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Abstract. A recent proposal for gauge-invariant observables in inflation [R. Brunetti
et al., JHEP 1608 (2016) 032] is examined. We give a generalisation of their
construction to general background spacetimes. In flat space, we calculate one-loop
graviton corrections to a scalar two-point function in a general gauge for the graviton.
We explicitely show how the gauge-dependent terms cancel between the usual self-
energy contributions and the additional corrections inherent in these observables. The
one-loop corrections have the expected functional form, contrary to another recently
studied proposal for gauge-invariant observables [M. B. Frob, Class. Quant. Grav.
35 (2018) 035005] where this is not the case. Furthermore, we determine the one-
loop graviton corrections to the four-point coupling of the gauge-invariant scalar field,
and the corresponding running of the coupling constant induced by graviton loops.
Interestingly, the 8 function is negative for all values of the non-minimal coupling of
the scalar field to curvature.

Keywords: perturbative quantum gravity, relational observables, renormalisation

PACS numbers: 04.60.-m, 04.62.+v, 11.10.Gh, 11.15.-q

Submitted to: CQG


http://dx.doi.org/10.1007/JHEP08(2016)032
http://dx.doi.org/10.1088/1361-6382/aa9ad1
http://dx.doi.org/10.1088/1361-6382/aa9ad1

Gauge-invariant quantum gravitational corrections to correlation functions 2

1. Introduction

While the study of theories of quantum gravity has a long history, the only observational
evidence for quantum gravity to date comes from cosmology, namely the fluctuations of
the cosmic microwave background [1-3]. They are well described by considering linear
metric fluctuations around a classical background, i.e., in the perturbative approach
to quantum gravity. Even though perturbative quantum gravity is not power-counting
renormalisable, one can treat it in the sense of an effective field theory [4], and obtain
unambiguous predictions at scales below the Planck scale. However, if one wants
to generalise the treatment to the non-linear level (i.e., including graviton loops), a
serious difficulty arises: the construction of gauge-invariant observables. Because of
diffeomorphism invariance, it is well known that there can be no local observables in
General Relativity (or any other metric theory of gravity) in general. Nevertheless,
when one only considers linear perturbations around a fixed background, it is possible
to find a complete set of gauge-invariant local observables starting from an IDEAL
characterisation of the background spacetime [5]. An IDEALZ characterisation of a
given spacetime is a set of tensorial equations T,[g, ¢| = 0 constructed covariantly out
of the metric g,,, the curvature tensors and other scalar or tensor fields ¢ and their
derivatives, which are satisfied if and only if the given spacetime is locally isometric
to the reference spacetime. For example, maximally symmetric spaces are characterised
by Ruwpe — 2kgup901p = 0 (where & = 0 corresponds to Minkowski, k£ > 0 to de Sitter
and k < 0 to anti-de Sitter spacetime), while the Schwarzschild geometry of mass m is
characterised by the conditions [7]

R =0,  C"PCupp —wC"™,y — 20655 =0, OV, wV,w=0,

("o
1
w# 0, a>0, (Zwu“u”C'upw —w?g,, + 2w2upuo)vavgw >0, @
where
L uves po ; 1 o -3
w= —<120 CappeC W) , o= WV wV,w — 2w, m=wa 2, (2)

and " is any unit time-like vector. For more general spacetimes, including
the Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetimes which are used in
cosmology, more complicated conditions are needed, which then also involve the inflaton
field [5].

Considering now linear perturbations around a background, an infinitesimal
coordinate transformation x# = z# 4 dxt = a# — & leads to a gauge transformation of
the metric perturbation h,, of the form

5h;w = V,ufz/ =+ vzxg,u ) (3)

and in general the change of the perturbation A® of a quantity A = A© + AM is given
by the Lie derivative of the background,

6AW = £,A0) (4)

1 Intrinsic, Deductive, Explicit and ALgorithmic, or Rainich-type [6].
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Obviously, when the background quantity vanishes, the first-order perturbation is gauge-
invariant, which in particular is the case for the IDEAL characterisation tensors T,[g, ¢].
Since furthermore the characterisation is complete, we have TM[h, ¢(M] = 0 for all a if
and only if h and ¢!) are pure gauge, i.e., of the form h,, = V£, +V,&,, 6 = L6
for some & [5]. Therefore, the T V[h, V)] provide a complete set of local and gauge-
invariant observables in the linearised theory.

