g4, in the
standard way. We see from these examples that the field space geometry does not
address the kinematic factors in the amplitudes. It only provides a geometric interpre-

tation for the coefficients of each kinematic combination that can appear.’®

®Note that Eqs. (4.22) and (4.23) assume w.l.o.g. that g,, and V.., = m27,, are diagonal. See
[77, 78] for details of how to avoid this assumption with the use of vielbeins.
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4.2.2 Embedding the Field Space Manifold into the Functional Manifold

The field space geometry is constructed on the manifold of the field space, while the
functional manifold discussed in Sec. 4.1 consists of the field configuration space. There-
fore, the finite dimensional field space manifold could be identified with a submanifold
of the infinite dimensional functional manifold, defined by the restriction that it only
contains the constant field configurations.

However, this is not to say that the field space geometry only handles constant field
configurations. It addresses arbitrary field configurations by invoking the field maps
¢*(x) from the spacetime manifold to the field space manifold, inducing a factorized
structure of the connection (c.f. Eq. (4.18)):

dg = da# (9,8") =  d (a%c) — do| (9,0") T (a%a) S (429

The term in the squared bracket can be viewed as a connection that defines a covariant
derivative 2, on the spacetime manifold; see e.g. [66]. For example, the first derivative
of the potential V., = V., is a (0, 1)-tensor on the field space manifold. Its spacetime
covariant derivative is then given by

@,u,‘/;a = ap‘/;a - Fga (au¢b) V;c - (8u¢b) vb‘/;a = (au¢b) V;alw (425>

On the other hand, the functional manifold is formed by all the field maps {¢*(x)}.
The bases of its tangent and cotangent space are “promoted” from the field space
manifold version into (c.f. Eq. (4.11))

0 )
Do — 5o (a) (4.26a)
dg*  —  6¢%(x). (4.26D)

4.2.3 Reproducing the Connection on the Field Space Manifold

We would like to reproduce geometric quantities on the field space manifold from quanti-
ties on the functional manifold. To this end, we should restrict the functional manifold
quantities onto the submanifold formed by constant field configurations, namely by
taking

0,0" =0. (4.27)

In what follows, we will show how to reproduce the field space manifold connection I'j,

from GY

Y oy, even though the latter does not serve as a connection on the functional

manifold. More specifically, we will take the definition of G¥ ,, in Eq. (2.30) and apply

z2
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it to the theory given by the Lagrangian in Eq. (4.15) at the tree level. We then restrict
the resulting expression onto the submanifold formed by constant field configurations,
and show that this gives us I'}..

We begin with the 1PI effective action at tree level, which is just the action:

r(6) = 5061 = [ ' [V + Jaale) 0,0 @] . a29)
Here everything in the squared bracket is evaluated at the spacetime point x, as indi-
cated by the subscript « shorthand. Note that without following a comma or semicolon,
this subscript = is not denoting a functional derivative, but simply denotes evaluating
the function at x, as in the cases of ¢* and J,. Note that we are keeping the flavor
indices explicit. We need its first functional derivative

or
d¢ (1)

its second functional derivative

== [Qm‘ (32¢i) + (gai,j - %gij,a) (8,0 (0" &) + Va} ; (4.29)

1

6°T
6 (21)0¢b(w2)

= _{(gab);m [8254(1;1 - x2)} + (gai,ba2¢i)wl 54(1'1 - x?)

