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1 Introduction

Brane actions describe the dynamics of hypersurfaces embedded into larger-dimensional
spacetimes. These objects appear in many different contexts, such as in the study of thin
films and soap bubbles [1], inflationary model-building [2-5], as fundamental elements of
string theory [6], and the celebrated AdS/CFT correspondence [7]. In a quantum mechan-
ical setting, the S-matrix amplitudes associated to various brane models of the types we
will consider are distinguished in the space of all quantum field theories. For instance, the
scalar Dirac-Born-Infeld (DBI) theory and the non-linear sigma model (NLSM) both arise
as special limits of the classical action we consider in the following. As is well known, DBI
and NLSM amplitudes display many special properties, as they:

e Are constructible via soft-bootstrap methods, due to their “exceptional” soft-scaling
behavior [8-11]

o Exhibit non-trivial single- and double-soft limits inherited from non-linear symme-
tries [12-23]

 Belong to the handful of theories which appear in double-copy relations [24]
o Admit CHY representations [25, 26]

The preceding references are only a partial list and many straddle the different cate-
gories above.

In this paper, we study quantum corrections to generic brane models, starting from
the universal action which describes the brane bending modes of generic hypersurfaces.
Our methods apply to any system of spacetime dimension d + 1 > 2. In particular,
the co-dimension of the system and the bulk metric with which the higher-dimensional
spacetime is endowed are both left entirely arbitrary in our analysis. By taking various
limits, our general results smoothly interpolate between a variety of models which appear
in the modern amplitudes literature, such as DBI and the NLSM, and one of our central
results is the compact and manifestly covariant functional determinant (3.19) which encodes
all one-loop corrections for the systems of interest. Explicit formulas for the corresponding
logarithmic divergences in d + 1 = 4,6 are given for various cases.

A technical aspect of the analysis is that naive one-loop computations of the quantum
effective action will give results that do not respect the symmetries of the universal brane
action. It is well-known that this can occur when the symmetries of the original sytem are



non-linear [27-29], as is the case for generic brane systems. In order to yield manifestly
invariant results, we borrow techniques from non-Abelian gauge theory [30] and NLSM
analyses [31, 32] which were specifically developed to address this issue and we develop a
covariant perturbation theory which utilizes the natural geometry of hypersurfaces. We
then use the covariant heat kernel techniques reviewed in [33] to compute explicit expres-
sions for the corresponding one-loop, logarithmic divergences in various cases. Working in
the limited context of a single DBI scalar, we explicitly compare and contrast the results
of the covariant and non-covariant computations, emphasize the efficiency and elegance of
the covariant method, and demonstrate their ultimate physical equivalence

An example. The universal action for a DBI scalar field is commonly written as

St = /dd+1 J1+ (00 ~ /dd+1 (1 - %(a(p)? + é(8¢)4 +> @)

The structure of the action is protected by the following non-linear symmetry transforma-
tion:

dpp1 ¢ = 0" (w1 + #Oud) , (1.2)

where b is a constant, infinitesimal parameter. When one-loop corrections to the corre-
sponding quantum effective action, I'[¢], are computed starting from the action as written
n (1.1) (by using, e.g., Feynman diagrams or heat kernel methods), it is found that the
divergent stuctures do not respect the symmetry (1.2). For instance, in d + 1 = 4 the
leading, off-shell divergences are O(¢?):

1 1 47
Il¢] 5 W /d4$ [— ¢“¢aﬁ¢w¢uuﬁ + §¢M¢Vﬂ¢aa¢uuﬁ - Z¢“¢au¢w¢uﬂﬁ
11 1 29
= 0% s — 18" bars — L vdas |, (13)

where ... contains terms with two derivatives on each ¢ (see (4.7) for the full expression)
and ¢, = 0, ...0,¢. DBI invariance demands that (1.3) be symmetric under the field-
independent part of (1.2), ¢ — ¢ + bz, and it is straightforward to check that this test
fails. An extensive discussion of this system is continued in section 4.

The naive computation sketched above is clearly unsatisfactory. For one, the loss of
manifest DBI invariance leads to an unwanted (and unnecessary, as we will show) prolifera-
tion of divergent structures. For instance, the one-loop computation generates divergences
o 0%¢*, schematically, and there exist a plethora of independent operators of this general
form, only a small subset of which could have arisen from operators invariant under (1.2).
The gap in this counting grows as one goes higher in fields and/or loops. Additionally,
DBI is but one example in a family of closely-related, “exceptional” scalar theories whose
forms are dictated by non-linear symmetries. One expects similar issues to arise for other
models in this class and a conventional renormalization program would require treating
each theory and its attendant, messy divergences on a case-by-case basis.

In this work, we have overcome these concerns by uniting a wide variety of theories
under a single geometric framework and utilizing a scheme which manifestly preserves all



relevant symmetries. For instance, we provide in equation (3.22) an explicit, symmetry-
preserving master formula for the one-loop divergences arising in any d+1 = 4 dimensional
scalar field theory with non-linear symmetries that can be realized via a conventional
brane construction.

Outline. In section 2 we briefly review the construction of brane actions and discuss
their quantum corrections in general terms. Section 3 is devoted to the general analysis of
loop-corrections to brane systems and contains our main results, while section 4 highlights
the advantages of our method over naive approaches. In section 5 we discuss various limits
of our general results, including DBI and NLSM, and perform multiple non-trivial checks
on our formulas. In section 6 we conclude. Our conventions can be found in appendix A,
while the remaining appendices contain reviews of relevant topics and details of various
computations discussed in the main body of the paper.

2 Branes and loops

In this section we briefly review the construction of brane actions, the ingredients needed
for computing their loop corrections, and the subtleties which can arise in such calculations.

2.1 Brane actions and the universal term

The position of a (d+1)-dimensional brane in some larger (D+1)-dimensional spacetime can
be described with the help of embedding functions X4 (2#), A € {0,...,D}, p € {0,...,d}
which associate each point on the brane, z*, to a point in the larger spacetime, X4.
We will denote the brane by Mg.1 and the bulk by Mpy1, so that the X A are maps
x4 . Mgy — Mpyi. In a string theory context, such objects are referred to as Dp-
branes, where p = d.

If Mpy; is endowed with a metric Gap, the embedding functions induce a natural
metric g,,, on My via the pullback:

XA oXB
gul/(x) = Ok axV*gAB(X)- (2.1)

Associated to g, and G4p are the Riemann curvature tensors R, ,, and Rapcp, respec-

tively. The factors %):g;‘ also define (d + 1) bulk vectors e, = e#Aa)a( T = %f: a)‘? + which

are tangent to My, 1. Orthogonal to the e, are (D — d) normal vectors whose derivative

along the brane determine the (D — d) independent extrinsic curvature tensors K WA. The
preceding ingredients transform covariantly under both brane and bulk diffeomorphisms
and there exists a covariant derivative on the brane D, which respects both such transfor-
mations. For more on the geometry of generic hypersurfaces, see appendix B.

Invariant actions describing brane dynamics are built from diffeomorphism invariant
combinations of the natural geometric building blocks:

S = [ 480 /=g £ (90 Bruprs D™ Ko Giam Rapen, Va) o (22



with all indices contracted in the natural manner and all bulk quantities are pulled back to
Mgy1. The dynamical degrees of freedom in the preceding actions are the D + 1 functions
XA (z*). Bulk diffeomorphisms simply correspond to field-redefinitions of the X4’s, from
this point of view, while brane diffeomorphisms are true gauge symmetries. It is common in
the literature to use this gauge freedom to fix “unitary gauge” in which the first d+1 X4’s
are locked to the brane coordinates, X*(x) = z*, while the remaining fields are dynamical,
X% =¢% a € {d+1,...,D}. Any isometries of the bulk metric G4p turn into global
symmetries of the action (2.2). The ¢ degrees of freedom are sometimes referred to as
“branons” in the literature, as in [34-36]. While more general high-energy studies of branes
often include couplings to additional fields, such as the dilaton or various gauge bosons, in
the present work we exclusively focus on actions which describe the brane’s translational
degrees of freedom.

The universal term in the brane action is simply the lowest dimension operator con-
tained in (2.2), which is the volume element contribution'

Suniversal = — / Aty =g = — / Aty ¢ —det (8,X40,XBGap(X)). (2.3)
The remainder of this paper is devoted to studying one-loop corrections to the action? (2.3).

2.2 Divergences, field variables, and the quantum effective action

Our goal is to compute the quantum corrections to the universal brane action (2.3), focusing
on one-loop results, at present. Ideally, the output of any such computation would be valid
for arbitrary choices of bulk-metric G4p and bulk dimension D + 1 and maintain manifest
covariance with respect both brane and bulk diffeomorphisms. While the standard lore is
that the divergences respect all symmetries of the underlying action S, this statement is
not without its subtleties, as we address in following sections.

The framework we find most useful for computing the divergences is the quantum
effective action. Given an action S[¢] depending on some set of fields ¢, one probe of
the quantum properties of the system is the quantum effective action® I'[¢] which can be
defined through the path integral as

exp (iT[o]) = [ Dy exp (islo+ ) (2.4)

schematically, where the subscript on the integral indicates that when computing I'[¢]
diagrammatically, only diagrams which are 1-particle-irreducible (1PI) in ¢-lines are in-
cluded in the sum [30]. When S[¢] enjoys gauge symmetries, additional gauge-fixing and
ghost-terms are required for a proper definition of (2.4), as usual.

Ad+t prefactor should be included in Syniversal- We set this scale to unity here and

!Dimensionally, a ~
in analogous actions below for clarity of presentation. It is trivial to restore such factors in later expressions.

*We note that related studies in more restricted contexts can additionally be found in [37-39]. We thank
Arkady Tseytlin for making us aware of these references after the original version of this work appeared on
the arXiv.

3For notational simplicity, we use ¢ to denote the fields appearing in both the classical and quantum

effective actions, despite the fact that these are logically distinct quantities.



In the one-loop approximation, (2.4) simplifies to

o) e 5101 € e (ST el
exp (i) ~ p<5[¢] C1 (6@(@5@@)\@0%...)

= exp (iS[¢] + iT'1[o] + .. ) (2.5)

where ¢ is a number which depends on the nature of the fields ¢. While the preceding
expression for I'[¢] is valid regardless of whether ¢ extremizes I'[¢], we will restrict the
following calculations to the case where ¢ is a saddle point of the action S[¢]. In addition
to being technically advantageous to impose this condition, it is only the on-shell value
of I'[¢] which is physical. For instance, S-matrix amplitudes and tunneling rates follow
from on-shell computations using I'[¢] and in gauge-theory contexts, I'[¢] is only gauge-
independent when evaluated on-shell; see, e.g., [40-48]. At one-loop order it is sufficient
to use the tree-level on-shell conditions in both terms in (2.5), since the tree-level solution
already extremizes S[¢].

