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1. Introduction

An appealing idea is that Einstein’s theory may not be fundamental, but induced by quantum
fluctuations of the matter content of the universe [1-7]. If this is the case, the dynamics of the
spacetime metric g,y is seen as an approximation of the dynamics of the underlying degrees of
freedom. The fundamental theory is assumed to be free of UV divergences, whereas the non-
renormalizability of gravity is just an artefact of the effective theory.

In some approaches of induced gravity, the metric is considered to be purely classical, a back-
ground field that acquires a kinetic term only through loop corrections of the matter fields [1-6].
However, this assumption leads to several drawbacks, one of which being the absence of natural
reason to impose the extremization of the effective action with respect ot g,v: The Einstein equa-
tions should be imposed by hand. Another reason is that gravitational higher derivative terms are
also generated, and it appears to be impossible to obtain finite results for the induced R?- and C?-
terms, where R is the Ricci scalar and C,;y is the Weyl tensor. These four-derivative terms need
to be renormalized, which requires the existence of counterterms of the same form at tree-level.

In the present note, we consider infinite towers of matter fields (scalars, spinors and vectors)
that interact only with a four-dimensional spacetime metric, whose classical kinetic terms contain
exclusively four derivatives of the form R? and C2. The full theory is renormalizable [8—11]. If the
matter fields can formally be seen as Kaluza-Klein (KK) states arising from a (4 + n)-dimensional
theory, the metric has no KK excitations and only makes sense from the four-dimensional point of
view. We find that a cosmological constant Aj,q and a Newton constant Gj,q are induced by the
radiative corrections of the matter fields. They are finite and calculable from data of the underlying
fundamental theory, provided the numbers of towers satisfy some specific rule. Ajyq and Gipg
remain predictable when quantum corrections of the gravitational degrees of freedom are taken
into account at the 1-loop level.

These results are derived in Sect. 2 using heat kernel methods [1, 12-15], and they are in
perfect agreement with Adler’s approach to induced gravity [2—6] we consider in Sect. 3. Further
details beyond the results presented here can be found in Ref. [16]

2. Induced gravitational terms from the heat kernel method

In this section, we first derive the effective gravitational couplings induced by the radiative
corrections associated with infinite numbers of real scalars, Weyl fermions and vectors fields. Then,
we will justify why the form of the induced effective action remains valid once quantum correction
in the gravitational sector are taken into account at 1-loop. The “matter” fields are organized in
towers of KK modes arising from a (4 + n)-dimensional spacetime of the form M* x S' x --- x §1,
where the S! circles have radii R;, i € {4,...3+n}, and M* is a four-dimensional spacetime of
metric g,vw.1 The towers of states are labelled by an index u, such that

ued={1,... Ny} for real scalar fields,

uce¥={Ny+1,....,Ny+Ny} for Weyl fermions,, 2.1
ue A={Ny+Ny+1,...Ny+Ny+Ns} for vector bosons.

L Our convention for its signature is (—, 4, +,+).
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For every tower u, the KK modes are labelled by /7 = (ma, ...,m31,) € Z" and their masses squared
are given by

3+n . N2
Mz = Z <ml —I}Qm) . 2.2)
i=4 l

In this expression, Q,, is a real n-vector, whose components shift the KK momenta. From a (44n)-
perspective, Qu is a charge vector under the Abelian isometries of the 7 circles.> Even if this is
not compulsory, we will assume that Qu ¢ 7" for all u, so that no massless state belongs to the KK
spectrum.

The classical action of the full theory is

Sirce = Se + Y Su(Ou) , (2.3)

where S, is a purely gravitational action and Su(Qu) depends on the nature of the tower u. For
u € ¥, we have

- 1
Su(Qu) = —/d4xv _giz [guvauq)uﬁzavq)uﬁi +M3m 3y‘y‘;:|a (24)

m

where ¢, is a real scalar. For u € ¥, the action is
= 1 - o = o _
Su(Qu) = /d4x\/ —8 5 Z [lvu Wmﬁau Yuim — “I/urﬁc'uvu Wi — My (Wuﬁlq/ur?z + ‘//Lm?l//mﬁ)} , (2.5)
i

where the conventions for Weyl spinors we use are those of Ref. [17]. Finally, for u € A, the action
of the tower of vector bosons A, is

- 1 1
$.00) == ['xv=g ¥ [ €78 FusuvFurpo + 5 Min 8" A 26)
m
where F gy = 8uAu,;,v — aVAW is the field strength. In unitary gauge, the ghosts are infinitely
massive and do not need to be considered when computing radiative corrections.
Following Ref. [13], the 1-PI effective action in the semiclassical limit for g,y can be written
as