+ [(gab,i - gib,a + gai,b) (augbl)}xl [8M64($1 - 1'2)]
+ [(9aigo — 39i5.00) (0u0")(0" )], 6" (21 — w2)

+ (Vab)ay 0% (21 — xz)} : (4.30)
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and its third functional derivative

5 s st
50 (21)000 (2)00" () = _{(gab,k)xl [8 0% (zq 2)]5 (1 )

+ (Garp)ay 0 (21 — 22) [0%0" (21 — 2)]

+ (Gabk — Gkbia + Gakb)zy [au54($1 - $2)] [3”54(% - Zﬂ

+ [(Gavik = Giv.ak + Gaink) (0u0")] [0 (21 — 29)]0% (21 — 2)

+ [(Gaiks = Gikab + Garv) (0u0")] 0" (1 — @2) [016" (21 — 2)]

+ [Gai i ( + (Gaijok — 39i7.a08) (0,0") (O ¢)] | 6% (w1 — 22)0" (21 — 2)

4 (Via)ay 04 (1 — 22)8 (21 — z)} . (4.31)

Now using the definition in Eq. (2.30) and restricting to the constant field configura-
tions, we get
5T

’8“¢a:0 - 067 (1)0¢b (22)d6"(2) iD*(z:)

sz(xl, T2; y)

0 ¢p*=0
= /d%{gab,k [8254(1’1 — .2132)} 54(1'1 - Z) + gak,b54(:v1 — .%’2) [8264($1 — Z)}

+ (Gabk — Grba + Gak,b) [(’3u54(a:1 - 562)] [3“54(351 — 2)}

d4p

+ V,zzbk54($1 — I2)54(af:1 — z)} / W e—iP(Z—y) —1

. 4.32
gkcp2 - V:kc ( )

It is more convenient to take a Fourier transform

4 4 4 i +1 —1 .
/d r d*z, d yezplan iP272 o —1qY [sz (C(]l,xz,y) ’3u¢a:0]

= (27)454(171 +p2—q) [%(gka,b + Gkba — Yab, K@+ (gab k — Gkba T Gkab) pi

ke q2 - ch

+ 5 (Gabk + Grba — Grap) D3 — V,abk;] : (4.33)

We see that when the potential is absent in the theory, and the external momenta py, po
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are on shell p = p3 = 0, we indeed reproduce the field space manifold connection:

/d4x1 Ay dty PTG (21, 723 y) ‘Bugba:O]
= (2m)* 5 (pr+ P2 — ) TG, (4.34)

or equivalently written with the external wavefunctions (Eq. (2.24)) as

Y (P1) V™ (D2) |Gy (21, 723 Y) |6u¢a:0] = R}/z VY(p1+p2) Iy - (4.35)

When the potential is present, I'¢, is reproduced from G¢, (21, x9;y) in the kinematic
limit of large ¢?. These results demonstrate that GY. ., serves as a generalization of I'y,,
even though it does not have a geometric meaning on the functional manifold.

4.2.4 Reproducing the Geometric Soft Theorem

A nice result obtained from the field space geometry picture is the so-called geometric
soft theorem [77]. When applied to the scalar field theory in Eq. (4.15) with only
the two-derivative term,® it states that in the soft kinematic limit of the (n + 1)%
leg (labeled by the flavor index b below), the on-shell amplitudes satisfy the following
recursion relation

lljlil(l) 'Aar--anb (]51, e aﬁm Q) = R717/2 Vb Aal'“an (ﬁh e 71571) ) (436)

where V, is the covariant derivative on the field space manifold; see Eq. (4.19) for
explicit expression. In this subsection, we show that the tensor-like recursion relation
in Eq. (4.1) serves as a generalized version of Eq. (4.36), in the sense that it reproduces
Eq. (4.36) when restricted to the submanifold of constant field configurations.”

We begin with the functional derivative part of Eq. (4.1). When restricted to the

submanifold of constant field configurations, and taking the ¢ — 0 limit, we have

lim wy(Q) MJ’L(Z/) [Mal"-an (xh T 7xn>‘au¢a:0i| = qu7/2 a%gb Mar--an (mla T ,Z‘n) : (437>

q—0

6We focus on the zero potential case here for simplicity of the presentation. When the potential
term is turned on, the geometric soft theorem is slightly more complicated; see Eq. (17) in [77]. It can
be also reproduced in a similar way.