The form of I'; [¢] is in general sensitive to the details of the calculation. Gauge choices,
field parameterizations, and regularization procedures can each affect its functional form.
In particular, divergent terms in I'j[¢] are not guaranteed to respect any non-linear sym-
metries that S[¢] may enjoy [28, 29]. This fact is familiar from the study of NLSMs, for

instance, where wisely chosen®

computational schemes are required to keep all symmetries
manifest [27, 32, 49, 50]. However, since the underlying physics cannot depend on the pre-
ceding choices, all possible answers must somehow be physically equivalent. Concentrating
on the divergent pieces of I'1[¢], one expects that any required counterterms which appear
to break the original symmetries of the problem must be related to a manifestly symmetric
divergence after the use of field-redefinitions (equivalent to the use of on-shell conditions in
I'1[¢]) and integrations-by-parts, since the effect of such counterterms on S-matrix elements
is insensitive to these operations. We demonstrate this phenomenon explicitly in a concrete
example in section 4. In the following section, we realize the goal stated in the beginning
of this section by setting up a covariant form of brane perturbation theory and writing
the corresponding functional determinant whose form manifestly respects all symmetries
of the universal brane action and encodes all one-loop corrections to the system.

3 Covariant computations: generic branes

In this section, we develop the covariant perturbation theory appropriate for comput-
ing quantum corrections to brane actions via the background-field-method [30], including
appropriate gauge-fixing terms. The culmination of these efforts is the compact func-
tional determinant (3.19). The methods we use are familiar from the string theory liter-
ature [32, 49, 50]. However, because we only consider the cases where d +1 > 2, Weyl
invariance is lost and the present analysis differs from classic string theory scenarios.

4The essential point is that I'[¢] is only guaranteed to share the symmetries of the original problem when
they act on ¢ in a linear manner and so a wise scheme will use field variables which have this property.
More precisely, if one can choose the fluctuation field ¢ appearing in (2.4) such that its transformation is
linear, then the corresponding I'[¢] will share the symmetries of S[¢]. This is one of the central properties
of the background-field-method [30].



3.1 Nambu-Goto and Polyakov actions

The square-root in the universal, Nambu-Goto action (2.3) can be avoided by integrating
in an auxiliary metric g,,, which results in the Polyakov action

Sealo, X) = [ a0 vy (-3 oo x P + UYL e

In the following, we present in detail the one-loop calculation arising from (3.1). We have
also carried out the computation starting from the original action (2.3), which we comment
on in section 3.3. It turns out that Polyakov form of the action does not prove particularly
advantageous for our computation, as we comment on in section 3.3.

In (3.1), the g and X equations of motion set

g = 0, X0, XPGap(X)
0= VIV, XA+ V, XBVXT R = Dhe,d = —K 14 (3.2)

where V, is the brane-covariant derivative with respect to g,,, D,, is covariant with respect
to diffeomorphisms of both the bulk and brane (B.9), and all other ingredients are addressed
in section 2.1 and/or in appendix B. The on-shell conditions (3.2) will be used to simplify
the computation of the one-loop functional determinant.

3.2 The 1PI computation: Polyakov action

We now carry out the one-loop computation described in section 2.2 for the Polyakov
action (3.1).

3.2.1 Field variables

Though physical observables are insensitive to the choice of field variables and regulariza-
tion procedure, some options are nevertheless wiser than others. For the case of brane
actions depending on fields X4 which represent bulk coordinates, the naive way to in-
troduce fluctuations x4 for the background-field-method computation of section 2.2 is to
simply shift X4 — X4 +y4 in (3.1). However, because the x* introduced in this manner
are not proper tensors, this choice breaks manifest covariance. A more elegant choice is
to introduce x* by using normal coordinates around the point X4 in which case the y4’s
can be taken as tangent vectors to geodesics emanating from X4 [31, 32, 50] and are thus
properly tensorial. From the point of view of the quantum computation, this field choice
realizes the goal explained in Foot. 4 and ensures the covariance of the quantum effective
action. The explicit construction is reviewed in appendix C and the resulting terms which
are quadratic in fluctuations are

2 1 1
Sé’o)ly = /ddHJU vV—g ( - §D“XADMXA + §RABCDXAXCGMB€”D

1 1
Fhw " + gh2 + !, DY A) : (3.3)

where fluctuations of g,,,, denoted by h,,, were introduced by sending g,, — guv +

1
_ iheuADuXA _

huw. The on-shell conditions on background fields (3.2) were also imposed above. The
action (3.3) manifestly respects all expected symmetries which act on the fields in the
natural manner.



3.2.2 The functional determinant

The one-loop correction I';[g, X]| then arises from the functional determinant

T'[g, X] ilDt<525{Ddy >—i—ht determinant (3.4)

1lg, X] = = In De ghost — determinants .
2 0¢(x)d¢(y)

where Sp,, = é)o)ly + Sgr with Séo)ly as in (3.3) and Sgr a gauge-fixing term (dis-

cussed below), where the final piece above comes from the usual FP ghosts, and where
we have defined

62 Sl 6251,:’01 6251/301
__~ YPoly = Jho‘ﬂgx )ShHV (y) 6h0‘5§ )’5)( (y) ) (35)
5¢)( )(5¢( ) Pol 4 SPoly
ACOMT) AP ()
525!
Variational derivatives such as W% are defined so that z-variation is taken first so
525!
that WEH) naturally acts to the right on a y-valued object. The Sl()i)ly—dependent parts
of (3.5) are
3Se) 1 ~1 — et pgagD D
Poly —_ 19aBYpr — 39a(p9v)B 3¢ BYapPu + €(a|B|Vp)
5¢)($)6¢(y) %eaAguVDa + K/,LZ/A - 2eaAga(,uD ¢ aDRAC’BD ’
where the tree-level on-shell conditions K ““A = 0 were used to simplify and the
V=904 (x — y) factor was left implicit.
y . 65{301 .
Let us define G,05(,y) to be the inverse of I T
82Shy1 (o <o)
d+1 oly uvpo _ spgo)cd+1 .
/d z 5h°‘5(:1:)5h“”(z)G (z,y) = O(a05)0 (x—y), (3.6)

it is then useful to insert 1 into the determinant in the (schematic) form

525’
S 0 GO
0 1 01

after which the determinant usefully factorizes as

2 2 2 2 2
Det (5 Sholy )> = Det (5 Slgo”) x Det (5 Shoiy 0 Sbory 0 Sﬁ"’ly) , (38

0 ()09 (y 5h? % SxSh  Shdx
with proper index placements and arguments left implicit.
2¢(2)

Note that 6;20” is local in position space. If we choose our gauge fixing term such
2

§ S
that Sqgr does not involve derivatives of h,,, then 5h2

and the contribution of this term in the action will be
2Q!

; 528
r o %Tr In ( 5;;01y> o 6971(0), (3.9)

¥ will also be local in position space

which is vanishing in any scale-free regularization scheme, which we assume throughout.
The vanishing of §971(0) is used repeatedly below. If we further assume that Sgp is
entirely independent of h,,, then the propagator in (3.6) can be explicitly computed from



S go)ly alone,

1 2
Gaﬁpo(‘r’ y) = ﬁ (_2ga(pgo)5 + dlgaﬁgpa) 5d+1(gj - y) 3 (310)

and the final factor in (3.8) becomes

Det (525{301y 62‘9{301y Gdzslljoly>

dx2 dxoh Y%
AB 2 A _aByf ACDE B, 9°Sar
= Det ( PL"D" +2Kap"e""D” = PP "Repe” + ————— | (3.11)
dXxA0XB

where P, and P are projectors onto the spaces normal and tangent to the brane reviewed
in appendix B:

PAB = GAB _ oude B PH = ete B (3.12)
3.2.3 Projections and gauge-fixing

It is then convenient to project (3.11) by inserting 1 = P +P|| and separating the argument

of (3.11) into its various distinct components. Using the shorthand O + & SGF for the
operator in (3.11) and noting that P - O =0, due to the explicit P prOJectors and the

fact that K WA is normal to the brane, (3.11) is equivalently written as

528ar
dx2

Det ((9 +

(3.13)

52 S
_ Det P P P53 Po
Py (0+ 5 SGF) P Pl - (0+ Sge) .
5%Sqr .

The above suggests that it is wise to choose a gauge-fixing term which obeys P

P1 =0, since such a choice factorizes the preceding determinant:

5%Sar
52

2 2
P, =0 = Det <O+ 55i§F> = Det (P” 655C2;F 'P||> x Det (P -O-Py).

(3.14)

The following gauge-fixing function G, (x,X) realizes this goal while simultaneously pre-
serving manifest covariance:

1
Gu=xaVu X' = Sar = /dd“x V=056 00 VaX) (- VEX)
1 8% 1
OL = ZpfB (3.15)
V=90xa0xB £
The gauge-fixing term in (3.15) is additionally convenient as its one-loop contributions

to the 1PI action are completely trivial when a scale-free regularization scheme is used.
The first factor in (3.14) produces a term

7 1



and since P) is a diagonal operator in position space, the above is o (5‘”1(0) and hence
trivial for aforementioned reasons. The FP determinant associated to (3.15) contributes
trivially along the same lines

I'D>—iTrnd, (x +X)-9,X o< 671(0) — 0. (3.17)

3.2.4 Final form

Therefore, the only surviving contribution to the one-loop effective action is
i
Py=Trln [Pfy (PEZDQ +2Ka5Y e?? D — PYUPY WRUVWZ) PLZB} . (3.18)

The trace is taken over the space of tensors normal to the brane and the above can be
more naturally written in terms of the covariant derivative which maps normal tensors to
normal tensors: D, =P, - D - P, schematically; see (B.13). After translation, we find

T, = %Tr In (PLPD? + Kog K9P — P Ry x PV PYP) (3.19)

Since the number of physical degrees of freedom is given by the co-dimension of the brane,
D — d, it is pleasing that the ultimate functional trace is over a subspace of the same
dimensionality: tr PfB = D — d. Functional traces of precisely the above form are well-
studied and the logarithmically divergent terms are known in various dimensions; see,
e.g., [33, 51, 52] and appendix D for a review.