Seff = Stree +Ww 5 (27)

where W arises from the radiative corrections of the matter fields,

i F 2 2 N2
W = EZM:(_I) zﬁ;‘lndet [(—Du M2 —ie)o?]. 2.8)
In our notations, F = 0 for u € ®U.A and F = 1 for u € P, while D2 is the kinetic operator of the
KK modes of the tower u and o is an arbitrary length introduced for dimensional purpose. Using
the identity Indet = tr In and the relation

In(Ko?) = — / TS ik [ie” (%)2} +O(pK), (2.9)

p> S

2In that case, the towers should be combined in pairs in order to be complexified.
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kun kiR kyme ko2
1
6

I I
tower u of real scalars 1 5 4
tower u of Weyl fermions 2 —% 0 —41—0

; I 1 13
tower u of massive vector bosons | 3 —5 7 5

Table 1: Coefficients k5, k,z, k,z2 and k> appearing in Eq. (2.12) for each mode of the KK tower u.

which is valid for any complex number K having a small negative imaginary part —i€, we obtain

W — _L FZ / —lS D5+Mum ) +Wl ,

(2.10)
where W = 5 Xu:(—l)FXm:tr <1n [iey(%) } +O(p*(—D2+M>, — is))) :

Note that in Wj, the term proportional to In(ie?(p/c)?) cancels out when the number of bosonic
and fermionc towers are equal, Ny + N4 = Ny. Indeed, we will impose later on this condition in
order to eliminate all divergencies occurring in the cosmological constant. Anticipating this fact,
and noticing that the contribution O(p?) vanishes in the UV limit p — 0, we discard from now on
the contribution W;. The relevant term in the expression of W can be computed thanks to the heat
kernel expansion [12-15]

zs(Mzﬂ —ig) +oo

( 4;:) ’;O(is)'(au,(, .11

where the a,, are functions of the local spacetime geometry. Dimensional analysis implies that

—étre_“( -D; -i-M2 —i€) /d4x /7

they contain 2k derivatives. For the lower values of k, we have
auo = kun ’
ay =k R, (2.12)
V=8 = /=g |kyp2 R* + k2 Cz] -+ total derivative,
where R is the Ricci scalar and C? = CMV;LQ,C“VM’, with C;y5 the Weyl tensor. Moreover, the
coefficients appearing in the r.h.s., which depend on the nature of the KK modes, are given in
Table 1 [12,13, 18, 19]. Finally, the total derivative, which contains in particular a contribution

proportional to the Gauss—Bonnet density, will not be considered in the following because it only
contributes as a constant to the action. Thus, W can be decomposed as

—+oo
W:/d4x\/—g Z L,

where L (x) = oy Z F e (x Z/ ids frin (is) (2.13)
Jurin(is) = (iS)K_3 e_iS(Mm?l i€)

In order to compute radiative corrections of an infinite number of states, we make a choice of
prescription encountered in string theory. Namely, we first sum over the spectrum and then compute
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the Schwinger integral. The reason for this is that the sum over the spectrum may have a smoother
behavior than the contribution of each individual state. Applying this rule to the expressions of
the induced Langrangian densities Ly, it is then legitimate to apply a Wick rotation, a change of
variable ¢ = is, and to take the limit p — 0 to write

Lel0)= 5y / +°°dt;<—1)Fam<(x>gﬁmﬁ(x), (2.14)

provided the integrand has no pole [16]. To see when this is the case, let us consider three cases:

e For Kk > 3, the function f, has no pole and the result is

Vi >3: EKZF(;;EQZZ FZ

u

(2.15)

e For k =0, 1, a Poisson summation over i leads to

n
T2

me( 3+§_K(HR) Y e T E (R 2inG T (2.16)

l EEZ"

which has a pole only for 7 = 0. However, the latter is independent of the charge O... Hence
the sums over the towers u of all unwanted contributions ¢ = 0 in £ and £, are proportional
to

Y (-1)kia  and Y (=) kg =0. (2.17)
u u
Using Table 1, these coefficients vanish when the numbers of towers satisfy the conditions
Ny —2Ny +3Ny =0, Ny +Ny —3Ny =0, (2.18)
which admit the solutions

(Ng,Ny,Na) = (1,2,1)N, NeN. (2.19)

In that case, the integrals over ¢ can be computed term by term using the change of variable
t =7m*Y;(¢jR;)*/1, and the result is

1 Amd F(Z + %) ( 2”.L-Qu
— Lw TRES) )y |
0= 87 Gind 327‘[;6+7 I:[ ! ;( (;) €2R2)2+2
2 5.7 (2.20)
1 R T(1+2 in0y
£i= IR ke Y S R
1= 87'L'Gmd 2 167t4+2 Iz—[ ! ; MRE(’) Z] EZRZ) 1+5 2

e For k¥ = 2, the Poisson summation leads again to a singular contribution /=0. Summing
over u, the divergent coefficients of the R? and C? terms are proportional to