"Note that the residue factor R}/ % in Eq. (4.36) can be extracted from the analogous all-order
expression in [77] by changing from a mass basis to a flavor basis index. We assume no mass mixing
between flavor eigenstates.
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Now using Eq. (2.27), we get

lim |:(27T>464(p1 + -+ Pn + Q) ’iAa1~--anb (pla oy Doy Q)]

q—0

= [0 (p1) - - 0" (pa) V¥ (q)] [—iMal---anb (@1, T, Y) }J:O}

o
D T v qyZn n Y s Mal---an y ., Ty
7 n) 7o) (0)] [~ Moo (ar0eee )| |

.0
= R}/Q [wml (pl) T ’l/}xn (pn)] |:_Z_b Mal...an (3717 T ;wn)l

99 J=0
= (271')4(54(]91 + .- —l—pn) R;pgﬂ) iAal-uan (pl, te ,pn) s (438)

or simply

lim A (p1,--- )DRI/QiA (p1,-- »Pn) (4.39)
40 a1--anb \P1, yPnyq n 8@517 a1--an \P1, yPn) - .

Next let us work out the connection part of Eq. (4.1). Taking the momenta to be
on-shell, i.e., p; = p; and ¢ = ¢, we can make use of Eq. (4.35) to get

(2m)*0 Py + -+ + Po + @) iAayeand (Pro P 0)
>[4 (pr) -+ 0" (B) (@)
X /d4z[ — Gy, (Y, 215 2) ’ama:o] [—i./\/lm...an (z,@9, -, xy) ‘J:O}

= B2 [0 (51 + @) 07 (32) -+ ()] T, [iM o, (2 ) ||

= (2m)*6*(P1 + -+ + P + @) RY? (—Ta,) iAcagean (Pr + @ P2y -+, Dn) - (4.40)
Taking the soft limit, this reads

(ljlgé Aarans (P10 @) D RY? (—T4,,) Acaseean (1,02, -+ 5 D) - (4.41)
Combining Eqgs. (4.39) and (4.41), we obtain Eq. (4.36).

4.2.5 Revisiting Vanishing Curvature for Functional Geometry

We can gain some insight into why we are finding that functional geometry has zero
curvature (see Sec. 4.1.4) by comparing with the case of field space geometry. Consider
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the expression in Eq. (4.23) for the four-point amplitude written using field space
geometry. The amplitude is written as a sum of several terms, and each can be expressed
as a geometric quantity multiplied by kinematic dependence. Under a non-derivative
field redefinition, each term here is individually invariant. On the other hand, when a
derivative field redefinition is carried out, each term alone will no longer have a well-
defined geometric meaning. However, the total amplitude is of course still invariant. A
repackaged expression of Eq. (4.23) is desired to make this invariance manifest, which
would serve as a generalization of the field space geometry. This is what we hoped (and
failed) to accomplish by introducing functional geometry.

Taking a closer look at the expression in Eq. (4.23), we note that it contains two
types of geometric quantities: some of its terms are fully determined by the Riemann
curvature tensor, which is the intrinsic geometry of the field space manifold endowed
with the metric g,(¢), while others depend on external input functions on the manifold,
such as the potential V' (¢). From this point of view, a generalization of the field space
geometry will repackage Eq. (4.23) still into these two types of geometric quantities,
under the new notion of geometry. Apparently, what the functional geometry picture
has done is to package everything into the second type. The intrinsic geometry is
trivialized since the curvature vanishes, and the amplitude is fully determined by an
external input function, namely the 1PT effective action I'[¢].

4.3 Exploring Modified Source Terms

In this section we consider if modifications of the source term that appears in the path
integral can change the conclusions about the lack of curvature for functional geometry.
Modifications of the source term in the partition function change the off-shell behavior
of correlators but leave amplitudes invariant. This statement is a key feature of the
traditional argument for field redefinition invariance of amplitudes, see e.g. [4] and
App. A. The freedom to modify the source term has also been used by Vilkovisky
[60] and DeWitt [61, 63] to define specific effective actions whose correlators transform
covariantly with respect to transformations in field space; the same freedom may be
useful here for removing evanescent terms in configuration space.