3.3 Nambu-Goto vs. Polyakov

Starting with the Polyakov form of the action was not necessary or even necessarily helpful
for this calculation. If we had started with the square-root form of the action (2.3) and
introduced x by shifting g,, = 8MXA8,,XBQAB by guv — guv + by with

huw = 2D x ey a + Dux*Duxa — Rapepeu e, “xPx” (3.20)

as follows from (C.10), and added the gauge-fixing term (3.15) to the action, a straight-
forward calculation shows that we would have arrived at precisely the same ultimate re-
sult (3.19) without the need for introducing an independent g, field. The calculation
started with the Polyakov action (3.1) was presented in order to make better contact with
standard string theory methods. It is possible that the Polyakov-like form of the action
would prove more advantageous when studying actions beyond the universal form (2.3) or
when computing to higher-orders in loops.

3.4 Explicit results

We can compute the logarithmic divergences arising from (3.19) using the well-known heat
kernel results reviewed in appendix D. Using dimensional regularization in d + 1 — 2¢
dimensions, one-loop divergences occur when d + 1 = 2n, n € Z and are given by (D.11)

1 .
TrinO D e /d2 z\/—g(x) tr [ap(z)] , (3.21)

where the a,’s are the Seeley-DeWitt coefficients associated to the operator appearing

in (3.19) and which are reviewed in appendix D.



3.4.1 General formulad+1=4

When d + 1 = 4, we find that after using the Gauss-Codazzi relations (B.15) to remove
all instances of the brane Riemann curvature R,,,,, the coefficient which controls the
divergence is

tr [aa) = (352) 0 g+ (B52) (KHP )

2D (kA a) (P )~ (42“3) (KA 1) (P )

aA ,BBK 'yCKﬁ RABCD""E (—3—|—D) 60"4€ﬁB€WC€5DKa,3EK75ERAcBD

_l’_

= w\n—ﬂh

+

/CAB)PH RACBD+$(*3+D) e Ko Koy P Rapps

— (KA PECPPER g pep+ 55 (9 D) (KA 4)PPCPPER ppes
PfBPfDPﬁEFP” RACEGRBDFH+180( 3+ D) PP PP P RaceaRBprH
+§7DLB7DED7?|FFPHGHRAECFRBGDH+ I (3=D) PP PP P P RacsER bGP
+%73LB7?”CDP|J|5F7?H RACBDREGFH+7 (=3+D)P{ PP PP RacspRecrn
+D1 (55 (8- D)A )+ gPLOPPPRacsp + 55 (=34 DYPFPPf PRacsn) . (322)

@\H

where we used the condensed notation (KABY) = K M”AKVPB K,*¢ and similar for traces

over spacetime indices of extrinsic curvatures where possible.

3.4.2 Flat bulk formulad+1 =26

When d 4 1 = 6, an expression similar to (3.22) may be derived for the general case, but
due to its length we will not reproduce it here. In the simplified case where the bulk is
flat, Rapcp = 0, relevant to the DBI and multi-field DBI [53] scenarios, the expressions
are more manageable and the result can be written in terms of the following basis:

tr [ag] = a1 (K 4P 5Cc) + aa (K 4P 5% 0) + as (KB 4 pe)
+ ag(KAPIC 4 po) + as (KA 59 4B )
+ b (KAPOY (K ape) + ba (KA 5oy (KKaPI) + by (KA 4) (KB 5 )
+ ba (K A (KPIC o) + b5 (KA AN KPP )
e (KA ) + ea (KA ) (K 0) + es (K ) (KP) ) (K )
+ di (KAA) Vo KW BVEKY g 4+ dy KUK 54V o K, DIV K g
+ dgKBA’[AKmAVaKWB}VBKWB + (total derivatives) (3.23)

where the set of total derivatives includes the dimension d + 1 = 6 topological term (E.1)
and we employed the same condensed notation representing traces as was used in (3.22).
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The explicit results of the computation give:

a 23D—325
1 9450
a 105725—523D
2 94500
a 89D—57775
3 31500
_ 2(24D—8975)
aq 7875
b —2D—2125
1 7875
8D+65
ba 14175
31D+30925
bs 47250
b 41D—5275
41 6750 (3.24)
b 34675—89D
5 47250
c 113D—2077
1 3730
c 377—67D
2 7560
c 47275—89D
3 94500
c 261D—3650
4 15750
13D+145
dy 2100
26
do T
D+4205
d3 525

A perturbative check of this result is discussed in section 5.1.

4 Non-covariant calculations: DBI example

In this section we perform a naive, one-loop computation of (2.5) using heat-kernel methods
for the concrete case of co-dimension-1 Dirac-Born-Infeld (DBI) in d + 1 = 4 in order to
demonstrate the disadvantages of non-covariant approaches to the problem in comparison
to the covariant analysis of section 3. The analogous d + 1 = 6 computation is discussed
in appendix E.

4.1 DBI review

DBI describes® the co-dimension-1 limit of (2.3) in which the bulk spacetime is flat: D =
d+1 and Gap = nap. The DBI effective field theory (EFT) possesses a host of remarkable
properties. Its amplitudes have exceptional soft-limit behavior [8, 9, 13, 15, 16, 22] and

5The usage of “DBI” varies throughout the literature and elsewhere it can refer to generalized versions
of (2.3) where additional fields appear in the determinant, for instance. Our usage of DBI strictly refers to
the model (4.3).
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are one of the distinguished theories which arise in double-copy constructions (see [24] for
a review). Interesting perspectives on their symmetry properties can be found in [54-56]
and some phenomenological features are discussed in [23, 57]. The DBI literature is vast
and the preceding works represent only a select fraction of the whole.

After fixing unitary gauge, X“(z) = (z*, ), the various geometric ingredients dis-
cussed in section 2.1 become

Guv = Nuv + 8u¢au¢a g,uz/ = "7/“/ - 728#¢8V¢7 vV —4 = ’7_1
o\ —1/2
Ky = —10,000, v=(1+09)?) ", (4.1)
where here and below (9¢)? = n*9,¢9,¢. The Gauss-Codazzi relations (B.15) further
determine that

R(9lywpoe = KppKvoe — KuoKup, VuKyp,=Vi,K,,, (4.2)

where V, is the covariant derivative with respect to the DBI metric in (4.1). See [57-59],
for instance, for expanded discussions of the geometry of DBI.
The universal part of the action (2.3) is

SpBI = — /ddHUC 1+ (0¢)?

4 6
z-/&“%<1+;w@2—“ﬁ)+«ﬁ)+“>. (4.3)

The above action inherits the ISO(d + 1, 1) symmetries of the bulk 745 metric which act
on the X%’s in the usual, linear manner: X4 — wARXP 4 4. After fixing unitary
gauge, however, the realization becomes non-linear on ¢ as the symmetries of the gauge-
fixed action arise as those combinations of X4 transformations and brane diffeomorphism
which preserve the gauge condition X# = z#; see, e.g., [57] for a longer discussion. While
a ISO(d, 1) subgroup acts on the field as ¢(a#) — @(z# + wh, a¥ + €/), the remaining
symmetries of (4.3) are

opBI¢(x) = ¢+ V' (x4 + ¢0u9) (4.4)
where ¢ and b* are constants. Under (4.4), g, transforms under a diffeomorphism:
5guu - ££g;w = 2V(y§y) ) flt = g,w/by¢v (4'5)

and K, transforms similarly. The non-linear symmetries (4.4) fix the entire structure
of (4.3), determining all relative coefficients in the expansion. The equation of motion can
be written as
0SpBI
o¢(x)
where K = K*, and O the Laplacian for the DBI metric (4.6). The vacuum solution
to (4.3) is ¢ = constant, corresponding to a flat g,,, = 1, brane, and this configuration can

1
- _K = -0, 4.6
-0 (4.6)

be viewed as an instance of spontaneous symmetry breaking with pattern ISO(d+1,1) —
ISO(d,1). Analyses of this symmetry breaking pattern in which (4.3) arises from a coset
construction can be found in [60, 61], for instance.
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4.2 One-loop corrections to DBI (naive)

Now consider the one-loop corrections to the DBI action as computed via (2.5). If the
divergences respect the DBI symmetries, then I'y can be written as a function of the
extrinsic curvature of K, and covariant derivatives thereof alone. We will see that when
I'1 is computed in the present field variables, this expectation is not manifestly realized. As
discussed previously, this stems directly from our choice of field variables for which the DBI
symmetries act non-linearly (4.4). However, we will also show that the divergence contains
the same physical content as the manifestly invariant expressions in (3.22), as anticipated
by the discussion in section 2.2. The following computation was considered in [62] and
below we present additional details of the calculation. We first discuss the computation of
the O(¢?) terms in T'y[¢] via traditional Feynman diagram methods and then move on to
an all-orders-in-¢ computation via a naive heat kernel application.

Feynman diagrams. At low orders in ¢, it is feasible to compute I'; [¢] through standard
Feynman methods and the result at O(¢?) is

1 37
I> W /d4x |:¢Mu¢uﬂ¢aﬁ¢al/_8¢ua¢ua¢uﬂ¢yﬁ_¢uy¢”a¢uﬁ¢a6 (47)
a8 0 B 1808 5~ 8PS Dy 5 6 0Dy
47 1 1 29
L G B s b 5 1B Bas— 6B 08

where ¢, = 0 ... 0,¢ as before and 7,,, was used in all contractions. It is straightforward
to verify that the above divergence cannot be written as the unitary-gauge-limit of any
combination of DBI-covariant operators (nor is it integrations-by-parts equivalent to any
such terms). While one can in principle also compute at higher orders in ¢ with Feynman
diagrams, such calculations quickly become burdensome, so we next turn to the heat kernel.

Heat kernel. In order to compute I'[¢] via (2.5), we compute the O(¢?) terms in
Spai[¢ + ¢]:

1 =
Spptl¢ +¢] = —5 /ddﬂl’ (\/ —g g“”auso&,w) +. (4.8)
where the effective metric g, is conformally related to the induced DBI metric (4.1):

~ 2 2

Guw =g, Q=vd1. (4.9)
The one-loop correction to the effective action is then given by

I'[¢] = % Tr In0J, (4.10)

with O the Laplacian associated to Guv(¢) and the above can be computed through standard
heat kernel methods.
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Given two metrics g, and g, related as in (4.9), the action of their respective Lapla-
cians on a scalar quantity S(z) are related through

08 =Q7208 + (d - 1)QV,QVHS, (4.11)
and hence
TrinD=Tr Q2+ Trhn (O (d— 1)Q'VAQV,) . (4.12)

The Tr In Q=2 term is proportional to 6%+1(0) which is vanishing in our scale-free regular-
ization scheme. The final term in the remaining trace is not a DBI-covariant operator, as
can by checked by computing

opBIN TV, Q — £071V,Q = — b 000,09 # 0, (4.13)

2
(d—1)
with dppr and £ as in (4.4) and (4.5), respectively. Therefore, (4.12) will not generate
DBIl-invariant operators as it corresponds to the functional determinant of a non-DBI-
covariant operator.