Y (-D)kge and Y (=1) k. (2.21)

u u
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Upon using Table 1, vanishing of these coefficients amounts to satisfying the constraints
N¢+NA=0, N¢—|—3NW+13NA:O, 2.22)

which however have no solution. Thus, the Lagrangian density £, is UV divergent and must
be renormalized thanks to tree-level R? and C? counterterms. As a consequence, the purely
gravitational classical action appearing in Eq. (2.3) is defined as [8,9,11]

R? C2>

il (2.23)
fOB f22B

Sy = / d*xy/— <
where ng, f22B are infinite bare couplings.

Collecting all our results, the semiclassical 1-PI effective action reads

R RQ Cz +oo Ny +Ny+Na .
(3 M)+ Gt Lot X SM<QM)]7 (2.24)

Seef= [ d
ff = / X\ﬁ fo f2 =

& Glnd

where fg and f22 are finite couplings to be determined by measurements.

Notice that at this stage, the gravitational fields are quantum degrees of freedom that have been
treated semiclassically. However, the above expression remains valid once radiative corrections in
the gravitational sector are taken into account at the 1-loop level. To understand why, notice that
when no matter is coupled to pure quadratic gravity, namely the theory of gravity where the kinetic
terms are of the form R? and C? only, no cosmological and Newton constants are generated at
the quantum level. This follows from the fact that scale invariance is a non-anomalous symmetry
of this theory [8-11,20,21]. In our case, though, quadratic gravity is coupled to towers of mat-
ter fields. However, because 1-loop Feynman diagrams arising from different particles are simply
added linearly to each other, we conclude that Eq. (2.24) continues to be true at this order. Nev-
ertheless, whether predictability of the induced cosmological and Newton constants is preserved
beyond 1-loop involving gravitational degrees of freedom is a question that is beyond the scope of
the present paper.

Before concluding this section, we would like to present the simplest example where finiteness
of the cosmological and Newton constants are achieved in our framework. This corresponds to
the case where /' = 1 supersymmetry is spontaneously broken via implementation of a Scherk-
Schwarz mechanism [22] along n = 1 circle of radius R4. If all bosons have a universal charge, we

have
1
forue®UAd: 0,=0¢7Z, forue¥: Qu:Q+§. (2.25)
Using Eq. (2.20), we obtain
1 Aing Nr(s/z) 1 o emet) 1 T(3/2) 1 et (226
87 Gina ans RiT 1 872G 2413 RyT 201 7

3. Induced Einstein action from Adler’s approach

An alternative approach to compute the induced gravitational couplings was developed by
Adler [2-6]. Instead of using a heat kernel expansion in derivatives, one may define the variation
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of the metric near a flat background and Taylor expand the effective action arising by integrating
out the massive fields. The two first coefficients of this expansion are the cosmological and Newton
constants, which can be expressed as

1 A 1
> G““j —4(T(0)).
ind
3.1
4
87erd /d xx° O)>

In these formulas, 7'(x) is the trace of the stress-energy tensor of the massive fields to be inte-
grated out, T (x) = T'(x) — (T(x)), and the correlators of time-ordered operators are evaluated in
Minkowski spacetime. In the following, we derive in Adler’s framework the Einstein action in-
duced by Ny, Ny, Ny KK towers of real scalar fields, Weyl fermions and vector bosons, and find
perfect agreement with the results of the previous section.

The traces in flat space of the stress-energy tensors of the towers of states can be derived from
the actions (2.4), (2.5) and (2.6):

- Z Z [3H¢L,,7,3“¢um +2M3m um]v

uc® m
T‘I/(x) = Z Z |:( /.L‘I/umc Yoin — Vuin O ali Wum) _2Mur?l(lljur?lll/uﬁ1+ q_/urhlpmﬁ)] , (3.2
uc¥ m
Z Z um un Mm#'
ucA m

The associated correlators involved in the cosmological term are

=) Z [i5¢ i1 Bui (0)]

ued m
=Y Z [i5<4> (0) — 3M2%;, A (0)],
ue A m

where A,z (x —y) is the Feynman propagator of a real scalar field of mass squared M,fﬁl, while the
8™ -functions at x = 0 are infinite constants that contain no physical information and are harmless.
One way to see this is to consider an equivalent definition of the classical theory that includes
non-dynamical real scalar fields. The action associated with an infinite number of such fields D is

Shon- -dyn = /d4xv Z 2 i (3.4)

which yields an extra contribution to the previous correlators equal to ¥ 2i8*)(0). Because we
can choose the number of such towers so that all terms of this form cancel out [16], we will discard
all 8™ -functions from now on. In order to compute the pieces of the correlators that involve the
propagators, we follow a prescription inspired by what is commonly done in string theory:

e We apply a Wick rotation and switch to first quantized formalism by introducing a Schwinger
parameter ¢,

d4k ik-x d4k
Ay (x) = —i / an? k2+;42 pe / E / dr e ke Fikexe o Mzt (3.5)
win
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e We compute the Gaussian integral over the Euclidean momentum &g.