We define a new partition function Z [J], which differs from Eq. (2.1) by an addi-
tional source term 07[n, J]:

Z|J) = / Dy S tidan"+ioTnJ] (4.42)

We assume that d7[n, J| has a smooth dependence on 7, which admits the following
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functional expansion

0T = JS D (=) + 52, (=) (=) + T2 (9= (0 —1)*2 (p—n) " +. .. (4.43)

where the coefficients J@ are 1 independent, but functionals of J. Note that  here is
a functional of J, which is implicitly determined through its definition

B f Dn ny 6iS+iJz17“”+i§T

¢ = < >6T,J - fDU 6i5+ijznx+i5T (444>

It is expected that the j&)yk are local, in that they are only supported when y; = yo =
. = Yy, but the following analysis does not rely on this.

Therefore, Eq. (4.43) is an expansion of the i dependence about its quantum vev.
This is done to reduce the size of the ensuing expressions, and we can make this shift
without loss of generality. Eq. (4.43) could be rewritten as an expansion about n = 0:
as ¢ is a functional of J, the ¢ terms can be absorbed in Eq. (4.43) through redefinitions
of the J, up to an n-independent phase which drops out of all correlators.®

We define a set of analogous tilded quantities that are modified with respect to the
quantities in previous sections due to the presence of the extra source terms:

ny <n n >6T,J7 conn (445&)
_Z'Mv$1"'x" = (H 5;@1) <77.7Jl U 77yn>6T,J, conn (445b)
Gilwg = ZEZ?J -//\-\/l_/yaumg ) (445C)
-~
VyMayay = S M., ZGW oy (4.45d)

Working to first order in the extra source terms, any modified correlator can be ex-

8Note that the definition of ¢~>?j, Eq. (4.44), is self-referential, but it can be iteratively solved to an
arbitrarily high power of J and J(®.
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panded in terms of unmodified ones

f D77 ( . ) eiS-i-iJznz—i-iéT

- )>5T’J - fDn eiS+iJyn*+i6T
_ fDn ( .. )(1 + i(ST) oIS +idan® )
=yt ien)eserr T O0T)
= ((-+ )y + (- )i0T); — {(-+)),; (i6T) ; + O(6T?) . (4.46)

By further expanding Mv, G, and VM (which depend on products of correlators),
the linear dependence in 07 of the quantities in Eq. (4.45) then follows. We test the
resulting modifications to the recursion relation by computing the difference

D = i (Vo Moszaes = Moszaens ) (4.47)

which is zero in the unmodified path integral. This gives

7(2 7(3 d d .
D= {Jl(ll?);lz,m + 3‘]?512;2%4} D e (ZMd1d2f1 DflfQMfzwlmm + Md1d2331$2273
- [Mdld2f1DflfQMf2f3$1Df3f4Mf42213 - Z'-/\/ld107/2f1951Dflfz-/\/lfzmﬂ?a* + cyCS} )
Y1Y2Y3,%4 Y1Yy2Y3r4

_ { J® 44w } Dyidi pyada Hysds

X (iMdlldefl Dflf2Mf2$1$2$3 + Md1d2d3961272$3

- [Md1d2d3f1DflfQMf2f3$3Df3f4Mf4$1$2 - iMd1d2d3f1$1Df1f2Mf2$2933 + CyCS} )

3 {4 48

Y1y271,T4 Y1Y2T1x4

} Dyldl Dy2d2

X (Md1d2:v2:v3 + iMd1d2f1Dflf2Mf2;B2:c3> + CYCS] —6 {j(B) + 4j(4)

T1T223,T4 th11'2-'53154}

+ [terms oc derivatives of JW| 4 [terms o J@ for i > 4] + O(61?), (4.48)

where ‘cycs’ refers to the terms generated by cyclically permuting i, x5, x3, and an
index after a comma denotes a functional derivative with respect to ¢, for example
jy(fz,z,u = (;M jﬁ;z (The underlining in this expression has no mathematical meaning
and will be used simply to identify terms in the discussion below.)