Below, we verify this claim explicitly by computing the logarithmic divergences
n (4.12) in d + 1 = 4 dimensions and confirm that the result is not DBI-invariant. In
appendix E, we perform the analogous computation in d + 1 = 6. The logarithmically
divergent terms arising from (4.12) in d + 1 = 4 are given by% (D.11):

z\/—glas(z (4.14)
1

1 1.
— D oo uupo_i 2N > Y]
(471' / VT ( Bt 155 Buwpo B Tao R +72R>’

where [az(z)] is the second Seeley-DeWitt coefficient (D.12). Evaluating (4.14) for the
metric (4.9) and rephrasing the result in terms g,,,, its associated curvature, and covariant

(Trm0)

log— d1v

derivative, we ultimately find

= e} 1 6] 1 «
VG as(2)] = V=9 < ~ L RsR® 2R2 = Ragps RO 4+ SV, VOR

180 7 180
_ 2RV,V%y  Va V°R N RV V%Y N 97V, VYV 3 Viy

9y 15 18+2 902
53V VO VaVFiy N AVOyVVAVLy  VVPV,Vy

45+3 52 5y
_ 34R,sV VP N Vay VoV VPy 4V VeVanVPiy
452 154 453

_ RagVPVy N vﬂvwvﬂvay> , (4.15)

45~ 45~2

where the V,’s are again the covariant derivatives with respect to the metric in (4.1) and
above they act on «v as though it were a scalar. No on-shell conditions or integrations by

5The Fadeev-Popov contributions which come from fixing unitary gauge can easily shown to be oc §¢+! (0)
and hence trivial.
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parts were used in evaluating (4.15); it is a fully off-shell expression. The result (4.15) is
not DBI-invariant since v = 1/y/—g, in fact, does not transform as a scalar under (4.4).

However, while the unadulterated form of (4.15) does not obey the symmetries (4.4),
it is possible to massage the result into a DBI-symmetric form through the addition of
non-DBI-symmetric total derivatives and the use of the tree-level equations of motion.”
Specifically, after exhaustively adding all possible total-derivatives with the correct dimen-
sions to the action with arbitrary coefficients, using the Gauss-Codazzi relations (B.15)
to trade Riemann curvatures for extrinsic curvatures, the on-shell condition K = 0, and
the identities

1
V,uvvqb = _;K,ully v,u’}/ = KVuVyQﬁ, VHKMV = VVK, (416)
one finds that it is possible to dramatically simplify (4.15) to the form

x/:§5[32($)]

in condensed trace notation: (K3) = K, K,”K," and similar. The result (4.17) precisely

7
=/—g 1—0<K4> + (total derivatives) , (4.17)

on—shell

agrees with the DBI limit of the general formula (3.22); see section 5.1. The total derivatives

added to the action in order to simplify were L1p = Vo J% — %Eg% [g] where
09K K\sKM¥VE¢  KzOVeK VPV
Jo — _lKﬁAvaKBA_i_ IK“gK s VF¢ LY VeK\sVP oV P
3 90y 45~2
KK\ Ks. V2oV pVo
+
45~3
13 29 1 29 9
= —V*QOlny - —=V*In~0Ol —0OV®Iny — —V<*1 1
QOV n-y 90V nyOlny + 1 VIn~y 90V ny(Vinvy)
14
+ Evﬁva InyVPIn~y, (4.18)

with equality holding on-shell, and where Cg% is the dimension d + 1 = 4 topological

Gauss-Bonnet term, explicitly given by

1
EGB[Q] = _Zeuypaeaﬁ’iARuuaﬁRpan)\
=R, ., — 4R, + R*, (4.19)

for a metric g,,. Equivalently, the contact amplitudes computed from (4.15) and (4.17)
agree and it therefore follows that in an S-matrix element, the counterterm needed to sub-
tract the divergence expressed in (4.15) is physically equivalent to the much simpler (4.17).

"That is, the divergences can be written as I'1 D 1 (Fggl (9] + V. J![é] + fdd'Hx F[¢)] %i‘ff)l) where

I'BD1[¢] contains higher-derivative operators invariant under ¢(z) — ¢(x) + dppré(z) with dppré(z) as
in (4.4). While terms of the final form can be removed by field redefinitions, one could alternatively
interpret the present result as a deformation of the symmetry. That is, due to the preceding expression,
the local terms in the one-loop corrected I' are invariant under a transformation of the form ¢(z) —
o(x) + dpBro(z) + Appid(z) with Appré(z) o« ‘Zi‘?f)l, understood to hold as an expansion in the scale A
which we are currently suppressing. We thank Kurt Hinterbichler and the anonymous referee for discussions

on this point.
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This can be explicitly seen from the O(¢*) terms computed with Feynman diagrams in (4.7)
which contribute to the four-point, on-shell amplitude® as

A (s*+ et +ut), (4.20)

12 10240m%
in agreement with [16]. This contribution is also produced by the off-shell-inequivalent

term

rply) = o [ ate otetonol. (421)
which are precisely the O(¢?) divergences corresponding to (4.17). An analogue of this
procedure for the case of a four-dimensional non-linear sigma model can be found in [63].

The manipulations leading from (4.15) to (4.17) were essentially an extensive exercise
in guess-and-check. While the d + 1 = 4,6 DBI computations were manageable with
extensive use of Mathematica and xAct/xTensor [70, 71], we note that DBI is only the
simplest of all possible brane models: the hypersurface is co-dimension-1 and the bulk
metric is flat. We expect that extending the preceding method to higher-co-dimension
cases with non-trivial bulk metrics would quickly be found to be infeasible and generically
inferior to the covariant methods of section 3, as the d + 1 = 6 case in appendix E already
makes abundantly clear.

We close this section by noting that the second form of the total-derivative current
in (4.18) is intriguing. We are capturing only the logarithmic divergences above via the
naive application of the heat kernel formulas of appendix D and perhaps there exists a
more refined method by which the ~ V#In+v factors would naturally arise, even when
computing using the naive variables chosen above. Studying power-divergences in the DBI
model provides further interesting findings along these lines. The d + 1 = 4 quadratic
divergences would necessarily be of the form

(Tr mE)AZ_d ~ AQ/d‘la:\/—gR, (4.22)

for some energy scale A and the above is not DBI-covariant. However, if it were possible
to manipulate the calculation by pulling A inside the integral and scaling A — AQ(z)~2

80One might raise the point that a traditional, on-shell, one-loop, 4-pt amplitude computed with Feynman
diagrams can also be used to determine the logarithmic divergence for the theory (4.3) by matching to the
quartic terms arising from the unique on-shell counterterm ~ (K*). In this method, no symmetry-breaking
expressions analogous to (4.15) are ever encountered. While this is true, there also exist disadvantages to
such an amplitude-based calculation relative to the heat kernel based approach. In the present example,
one might wish to additionally compute the one-loop 6-pt, 8-point, etc. amplitudes in order to confirm that
the divergences in these cases are consistent with the full non-linear structure of the ~ (K*) counterterm,
for instance, and the complexity of these computations grows with valence; see [16] for the 4- and 6-
point computations. More generally, DBI is the simplest model of the many possible brane theories and
increasing the brane dimension, co-dimension, and including non-trivial bulk curvature are all features which
complicate the calculations and increase the number of amplitudes needed to determine the counterterms.
In contrast, our computations cover all of these extensions simultaneously and automatically ensure the
proper non-linear structure. These are simply the same reasons why analogous methods [32, 49, 50, 63—69]
are celebrated in a NLSM context.
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with Q(z) the conformal factor in (4.9), then DBI-covariance would be restored, since
Qz) /=GR = 5/—gK},. (4.23)
Similar results hold for power-divergences in d + 1 = 6. It seems plausible that simi-

lar manipulations would work for logarithmically divergent terms, but we leave further
exploration of this question to future work.

5 Applications

In this section, we discuss a selection of models for which the results of section 3 are
relevant.

5.1 DBI

The DBI limit (4.3) is the simplest scenario, as discussed in the preceding section. This
system is co-dimension-1, meaning D = d + 1, and hence any terms in (3.22) or (3.23)
involving anti-symmetrization over the bulk indices of KWA factors identically vanish.
Since the bulk curvature is also trivial, R apcp = 0, very few terms remain. We find

e Whend+1=4:
7
tr [as(z)] = E(KA‘) + (total derivatives) , (5.1)
where the Gauss-Bonnet term (4.19) was used to remove the combination ~
(KK #)2 and where ( - ) is the same shorthand for spacetime traces used (4.17).
When expressed in the typical, unitary gauge form reviewed in section 4.1, the cor-
responding divergence in I'[¢] is:

Do) o o [ d' (4@ — 497(00-04-00) +297(96-0%-09)°

+ 497 (99 -00) (96 B*-00) — 49°(96-D-0)(0¢- - 0¢) + 7' (96 3-99)")
(5.2)

where 7 is defined in (4.1), ® = 9,0, ¢, and ( - ) is shorthand for spacetime contrac-
tions via n", e.g., (®2) = n“”naﬁayﬁaqb@gaugé and (0¢-®-0¢) = n“”no‘ﬂﬁuqb&,@agbﬁﬂgﬁ.

e Whend-+ 1 =06:

i [33(.%')]‘ 113 223

187 5

+ (total derivatives) , (5.3)
and we will not reproduce the unitary gauge form of the above for brevity.

As mentioned in section 4, the logarithmic divergences which follow from (D.11) are in
perfect agreement with the d+1 = 4 result (4.17) and the (extremely cumbersome) d+1 = 6
computation outlined in appendix E. The divergences for the multi-field DBI case studied,
for instance, in [53], can also easily be read off from our general formulas. As a check of the
d+1 = 6 formula (3.23), we have verified that the corresponding divergences generated in
the four-point amplitude A4 precisely agree with those arising from a standard Feynman
diagram calculation for a co-dimension-N DBI system for arbitrary V.
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5.2 Product manifolds, non-linear sigma models, and their extensions

The universal action (2.3) for a generic bulk metric G4p may not permit flat vacua where
9w = Nuv- A class of special bulk manifolds which do permit such solutions are product
manifolds of the form Mpi1 = Mgy xXp_g4, where Mg is (d+1)-dimensional Minkowski
space and X is some (D — d)-dimensional manifold.