We perform a Poisson summation on the KK momentum 7.

Adding the contributions of all KK towers, the divergent terms (labelled by 7 =0 as in the
previous section) cancel out provided the condition (2.19) is fulfilled.

All other contributions ¢ # 0 can be integrated term by term over .

Applying this procedure, we find that the induced cosmological constant obtained by adding the
contributions of the integrated out scalars, fermions and gauge bosons is

L Aind
87 Ging |9

1 Aind
877: Gmd

1 A1nd

L4 871: Ging 1A Z IO Qu -2 Z Ié(é”) +3 Z I(/)(Qu)y 3.6)

ucd uc¥ ue A

where we have defined

21'7:@-/7
3.7)

L

Bt AN G (R

This result is in agreement with what we found in Eq. (2.20).

The derivation of the gravitational constant is more involved. The relevant correlators are
expressed as

(Ty(x)T5(0)) = Z[Mv Ay (x) 9 0¥ Ay (x) + AM 3 Oy Ay (x )8“Ama(x)+4M;‘n~,Amz(x)2}’
ue@ m
(Ty(0)Ty(0)) = Y ¥ [-9(0A: (x))2 + 99 A (X) O* O (%) + 39MZ A (%) DA i (x)
uc¥ m
_7lema Aui ( )a'uAth( ) 32M4 Aum( )2]’
(Ta(x) Zz[a“av i (X) 90 A (X) — 2M2 A (X)9% A () + 4M A ()2,
cA m
(3.8)

which yield accordingly contributions given by

1 - ~ o
S2Gnalo = Lo [1(00) +1(C) + 15(Cu)],
1 7 _
872G ly ;F [14(Qu)+15(Qu)+16(Qu)—§12(Qu) 41(0,)], (3.9)
1 = 4
87TGind A = ,4;4 [11 (Q ) - @IG(QM) +I3(Qu)]
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where we have defined the integrals

. i (p . k)Z eilptk)x
L(0) = ——— d*x x? / d*pd*k ,
(@) = 22 amp / ” ; PEE 2, —ie) (0 + M2, — ie)

-
m

- i p: k ei(p+k)‘x
L(0,) = — d*x 2y M2, / d*pd*k ,
200 =~ g [ dea D R L P v e vy
(By) = — / dx 2 Y M / dpd'k el (3.10)
W= s ams L [ CPEE M —ie) (e M2, —ig)
= 3i p2 k2 ei(p+k)'x
L) = — — [t / d*pd*k ,
(@)= ~ 15 any / ey [ & (p?+ M2, —ie) (k2 + M2, — ie)
. 3i p2 (pk) ei(ptk)x
I5(0,) = ———— d*x x? /d4 d*k :
5(Cu) 16 (27)8 / o ;‘ P (P> + M2, —ig) (K2 +M?. — i€)

N 13i p2 el(p+k)-x
I :—7/d4 2 M%/d4 d*k .
o(Qu) =~ Tgmp | 4 ; i | PSR R M2, ie) (2 + M2 — i)

These quantities can be computed by following the procedure described in the derivation of the cos-

mological constant, up to additional Gaussian integratials over the Euclidean spacetime point xg.
The results are

. r(1+%) e2in0-0
L(Q)=— TR Y o
3274ta ( i ) 7 (zjfﬁRg)lﬂ (3.11)
L4 5 3 ) = 215 6
b(0)=~34(0). KO)=0, LO)=0, K0)=-31(0). K)=0.

where all ill-defined terms ¢ = 0 must cancel one another by the interplay between the towers of
KK modes. Because this turns out to be the case when Eq. (2.19) is satisfied, the contributions
induced by integrating out the scalars, fermions and gauge bosons to the Newton’s constant add up
to yield the finite result

1
87 Gind

1
_l’_
¢ 87Gind

1
+
v  87TGing

1 ~ 1 < -
~3 L 000 —3 Y 1(@)+ Y 1(Q), (12

A 3 ucd uc¥ uc A

where I} (Q) is defined as I, (Q), with the pathological term £ = 0 removed. As was the case for the
cosmological constant, this result agrees with that found from the heat kernel method, Eq. (2.20).
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