We note that the non-zero right-hand side of Eq. (4.48) cannot be wholly absorbed

by a redefinition of the “connection” G: . 5 GE 466G

Tr1x2 T1x2 T1x47

NZ . .
for some 0G7% ., linear in
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0T. This redefinition would exclusively generate terms of the form —55; eaMzzazs +

cycs. However, the underlined terms in Eq. (4.48) do not contain a piece M,,,,, for

some dummy index z, so they could not be set to zero by such a redefinition.
Nonetheless, the parts of ® shown in Eq. (4.48) can be set to zero for J@ satisfying

the conditions

JZS?Z)IQ,?B + 3J35?Z/2y3 = O(5T2) ) (449&)
szz)/zy&yz; + 4‘]15?@)/21/3314 = O(5T2) . (4.49b)

These describe some necessary conditions that additional source terms must satisfy to
maintain the recursion relation between correlators. These modifications, in analog
with the Vilkovisky and DeWitt effective actions, have the potential to change the
transformations of correlators under field redefinitions. This leaves open the exciting
possibility that a judicious choice of J® can remove the evanescent terms in G and
M, which prevent a clear geometric interpretation of this formalism. We leave this for
future work.

5 Conclusions and Outlook

In this paper, we provided a new perspective on the covariance properties of generalized
amplitudes under field redefinitions. We proved a result that connects the transforma-
tion properties of the 1PI effective action to the transformation of the generalized
amplitudes, which we called the transformation lemma. We then showed that this re-
sult can be applied to demonstrate the invariance of on-shell amplitudes under field
redefinitions for scalar field theories up to one-loop order.

The covariance properties of these objects is highly suggestive of an underlying
geometric interpretation, that we refer to as functional geometry. We explored the
ways in which this functional geometry construction succeeds and where it does not.
In particular, the curvature invariants (as computed by naively following the strategy
for Riemannian geometry) vanish, and it is currently unclear if a modified approach
(for example, adjusting the source term in the path integral) can resolve this issue.
Nonetheless, we showed that the functional geometry does reduce to the field space
geometry in the appropriate limits, which provides some evidence that this approach
is on the right track. See also [104] for recent progress on using n-particle irreducible
effective actions to study a geometric interpretation.

Generally speaking, any improved understanding of field redefinition freedom in
quantum field theory improves our understanding of the physical content of its La-
grangian. It also provides insight into the intricate structure of its amplitudes, which
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project out these field redefinition redundancies in a non-trivial way. There are many
open questions that we would like to explore in the future.

We expect that the condition on the transformation of the effective action, Eq. (3.2),
should hold to all orders in perturbation theory. Since we have only shown this up to
one loop, it would be very interesting to understand how this holds at two loops (and
beyond), which could help lead to an all-orders result. It is possible that a looser
assumption than Eq. (3.2) would still result in the transformation of the correlator
given in Eq. (3.3); understanding the minimal possible conditions on the transformation
of the effective action could further constrain the edge cases of the allowed space of
field redefinitions. It would also be useful to extend our results explicitly to fermionic
theories, as well as to understand how the gauge redundancy in gauge theories (whose
behavior is in many ways similar to the field redefinition freedom in an ungauged theory)
can be included in our framework.