Let us consider a (d+ 1)-dimensional brane embedded in such a bulk and split the bulk
X4 coordinate as X4 = (X*,¢%), p € {0,...,d} and a € {d +1,...,D}. By assumption,
the bulk line element can be written in the form

dsh, 1 = NuwdX*dXY + gap (¢) do®dg’ (5.4)
and working in unitary gauge, X* = z*, the induced metric is
v () = Ny + 8an(6(2)) D9 ()9 6" () . (5.5)

The universal action is then

Suniversal = - /dd+1x \/_ det (7]#1/ + gab(¢)au¢aau¢b)

~ = [ (3000 0% — 1 0,0+ 0,0) (076 0) + 5 (06 "6 + .. )
(5.6)

where Greek indices were raised and lowered with #** and we used the shorthand 9,¢-0,¢ =
gabaugba@l,qbb in the second line. Further comments on the functional form of the action (5.6)
can be found in the conclusions, section 6.

The action (5.6) is intimately related to the non-linear sigma model (NLSM) and
extensions thereof. As is well known, the universal term for generic NLSMs which describe
the Goldstone fields arising from spontaneous symmetry breaking takes on the form [72, 73]

SNLSM = —;/ddHfU Zab ()09 - 04" (5.7)

where the field-space metric g,; arises from a coset analysis.? For instance, for the sym-
metry breaking pattern SO(N + 1) — SO(N) the action takes on the above form with
gap the metric on the N-sphere. The square-root structure in (5.6) is also closely related!®
to the scalar sector of the “extended Dirac-Born-Infeld” theory which was first discussed
in [25] and has recently appeared in [74].

As an initial check on our d + 1 = 4 dimensional result (3.22), we can evaluate the
corresponding logarithmic divergence in the limit where (5.6) reduces to the NLSM and
verify that it reproduces the well-known divergences of this latter model. The NLSM regime
is isolated by introducing a formal counting parameter A and taking the following limit

.o —1
tim == [ 410 /T4 Az (6)067 - 96 = Snisar. (5.8)

90ften, this action is expressed in the form Lnpsm ~ tr [OHUT(?”U] where U = ™7 are coset ele-
ments in G/H for a breaking pattern G — H, 7(z) are the Goldstone modes, and Z’s are group generators.

"The action (5.17) in [25] reduces to (5.6) after rescaling their lagrangian by an overall factor of A%
sending { — M and ® — ®/), and then taking A — 0.
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which holds up to a divergent, but field-independent term. Omne-loop divergences to the
action (5.7) are well-studied [63-68] and generate the following on-shell divergence [69]:

1 ) 1 e 1 e a C
. / d'z (QRaebec o = 25 RaceRoa f) (99 - 96") (9¢° - 9¢%) , (5.9)

in our conventions. Inserting the counting parameter A in front of g, as in (5.8), it is
straightforward to show that one can effectively replace the various geometric ingredients as

Guv — Nuv » gwj — TIW
PP — x4 0XP, PP — ATlg®, et — 9%
Rascp — ARaped , K/ — —Du0,¢" (5.10)

at leading order in the limit. Making the above substitutions in (3.22), the only terms
which scale as O(\?) are

1 1
tr [ag] D —EPfBPfDPﬁEFPHG HRacEGRBDFH + §7DfBPfD73“E F7’||G AR apcrRBeDH
1
+D1 (67314B73|0DRACBD> +0(N)

1 1
— | = e f - ef a b c . d . .
= (2Raebec d 12Rac€bed ) (6qﬁ 0 ) (&b ol ) + total derivatives,
(5.11)

and extracting the corresponding logarithmic divergence using (D.11) and comparing
to (5.9), we find perfect agreement.

Our full result (3.22) contains the generalization of the NLSM result (5.9) to its brane-
world extension (5.6), when (3.22) is evaluated for the system (5.4). The following results
are useful for expressing (3.22) in terms of the natural geometry of (5.4):

o Fixing unitary gauge uses all of the brane diffeomorphism freedom, but the gauge-
fixed action is still covariant under field-redefinitions of the ¢* amongst themselves.
For this reason, it is useful to define covariant derivatives of tensors 1% whose
a-type indices transform covariantly under such redefinitions (an example of which
is 0,0%) via

D, T = 8,T +T¢T ¢’ + ..., (5.12)
where I'f, is the Christoffel symbol associated to ggqp, in analogy to (B.9).

o The Christoffel symbol I}, associated to g, is
09, = 9 8ap D0y ' 0,0" (5.13)

e The extrinsic curvature is

K™ = = (Dudud® = 980 Dudsd 9p0°0a6" ) 7 + 98 D6 0,0°5%  (5.14)
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e The inverse induced metric g"” is
v v aqv b ab a p\ 1
g =" —heot¢*0"¢", he = (g + 0" 90,0 ) (5.15)

e Both Fgc and Rapcp computed from G4p are vanishing unless all indices take on
values corresponding to directions along the ¢*’s. That is, only components of the
form I'f, and Rgpeq are non-vanishing and are simply those calculated from gu;. The
projectors onto the space parallel to the brane takes on the form

Ny uaaa b
P‘fB = g‘“’eMAe,,B = g g ¢ , (5.16)
Ba® g™ g* 8,00, ¢"

meaning that contractions between Pﬁ“B and Rapcp factors can be expressed as

contractions of 0,¢% factors with R,p.q and g,,. Similar remarks hold for PfB =

GAB — P‘f‘B and Rapcbp-

Explicit formulas for the scenario in which X p_4 is an N-sphere, Sy and d+1 = 4, are
provided in appendix F and we close this section by comparing the logarithmic divergences
arising from our general result (3.19) to those from the corresponding lowest-order Feynman
diagram calculation. When ¥p_4 = Sy, the relevant geometric quantities are

¢a¢b ¢a¢b R . 1
T2~ ¢oploy abed = 75 (8acBbd — 8adSbe)

ab _ sab
g (d)) - 6 L2 ’ L
(5.17)

gab(¢) = gp +

where L is the radius of Sy. Up to O(¢*), the universal lagrangian is

¢“ " 0y da | 1

1
Srr o Ont0" 6 0,0" 0" Ga— £ 0udad" 6" 0,0"0" By,

(5.18)

where Greek and Latin indices were raised and lowered with 7, and d,;. Computing the

1
‘Cuniversal ~ _5 u¢aau¢a -

corresponding four-point amplitude is straightforward. The tree-level result is

e — <t2+u2—32 - t+u> pabged 4 <u2+32—t2 B u—i—s) 5ac5bd

4 L? 4 L?

2 2 2
12— +1
i (S . U _ SL2 >6ad5bc (519)

where particles a, b, ¢, d were assigned momenta p1, pa, p3, p4, respectively, and the O(L~2)
terms are the ordinary NLSM result. A standard Feynman computation gives the following
one-loop divergences
88 — 8N

12
80t  16(—5+ 3N)> N 16st (L?t(2L%t + 5) + 4)

2
2 2
+s <5t(90—|—N)+ 5 + 1 1

1 2 2
AP S g5l | 25N 4 5 (t 50 + N
4 96(47)2e 59N+ (GH0+N) +

4
+ 16t (t2 + L4) ) + permutations, (5.20)
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where only the pole terms were displayed. From the results of appendix F, the O(¢*) parts
of the predicted counterterm are
5 1 / 4 (2408#¢b8“¢“6y¢b8”¢a n 60(—7+ 3N)8Nqﬁa8“q§a&,¢b8”qﬁb
L= m0mze ) O Iz A
n 1208“¢“8V8p¢a8”¢b8p8“¢b B 1208N8p¢a8“¢“8”¢b8p8y¢b
L2 L?
3608M¢b8”¢“8pay¢b6”8”¢a 60(—7+ N)amaa%aapambapawb
a L2 B L2
—2(30 + N)9,0° 70,0 ¢, 0" 8" 00,5 + (60 — 4N)3” 0" ¢80, 8" Dy 0y pp0° 0 e

r

+ 4(454N) 9, 8,070 0" ¢ 05 0, pp0° 0P g + H(N — 12)ayau¢aayaﬂ¢aa(,ap¢baaap¢b> :
(5.21)

where Greek and Latin indices were once again raised and lowered with 7, and d4,. The
contact amplitude 44 computed from (5.21) exactly reproduces (5.20), providing another
non-trivial check of our general results.

5.3 Conformal galileons/DBI

While the universal action (2.3) does not always admit flat vacua, g, = 1, in special
cases it may be possible to add a lower-derivative term to the action, such that the total
system does permit such flat solutions.

An important example is the case of a four-dimensional brane embedded in AdSs,
which provides a non-linear realization of the conformal group. This model appears in a
variety of contexts, e.g., [2, 3, 7, 16, 75-78]. The universal action for this theory, sometimes

referred to as the conformal DBI or conformal galileon model, can be written in the form

Suniversal = — / bz e49/L\ 1 1 20/L(9g)2, (5.22)

where L is the AdSs radius and we specialized to unitary gauge: X* = a#, X° = ¢(z). A
¢ = constant configuration corresponds to a flat Minkowski configuration, but this is not
a solution of the above.

A lower-derivative term which obeys the AdS5 symmetries is

Swyz = / dlz et/ L (5.23)

and the combined Sypiversal + Swz action allows for flat vacua. The operator (5.23) is
Wess-Zumino (WZ) term which changes by a total derivative under the AdSs isometries.
In a string theory context, where (5.23) is sometimes called a Chern-Simons term, it arises
through the electric coupling of the brane to a four-form gauge field. The fact that it allows
for flat vacua corresponds to the so-called “no-force” constraint; see [79-81]. The operator
has a geometric interpretation as the bulk volume bounded by a flat ¢ = constant surface
and a non-trivial surface defined by ¢(z) [57]

$=6()
Swz ~ / $5X V=G, (5.24)

meaning that (5.23) is of the typical WZ form; compare to [82].
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The heat-kernel analysis leading to (3.19) does not directly apply to the full action
Suniversal + Swz, though it should still capture a subset of the divergences of this combined
system. Incorporating the effect of the WZ term into the functional determinant is left to
future work. While it is not possible to express (5.23) itself in terms of natural geometric
quantities defined on the embedded hypersurface, we expect that the normal-coordinate
perturbations thereof will have such a representation, along the lines of what is found for
the WZ terms for standard NLSMs [50, 83] where the WZ operators can be interpreted as
the existence of torsion [84, 85] on the NLSM manifold.

6 Conclusions

In this work we have developed a formalism for deriving manifestly covariant quantum cor-
rections for a generic class of brane systems in dimensions d 4+ 1 > 2. Included among this
class are Dirac-Born-Infeld scalar theories, non-linear sigma models, and various general-
izations thereof, which are associated to amplitudes which have special standing in various
lines of modern S-matrix research [8-11, 13-25, 74]. We developed a covariant form of
perturbation theory using the natural geometric ingredients which describe hypersurfaces
and their perturbations. Omne-loop results were our primary focus and one of our main
results is the compact, covariant functional determinant (3.19) which controls all one-loop
corrections for systems of arbitrary co-dimension and arbitrary bulk metric. The general
form of the corresponding logarithmic divergences in d+1 = 4 are controlled by the explicit
expression (3.22) and those for a limiting case in d + 1 = 6 can be found in (3.23). Our
techniques carry significant advantages relative to naive approaches to the computation of
the quantum effective action, as the latter can generate divergences which do not respect
the symmetries of the original system: explicit examples of this phenomenon can be seen
in section 4 and appendix E.

Natural extensions of the present work include the following:

¢ We have only focused on the brane’s own degrees of freedom which describe its motion
in the higher-dimensional bulk spacetime, as described by (2.3). It is common to
include couplings of gauge-bosons and other fields to the hypersurface in more general
brane models and accounting for their effects'’ would extend the applicability of
our methods.

e It would be worthwhile to extend this work to higher-loop order. In particular, when
d+1 is odd, the first logarithmic divergences only occur at two-loops. There is no in-
principle obstruction to such computations and the covariant perturbation theory and
gauge-fixing procedure we have developed are perfectly amenable to such higher-order
computations. In the present work, we have used the on-shell equations of motion
to simplify the computation, whereas higher-loop calculations would require working
off-shell. The case of d + 1 = 3 is particularly interesting, as shift-symmetric scalars

'L A study of one-loop corrections to specific brane models with additional fields can be found in [86-88].
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can be dualized to 1-form gauge fields, resulting in Born-Infeld-Electrodynamics-like
12

theories.
o The square-root form of the product-space, gauge-fixed action (5.6) is somewhat
puzzling as it is not typically fixed by global symmetries.'? Clearly, in the general
case this structure must be understood as deriving from the fact that these theories
also admit a geometric, diffeomorphism-invariant description. This situation appears
analogous to Born-Infeld Electrodynamics in which the action of a U(1) gauge field

is given by £ ~ \/ —det (9 + Flu), despite the lack of any non-linear symmetry
for A, to enforce this structure [10, 89]. Born-Infeld is exceptional in the space of
vector EFTs due to its enhanced soft-limits [90] and it would be interesting to check
whether (5.6) is similarly exceptional in the space of multi-flavor scalar EFTs.

e As discussed in section 5.3, Wess-Zumino or Chern-Simons terms can play an impor-
tant role in particular brane models and amending our construction to accommodate
such terms is a non-trivial and important goal.

e There exist scalar theories which admit a more-involved geometric interpretation to
which our methods do not immediately apply, namely the special galileons [91, 92].
Some comments on these theories can be found in appendix G. It would be interesting
to more fully explore these systems along the lines emphasized in the present paper.

o Effective field theories with one or more light scalar degrees of freedom are used
routinely in cosmology, for instance to describe dark energy in the late Universe,
inflation in the early Universe, or modifications from General Relativity in strong
gravity regimes. In order to manage the number of free Wilson coefficients, and to
ensure that their tuning is radiatively stable, a large number of these scalar field
models are endowed with a non-linearly realised symmetry. Since our general result
for the one-loop effective action can be applied to any (multi-)scalar field theory which
possesses any of a large class of braneworld non-linearly symmetries, we expect that
our findings will find fruitful applications in such studies.

We leave such explorations for the future.
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A Conventions

We use mostly plus signature and our curvature conventions are Rfs,, = 0,10, + ...,
R,, = Rf,,,, and R = R*,. We work in d + 1 spacetime dimensions when possible.
Our conventions for describing hypersurface embeddings are described in detail in ap-
pendix B. Fourier conventions: f(k) = [d%Tlze %2 f(z), f(x) = [ d* ke f(k), where
k = k/(2r) and 09T (k) = (27)9t159 ! (k) were defined to minimize explicit (27)-factors.
Symmetrization and anti-symmetrization is defined with a 1/n!, e.g. T(,,,) = %(Tuv +T,).
Scattering amplitudes for n particles A,, are defined through

(ki | Tlpr ) =65 (3 k=3 p) Aulpr, i, ) (A1)
where S = 1 + ¢7 is the usual S-matrix operator. Mandelstam conventions are s =
—(p1 +p2)%, t = —(p1 +p3)? and u = —(p1 + ps)®>. When computing in dimensional

regularization, we will use —2¢ to denote the deviation from integer dimensions, e.g., we
shift d +1 — d+ 1 — 2¢ with d € Z. Heat kernel calculations generally depend on
both matrix and functional determinants or traces. In such contexts, we use Det to
denote the combination of a matrix and a functional determinant, while det is reserved
for purely functional determinants. Similar conventions are used for traces: Tr vs tr and
delta-function factors are left implicit in all such functional determinants and traces. The
notation [A(z)] = lim,_,, A(z,2z") to denote coincidence limits.

B Hypersurfaces

A review of the relevant geometry needed to describe higher-co-dimension hypersurfaces.
Appendix A of [53] has a more extensive discussion, which we partially follow here.
B.1 Embedding functions and terminology

A (d + 1)-dimensional submanifold My, embedded within a (D + 1)-dimensional man-
ifold Mpy1 can be specified via embedding functions X4 (z*), A € {0,...,D} and pu €
{0,...,d}, where X4 and z# are coordinates on Mpy1 and Mg, 1, respectively. The man-
ifold My, is said to be of co-dimension-(D — d). Throughout this paper, we will refer to
M1 and the brane and M p4; as the bulk.

B.2 Tangent vectors, normal vectors, projectors, and extrinsic curvatures

The embedding functions directly define the (d + 1) independent tangent vectors to Mg
whose bulk components are given by

ep =0, X 2)04 . (B.1)
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Orthogonal to these are D — d normal vectors n?;, where i € {d+1,...,D} labels the
various normal vectors. If Mp,1 is equipped with a metric G4p5, then the induced metric
on Mg, is defined to be
uv = e,uAeuBgAB . (B.2)
These ingredients can be taken to obey
nire,a =0 ntina;=d;, (B.3)

where all A, B, ... indices are raised and lowered with G4p and we assume throughout that
the directions normal to the brane are spacelike.

All tensors on Mpy; can then have their components projected onto the tangent and
normal directions to My;1. The projector onto the tangent directions is

Pﬂ‘l]g = e“AeuB = 5§ —n4ngt, (B.4)

where g,,,, Gag, and ¢;; are used to raise and lower the appropriate indices. The projector
onto the normal directions is the complement to the above:

Plp=dp— 73|’|43 =64 — e“AeuB =n4ing’. (B.5)

A

Associated to each normal vector n”; is an extrinsic curvature K, symmetric under

1 <— v whose form and properties are:
. 4 . 1 : 4
KZLZ/ = euBeVAanAZ = _nAzequBeuA = §€,uA€yBJgnigAB, Kﬁl = VAnAZ. (B.G)

It is useful to define the following combination in order to avoid explicit appearances of
the ¢ labels:

K, = Kin", (B.7)

from which it follows that eaAKWA =0.

B.3 Covariant derivatives

The tangent vectors eﬂA transform covariantly under both bulk and brane diffeomorphisms:

dx” oY A

€#A(X(ZL')) — aiyl‘a)(iBey

B(Y(y), (B.8)

under X4 — Y4 and z# — y*. Given a generic tensor T4% which transforms covari-
antly under such diffeomorphisms, the covariant derivative of such tensors along the brane
is given by

are computed from Gap and g,,, respectively, and the commutator

where I'4 and I

gives

[D,, D, TA% = R, T4 + R4pcpd, X0, XP TP 4 ... (B.10)
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where the curvatures corresponding to g,, and G4p are denoted by R,,,, and Rapcp,
respectively.

The covariant derivative D,, of the tangent vectors e,LA determine the extrinsic curva-
ture tensors (B.6). This follows from the Gauss-Weingarten relations, in which one projects
euB Ve, onto its tangent and orthogonal pieces, with the result:

eMBVBeVA = Pﬁ“ceuBVBe,,C + PfceuBVBeVC

=10, — K}, (B.11)

where I'/, is the standard Christoffel symbol associated to g,,. Rearranging the above and

comparing to (B.9) implies

Due,* = —K,,°
= D,PF = —2K,""e,P)
— D,P{P =2K,"1e, B (B.12)

It is additionally useful to define the covariant derivatives Dj and Dy via
Di=P, -Dy-P., DI=P Dy P, (B.13)

schematically, which naturally act on the spaces of normal and tangent tensors, respectively.
The former derivative is of particular importance in this paper and we will require the
commutator of Di on a vector ¢ normal to My, such that PfB op = ¢

[Di, Dﬂ ¢t = PP Rpcpreen et + 2K, K, 5" . (B.14)

B.4 Gauss-Codazzi relations

The Gauss-Codazzi relations express various projections of the bulk Riemann tensor
Rapcp in terms quantities defined on the brane Mg 1, namely the brane curvature R, s
and the extrinsic curvatures K, " (B.6). One such relation follows from combining (B.10)
and (B.12) to find

2D, Dyjey” = ~2D) Ky,

= RM“pgeﬁA + RABoDeMBepCeUD ) (B.15)
Contracting with e, 4 gives and expression for the induced Riemann tensor on Mg 1
Rw/pa = RABCDe,uAeuBepCeJD - 2-Kvu[pAI{crLLLA ) (B16)
where ega K WA = 0 was used. Projecting onto the normal directions instead gives

_2DJ_[pKU],uA = PfBRBCDEeucepDeaE . (Bl?)
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C Normal coordinates

For the background-field method calculation considered in this paper, we are interested
in taking the induced metric 9,X 49, X BGap(X) which appears in, e.g., the Polyakov
action (3.1) and creating a perturbed version, denoted here by +,,, by introducing a set
of fluctuations X4 about the X4. The fluctuations are to be path-integrated over to
generate the quantum effective action I'[X],

GTIX] / DX SIX0X] (C.1)

schematically.
If we were to introduce the X in the naive way by replacing X4 — X4 4+5X4 and
working with

VX, 0X) = 0, (XA +0X4) 0, (XP + 6XP) Gap(X +6X), (C.2)

the resulting calculations would be cumbersome because the §X“’s are not proper bulk
tensors and the expansion would not be manifestly covariant. A more clever expansion
involves the use of normal coordinates around the point X4 in which the directions and

14

magnitudes of geodesics'* emanating from X# are used in place of the 6 X“4’s. Specifically,

we can switch from 6X4 — y4 with x* a true tensor by letting
xt= -0t (X, X +6X) . (C.3)

Above, o(Xj,X2) is the geodesic interval for the spacetime (see appendix D) and
oA (X, Xy) = V?Xl) . .V‘(“)/(Q) ...0(X1,X2). Given the geodesic connecting X and
X 46X, the direction of x* corresponds to the tangent vector of this geodesic at the point
X and the magnitude of x* is a measure of the separation of the two points, i.e., the size
of X. We follow [93] when quoting various properties of o below.