It is worth considering the assumptions we have imposed on the possible space of
field redefinitions. In principle, the transformation lemma, Eq. (3.3), holds for any
invertible, infinitely differentiable (i.e. smooth) functional gb[q@] However, in order for
the “evanescent term” U to be projected out in the amplitude by LSZ reduction, we
have assumed many properties in our treatment of the on-shell states. In particular,
in Sec. 2.2, we assume properties of the pole structure of two-point correlator (whence
the usual restriction that field redefinitions should be local, in order not to disturb said
pole structure), as well as Poincaré invariance. This latter requirement of preserving
spacetime symmetry is unnecessary, and there are many examples of non-Poincaré
invariant field theories that have a well-defined S-matrix. It would be interesting to
extend the results of this paper to such non-Poincaré invariant theories.

One interesting intermediate step would be to define the wavefunctions 1 for J # 0,
and therefore define a J-dependent amplitude via the LSZ reduction formula Eq. (2.27),
which would describe scattering about an arbitrary spatially-dependent background.
Understanding the background dependence could be useful for investigating various IR
constraints on EFTs. Knowing the J-dependence of the amplitude would also allow
us to write a functional recursion relation for the amplitudes themselves, i.e., A in
addition to M, which could serve as a generalization of the expressions in [77] away
from the soft and spatially constant background limit.

Finally, the true nature of the functional geometry remains to be discovered. Per-
haps this can be accomplished by finding the appropriate source term in the path
integral as explored above. Another approach would be to find a way to quotient out
the evanescent terms in order to construct the functional manifold directly. It would
also be fascinating to understand if there is a connection between functional geometry
and recent progress understanding EFTs in terms of Lagrange space [88] and/or jet
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bundles [89, 90|. Clearly, we have only begun to address some of the most fundamental
questions regarding the connections between EFTs and geometry.
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Appendix

A Amplitude Invariance From the Path Integral

In this appendix, we briefly review the argument for amplitude invariance under field
redefinitions from the path integral point of view. This is largely repeating Section 6.2
in [4]. We include this appendix to make this paper self-contained.

To compute the amplitudes for a theory given by S[n|, one can start with the
generating functional W[J] defined in Eq. (2.1):

el = /Dn exp {zS[n] +z’/d4x J(a:)n(x)} , (A1)

which generates the connected correlation functions. Making an integration variable
change

n=flal, (A.2)

we get the same quantity rewritten as

W = /det <§—Z> Dij exp {z‘S[f[ﬁH +z‘/d4x J(x) £ [7] ($)}
- /Dﬁ exp {z (s[f[ﬁﬂ — ilog det (2—2)) +¢/d4xj(x)f[ﬁ] (:v)} . (A3)

Now, consider a slightly different generating functional W;[J]:

WAL _ /Dﬁ exp {2 (S [f[ﬁﬂ — ilogdet (%)) +i/d4a: J(x)ﬁ(x)} . (A4)
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where the difference is due to the last term in the exponent. As Wi[J] # W[J], it
generates a set of connected correlation functions that are different from the original
theory S[n]. However, the only difference between W;[J] and W/[J] is how the source
field J(x) is coupled to the theory:

/d4x J(z) f[7](x) Versus /d4x J(z)n(x). (A.5)

In such cases, for legitimate field redefinitions f [ﬁ], it is understood [3, 4] that upon
the LSZ reduction procedure, they yield the same on-shell amplitudes. Therefore, we
see from Eq. (A.4) that for the purposes of computing the on-shell amplitudes for the
theory S[n], one can alternatively work with a new theory given by the action S[7]:

S[i] = S[f [77]] —ilog det (g—g) : (A.6)

Note that the second piece from the Jacobian is one-loop sized. For tree-level calcu-
lations, one can ignore it and simply use the first term above as the new theory. For
loop-level calculations, if one works with dimensional regularization, the second piece
above also vanishes due to it being a scaleless integral (except for anomalous fermion
chiral transformations); see e.g. Ref. [3| for more detailed discussions. In this paper,
to make our statement independent of the choice of regularization scheme, we keep the
second piece above for the loop-level discussions.
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