Letting X1 = X and X2 = X 4 0X, we start the analysis of the induced metric
by first introducing z-dependence into (C.3) as it appears when considering hypersurface
embeddings into the bulk spacetime:

X (@) = =0t (X1(2), Xa(x)) . (C.4)
Taking a derivative and using (C.3) yields
() = =0, X3" ()0 4 (X1, X2) = u(XP) (057 (X1, Xo) + T5exC) . (C5)
In the near coincident limit where X; ~ X5, JBA(X 1, X2) can be expanded as

1
o5 (X1, Xo) ~ 0 — gRACBDUCUD +0 (03) , (C.6)

1The following is equivalent to the procedure used in [32, 50], for instance, to address the same problem,
though the derivations are different.
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which allows us to rearrange the preceding result as
/ 1
0uX3" (w)o" (X1, X2) = 0,X{" + D = R cnpx“x 0, X1 + 0 (). (©n

where D), is the brane derivative which is covariant under both brane and bulk diffeomor-
phisms, as defined in appendix B.
Next, we also use the fact that at coincidence

1
o (X1, Xo) = =GP 4 (X1, X) (5§ + ERACBD(Xl)UCUD +0 (US)) ; (C.8)
where Gpa/(X1, X2) is the parallel propagator, as defined in [93], to note that

/ / 1
Qqul (l’)O‘AA/al,XlB (ZL‘)UBB/ X (QAB(XI) — B'RACBD(Xl)O’CUD)

= 0,X3" (@)0, X ()G (X2) + O (o) , (C.9)

where gCA/<X1,Xg)gDB/(Xl,XQ)gCD(Xl) = gA/B/(XQ) was used. After replacing
X9 — X 4+ 6X and removing the primes, the final line above is found to be precisely
fyﬁfjive(X ,0X) (C.2). Finally, using (C.7) in (C.9) we find the equivalent, covariant expres-
sion of interest:

Ve (X, 6X) = 0, X0, XBGap(X) + 2D, x"*0,) X PGan(X)
+ Dux*DyxPGan(X) — Rapep(X)9, X XP0,XxP + O(x?)
= Y (X, X) - (C.10)

For instance, the O(x?) terms in the perturbed Polyakov action in (3.3) come from ex-
panding out

Seay = [ @41 =g (— 50 (X0 + 51 (a1

D Covariant heat kernel methods

The functional determinants which arise in one-loop computations can be efficiently com-
puted through the use of covariant heat kernel methods. We review the construction here,
following [33]. See, e.g., [51, 52, 94] for alternative presentations.

D.1 General scenario

Functional determinants arise from elementary gaussian integrals:
/qu exp [ip - O - ¢] = exp {—; In Det (9} = exp {—; Tr In O] ) (D.1)

where O is some differential operator of interest, the constant is given by ¢ =1 (¢ = —1)
for bosons (fermions), and overall normalizations and relevant indices were omitted. Heat
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kernel methods start by representing the functional trace as an integral'®

TrinO = —/ ds /dd'Hx tr (z]e%|z) (D.2)
0o s

where Tr indicates both a functional trace and a trace over whatever indices are associated
with O, while tr is only a trace in the latter sense. The states |z) carry any indices
associated with O, suppressed above.

The utility of this construction is that we can compute (z|e?*©|z) by first consider-
z’sO’ x/>

ing the off-diagonal matrix element (z|e which can be interpreted as the quantum-

16

mechanical amplitude to go from 2/ — z in “time'®” s under the influence of Hamil-

tonian H = —. Writing (x|e”*©|2') = (z|2';s), this matrix element obeys an effective

Schrédinger equation!”

i0s(z|2'; s) = —Oy(x|a’;s) . (D.3)

In typical cases, one can then use the above to solve for the coincident limit result
lim,/_,,(x|z'; s) in a power-series expansion in s, and the O(s’) term in the series de-
termines the logarithmically divergent contribution to (D.2), due to the s — 0 end of the
integral, which is often the quantity of interest.

D.2 Canonical scenario

We now restrict our attention to the canonical scenario in which the operator O takes on
the form

O —D?+U"B, (D.4)

where A, B are some set of indices, U4P is a symmetric matrix constructed from local
fields, and D is a covariant derivative whose internal indices are suppressed. For simplicity,
we also restrict the following discussion to the case where O acts on fields with a single
vector index, but generalizations are straightforward. We denote the commutator of D,
on a generic tensor field T4% by

[D,,, D) TA% = R%3,, TA% 4 F,, A gTB + ... (D.5)

where F,,,aB) = F(uw)ap = 0. The effective Schrodinger equation is then

i0,(z, Al Z'; s) = — (D2 +uAB) (z,B|2',Z';s) (D.6)
'50nly the s — 0 end of the integral contributes after a proper ie prescription and (D.2) holds up to
divergent terms independent of O. Similarly, one has % = ﬁ fooo ds s" et 0.
165 does not typically have units of time.
"An explicit, simple example: when O = 8% we have (z|z/) = 6"z — 2') and
o2
(z|P?|z)y = 0267 (x — 2). The Schrodinger equation then comes from ids(zle’ |2/) =
192 192 192
@) = = [Ty @@y le ) = - [dTy et @ — )yl ) =

o2 o
_63 (fdd+ly5d+l(l' _ y)<y|ela |CL‘,>) _ —83<I|626 |.CU/>
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where A, Z' are internal indices and the operator only acts on unprimed indices and coor-
dinates.
The Schrodinger equation can then be solved by employing the ansatz [33]

—det (—opu (2, 27)) io(x, 7)) /

x,Alx', 7' s Ei\/ " e <7> is)"al? (z,x D.7

< Y ‘ b b > (47Ti8)(d+1)/2 Xp 28 ngo( ) ( ) ( )

which reduces (D.6) to a set of simple recursion relations for the a,’s. Above, o(z, ') is the

world function which characterizes the geodesic distance between two points x and z’ on a

ettt (7)) =V VY, ViV o(2,27). One method for
computing o(z, ') is to consider the action

dy“ dy

dt D.8

/ gl“’ dt dt ) ( )

whose equation of motion is simply the geodesic equation. The on-shell value of the action

given manifold and o

then determines o(z,z') via

o(x,z
S[x#]on—shell = (28 ) 5 (DQ)

where the action is evaluated the geodesic y*(t) satisfying y*(0) = 2 and y*(s) = z'*.

The ~ e3: factor in the ansatz (D.7) can be roughly understood as arising from the point-
particle’s action’s (D.8) contribution to (z|2;s) ~ [ Dz €™, morally speaking. A detailed
review of the world functions and related geometric quantities can be found in [93]. For a
review focused on heat kernel applications, see [94].

The recursion relations stemming from using (D.7) in (D.6) are to be solved subject to

lim ag'? (2,2') = g7, (D.10)
Tr'—x
where g4Z is the field-space metric which is compatible with the covariant derivative D.
This condition is necessary to reproduce the known short-distance behavior of the prop-
agator. The construction is well-reviewed in the references listed at the beginning of this
appendix and we focus only on the ultimate results in the below.

We focus on the logarithmically divergent terms in the trace, which only occur in
even dimensions where d + 1 = 2n, n € Z. In the dimensional regularization scheme used
n [95, 96] and reviewed in [33], only the term o s in (D.7) contributes and working in
d+1—2¢ dimensions, the logarithmically divergent piece is captured by a pole in €, as usual:

xv/—g tr[an(z)], (D.11)

where we used the notation [A(x)] = 11mx/_,x A(:c, 2') to denote coincidence limits and g4z

Tr In (D2 + U)

to perform the trace over indices. Repeating standard calculations in our conventions, we
find the following results for various low dimensional cases:

NR
trfay(z)] = T +U
1 1
t - AB N aff - L 2 - N afByd
rfag(x)] = UABZ/{ 180NR gR™” + 6UR+ 72NR + 180NR sro R
1
_ SaBA *D2 o D2
12-7:ﬂo¢BA-/T + 6 U + 30N R
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1
Cy/AB o af v paf AB
tr [ag(x)] UA U Upc 718OUR0[§R + 75670NR R R/@’y + *UABU R

—— NR.sRR UR> + —— R3—— RYRYR,
1080N +72 +1296N 1890N vho

UR R 4 NRRQWRW L VR R Ry,

+ % 1080 5670

_ e¢ papfyé _ _~7gac Ba
+ 189ONRQB R Ryse¢ Z/{ FiacF A 7

+ 7Ra'yf 'Babfvﬁab . —f B C’fa'yBAJ,—_- - Bac — 7R6a76f6aBA]:’Y§BA

2RIBQBAFBQBA

uABD%tA +3 RD2u+ UD2R+ @NRDQ

+ 5 D L{ABDO‘Z/{AB + 25 Lpupr+ M/\/’D RD“R + ORaﬂpﬁpau

1 D 1 4 3
— D — DPD™
+ 0 DU+ 3 ND'R+ 4 J\/R sDPDOR

(87 o 1 .
_ @D W F5BAD f’vﬁBA - @NR SD,DRys — %;/3 BAD. DV Fyopn

1
1260N D Ray DR — o D R DR 15D Fel BaD F 5P

NRW(;D SDYRY

2520
11

1
Tl RYD. D Ropos + %NDaRaWDERQW

(D.12)

where N' = g#4 is the dimensionality of the vector space and U = U? 4. The Bianchi

identities R, 0 = Dy Rypjoa = DjpFupap = 0 were used to simplify, but no integrations
by parts were performed.

E Naive DBI calculationind +1 =6

The computation of (4.12) when d 4+ 1 = 6 proceeds similarly to the d + 1 = 4 case. The
steps are simply longer and more burdensome, so we have relegated them to this appendix.

The logarithmically divergent terms arising from (4.12) are given by (D.11) and (D.12).
After removing various total derivatives and using the dimension d + 1 = 6 topological

Gauss-Bonnet term Lgp, explicitly given by

1
,C(G) [ ] = —*EW’MTHEaﬁ“MCRum@RmmRﬁag

64 4
- ERQVRC“‘?RM — 16R,sR* R + gRf” + 32R RV Ry g5 + ARRapys R
32 16
— 32R*’ R, Rg.s. — ?Rasf RYPY R sc + §Ra5€< RYPR 5, (E1)

we find

/d6x\/—§ [az(x)]

e} « 1) 1 aBCo
/d%ﬁ A RCRY Ry s B — T ROOR Rogs + o RRapes R

1440 1260

RgcR°VaVey  R*V,V%y
210y 96y

+ @Raﬂ RQC&E Raese+ RagacRaﬁwR@gg +

L
15120
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_ RpsRPVLVOy 1 RV.AVER  VoVsVPAV*R  RPSV,Rp Ve

«
2247 336 VaRVER+ 168y 840 4207y
n RgcR VoV R’VayV®y  11Rgesc RP°Vay VY RVL VgV Vey
1260~2 2882 10080~2 840~2
_ RpcVaVOVPAVYy | 253RV.V*1V3VPy  13VayVORVVPy | 211RV.y VYV y
21072 50402 21072 336073
181VaV VAV Vs VPy | 5VORVsV Vay  5RV* V5V Vay
336073 168~ 168+2
25VaVPYVAyVeV VY | RacVoYVsVVPy  5R.VORV’y | VaVyV*RV’y
3363 42072 168y 42072
_ 17R.“RpcVoyVy | 19RagRVAV y | RYRacps V4V Yy | 11Ra*** Rycs. VOV y
840~2 56072 84072 168072
n 115R3cVa VoAV iV’ Yy VayV*RVyV n RVaAV*1VVPy  19RV 1V VayViy
6048+3 2803 96~4 1680~3
349V VVIVEVAV Y 109VayViyVeVVVPly VOV V VAV Ve
10080~* 2240~4 2103
_ VaVVAVIVLVY | Ra‘RpcVPVey  RagRV’V®y R Racss VIV
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13Racss VOAVPYVIVEY  RapcsVPVOYVIVSy  Racps VPVIAVOVSy
N 840~3 + 25202 N 945+2
47Rospc VPV VIVEy
7560~2 ) ’

+ (E.2)

which is not DBI-invariant. However, after adding total derivatives and using the same
on-shell conditions employed in simplifying (4.15), (E.2) can be dramatically simplified to

the form
187 113 5
— =v=g| - (KO 4 — 2 (K32~ 2 (k)3
V=7 las(z)] ﬂ( 9450< )+ 14175< ) 1512< )
223 2 5 %) . .
+ m([{ YVoK. sVEK" + total derivatives | , (E.3)

in the condensed notation of appendix A. The total derivatives added to the action in order

to simplify were L1tp = VoJ% + mﬁ( ) [g] where
a_ 23 S 1By e By rrdevoa af 58 72 %)
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(E.4)

The total derivative current above can also be phrased in terms of covariant derivative of
In+, as in (4.18).
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F Divergences for Mp,; = My X Sy

In this appendix, we collect the lengthy expression which contains the one-loop, logarithmic
divergences for branes embedded in the product manifold Mpy; = My x Sy where My is
d + 1 = 4 dimensional Minkowski space. This computation corresponds to the scenario in
section 5.2 and the relevant geometry for Sy is given in (5.17).

The result is that the trace of the second Seeley-DeWitt coefficient which determines
the d + 1 = 4 dimensional logarithmic divergence via (D.11) is:
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where for brevity we defined

O = 049", b = Dyuoye”, (F.2)

with D defined in (5.12) and all Greek and Latin indices were raised and lowered!'® with

9w and ggp, respectively.

G Quantum corrections for the special galileon

In the main text we have focused on computing (one-loop) quantum corrections for
generic brane setups which allowed us to gain new insights into quantum corrections
of lower-dimensional scalar field theories that non-linearly realise symmetries of the
higher-dimensional setup. While theories such as DBI and NLSM can be obtained as
limiting cases of this general scenario, this is not true for all exceptional scalar theories. In
particular, while there does exist a geometric interpretation of the special galileon [91], it
requires ingredients beyond those considered in the present work.

In this appendix, we consider loop corrections to the special galileon and analyze the
results along similar lines to those considered in the main text. An extensive study of the
quantum corrections to the special galileon can be found in [92] and the following results
can also be found in that work. Below we are simply interested in understanding aspects
of the special galileon in the context of the present paper’s focus.

The special galileon. The special galileon [97] is given by the following action®’

S = /d4l’ {—;TFDTF + Algne“”ﬁ"’e?;/” o TwBTpy | 5 (G.1)
where 7 is a scalar field, m,, = 0,0,m, we work in Euclidean signature, and A3 is the
strong coupling scale of the theory (any would-be dimensionless coefficient of the quartic
interaction has been absorbed into Ag). In addition to the standard galileon symmetries,
under which 7 — 7 + ¢ + b,z# with ¢, 0" constant, the theory then obeys the following
enhanced symmetry [97]

24
T =T+ s, |ofT + FW“W” , (G.2)
3

where s, is a constant, traceless, and infinitesimal matrix. The lagrangian (G.1) changes
by a total derivative under (G.2).

8D, is not compatible with g,, and 8, is not compatible with g,; and our raising and lowering con-
ventions correspond to putting all metric factors outside of all derivatives. Index placement is simply
a form of shorthand here. For instance, ¢,”, stands for g“"*g.sD,0.¢", which is not equal to, say,
Dy, (97"0a (gard"))-

9Note that we have implicitly applied a Galileon duality transformation [98] — see [99-101] for further
details and extensions — to eliminate the cubic Galileon interaction. If the Galileon also couples to other
fields, then care must be taken to consistently apply the duality field re-definition to these other coupling
terms as well.
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One-loop divergences I. Following the approach of [102, 103] we may then straightfor-
wardly compute (one-loop) quantum corrections for the Special Galileon. In the notation
of [103], which is only used in this appendix, the key ingredients for this computation are
the inverse effective metric M and the effective potential U. These satisfy

12 1
MW = 6 — et P gy, U = VLY + Ly LY, where LP = S MMTY,. (G.3)

Note that the covariant derivative and connection I' are defined with respect to the effective
metric M. All indices in (G.3) and (G.4) are raised and lowered with respect to this effective
metric and, in (G.4), curvature tensors are evaluated for M as well. Using heat-kernel
techniques, the quantum corrections to the Special Galileon at one-loop order can then
be expressed in a closed form in terms of geometrical curvature invariants of the effective
metric M), and the potential U [102, 103]

. uv 2
av _ M{RWR R_RUWQ}, (@.4)

1

30 60 3

Note that we assume we are working in four dimensions, so have dropped an additional
contribution of Gauss-Bonnet form (which therefore vanishes in four dimensions, up to
total derivatives). As a concrete example, let us focus on the 4-point function evaluated in
this way. We find
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— 278 ﬂ”ﬂggﬂ'ap + 4P mﬂ'imﬂ"p + 67%n"Px 5557r05 (G.5)
where indices are raised and lowered with a flat Euclidean metric again and the second sub-
script in I indicates the order in fields. While this can be simplified further via integrating-
by-parts, the form given makes the galileon 7 — 7 + ¢ + b,2" symmetry of the four point
function manifest (every field enters with at least two derivatives). However, while the
4-point function (and the one-loop corrections computed in this way in general) are man-
ifestly invariant under this linear symmetry, they are not invariant under the non-linear
special galileon symmetry. That this is the result of the above ‘naive’ and off-shell calcu-
lation is of course not a surprise in light of the discussion in the main text and mirrors the
analogous result for DBI.
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On-shell equivalence I. Just as for DBI, we expect to be able to obtain an on-shell
version of (G.4) that manifestly respects the special galileon symmetry. Again focusing
on the 4-point function (G.5) as an example, consider the corresponding 2 — 2 scattering
amplitude, which satisfies

g(zeA;@ st +12)3, (G-6)

where we have used massless on-shell kinematics: s +¢ 4+ v = 0. Instead of directly

Azyg = —

manipulating (G.5), we can use this result to identify an on-shell form of the four-point
function, which yields the same amplitude and is therefore (physically) equivalent. Using
this we can find the following on-shell equivalent expression for the 4-point function

24 1
Fdlv[ ] = S GEAr /d4m ﬂaﬁv(ﬂgaﬁwpwg(s — Ty To0pTP) . (G.7)

Note that this is of the form (937)", so trivially invariant under the ‘lowering’ s, "z
part of the Special Galilean transformation (G.2).

One-loop divergences II. We now compare the above ‘naive’ calculation with the result
of [92], which uses the equations of motion to write the one-loop effective action in a
symmetry invariant way from the start. A key realization of [92] is that when the on-shell
conditions are imposed in the background field method, the effective metric for fluctuations
reduces to the form

1
G = O + ?wﬁwﬁu, o = AS/24 (G.8)

and the above is known to be special-galileon-covariant [91, 104]. This is a special phe-
nomenon: no similar on-shell simplifications occur at the level of the fluctuation metric for
DBI, for instance. In four dimensions, the on-shell one-loop effective action can be written
s (D.12) [62, 92, 105, 106]*°
WWﬂz—ll/&m@F.WH}ﬁ] (G.9)
L 120 (47)2 w 27" |’

where indices are raised and lowered with the special galileon effective metric g, (G.8)
and curvature tensors are evaluated for that effective metric. This result is invariant under
the special galileon symmetry?! by construction. Evaluating the resulting 4-point function
for comparison with the previous ‘naive’ calculation, we find

1 1 1
Fdw[ CI]Z_WW)QE/d4 [ﬂawﬂaﬁ’yﬂﬁ 7r50p—27ro‘77rgp vl 7r50p+§7ra577ra'877r(50p7r5‘7p
1
—7r°‘77rg77r50p7r5‘7p—|—7T°‘77r557r557rp + QWgVnngg%gp
(G.10)

Just as for (G.7), the (03m)™ form of this expression yields trivial invariance under the
‘lowering’ sy, a*x" part of the Special Galilean transformation (G.2).

2ONote that we are supressing a factor of p~2°

in comparison with the result of [92] here.
*'In the notation of [92] the Special Galilean symmetry is m — 7 + 5., (a’z#z” + 7#7"), where

1,24
Suv = 5Q° 8,0
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On-shell equivalence II. Computing the contact contribution of (G.10) to Aa_,9, it is
readily verified that the result is (G.6) and hence the preceding action is on-shell equiva-
lent to (G.5). This establishes the on-shell equivalence between the three formulations of
I'1 4: (G.5), (G.7) and (G.10).

Discussion. The special galileon example reiterates and extends several points discussed
in the main text. The presence of a non-linear symmetry means that a naive calculation of
the off-shell one-loop effective action yields a result that does not respect this symmetry.
However, just as for DBI, going on-shell one can recover a manifestly symmetric physical
result, both via the brute force method outlined above as well as via the more elegant
formulation of [92]. While ultimately results obtained in these different ways are physically
equivalent, this outlines several ways the computation can proceed and invariance of the
physical result under a non-linear symmetry of the system can be made manifest. The
geometric construction of the special galileon [91] involves complex bulk spacetimes and
Ka&hler forms, which is the reason why they fail to be captured by our methods. It would
be worthwhile to explore whether other interesting models of a similar origin exist and, if
so, how to extend our present construction to include such additional ingredients.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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