This nice construction unfortunately does not extend to higher orders, and one is
forced to seek other approaches. One of these are so-called relational observables (see
the recent [8-14] and references therein), which can be loosely defined as the value of
some dynamical field ® of the theory at the point where some other dynamical field ¢’
has a prescribed value. In general, one takes four scalar fields X*[®] as field-dependent
coordinates on which to evaluate the other dynamical fields of the theory. To be able to
extract sufficiently local information from the theory, it is of course necessary that the
four scalar fields satisfy an appropriate non-degeneracy condition. In the perturbative
approach, this condition means that one must be able to distinguish all points of
the background spacetime by the background values X* of the X*, which becomes
problematic if the background spacetime is highly symmetric, such as Minkowski space
or the FLRW spacetimes. In these cases, one can add additional scalar fields to the
theory (e.g., the Brown—Kuchar dust [15]), but this changes the physical content of
theory. A way out of this dilemma has recently been achieved by Brunetti et al. [16] for
FLRW spacetimes, with background metric

g Azt dz” = a(n)? (— dn? + dacg) : (5)

which is a solution of the Einstein equations with a scalar field ¢(n) (the inflaton), where
7 is conformal time, and where the form of the scale factor a(n) depends on the scalar
potential. (In this case, a complete set of local gauge-invariant observables in the linear
theory was constructed in [17].) We will review their solution in section 2, and give
a generalisation to more general backgrounds including Minkowski space. In section 3
we calculate the invariant scalar two-point function including one-loop gravitational
corrections in flat space, and in section 4 we calculate the gravitional corrections to
the running A¢* coupling. We conclude with an outlook towards further work and open
problems in section 5. Some technical computations are relegated to the appendices. We
use the ‘+++ convention of [18], work mostly in n dimensions, and set ¢ = h = 1 and
k% = 167Gx.

2. Construction of gauge-invariant observables

The idea of [16] is based on the observation that in the background spacetime, the
spatial coordinates * are harmonic, fulfilling the differential equation Az* = 0. Since the
Laplace operator A transforms as a scalar under rotations and translations of the spatial
submanifold, one can construct the required remaining three scalar functionals order by
order in perturbation theory by imposing that they are harmonic with respect to the
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perturbed Laplacian, and that they reduce to the spatial coordinates for vanishing metric
perturbation. An explicit formula can be given as follows: in the perturbed geometry
with inflaton ¢ and metric §, one first defines the unit time-like vector normal to the
equal-time hypersurfaces

U (6)
\/ —g"“’au¢al,¢
and the spatial metric
;?,ul/ = g,ul/ + ﬁ,uﬁz/ . (7)
The perturbed Laplacian (acting on scalar functions) is then given by
Ayt =3Vu(3Vof) (8)
and we define n — 1 scalar functionals X* (i=1,...,n—1) by imposing that

and that their unperturbed value is equal to the background spatial coordinates: X* = z°
(we note that the background value of the Laplacian is Ay = a™2 /A with the scale
factor a). One can, in fact, give en explicit formula to calculate the X order by order in
perturbation theory. For this, let é¢ be the Green’s function for A¢ with vanishing
boundary conditions at spatial infinity (and G, its background value, the Green’s
function for A,), and denote the difference between perturbed and background value
by a 6. We calculate

DGy =D Gy = (Dg+04)(Gy + 0Gy) (10)

and from this by convoluting with G, on the left
0Gy = =Gy - 00s(Gy + 0Gy) = Gy - Z R JAVICIS (11)

where the last equality follows by repeatedly replacing G by the right-hand side. The
solution of eq. (9) is then given by

[e.e]

X'=(1=Go-Dy)a" = Y (=G 00y)"a" (12)
n=0
Acting with Adw this obviously fulfils eq. (9), and since é¢ . A¢ is the identity only on
functions which vanish at spatial infinity, the solution is not vacuous.

This idea can be generalised in various ways. For example, still in the inflationary
context, one could replace the Laplacian by the d’Alembertian V2, since for the
background spacetime also V22! = a72[0* — (n — 2)Had,]z* = 0 [19]. This does not
work for the time 7, which would still be defined by taking the perturbed inflaton as
time coordinate. However, since inflationary backgrounds are conformally flat, we have

<V2 — §CCR) (a_nT_Qx“) — a0t =0 (13)



Gauge-invariant quantum gravitational corrections to correlation functions )

with the conformal coupling &.. = (n—2)/[4(n—1)]. It is thus possible to define n scalar
functionals X#, = 1,...,n, by imposing

(V2 = &eR) [aF (X)X*] =0, (14)

where a(X' ) is defined by replacing n by X0 in the scale factor (i.e., keeping the functional
form). Finally, perturbing around flat space one can simply impose

ViXH =0 (15)

as a direct generalisation of the background relation 9?z* = 0. In all these cases, we have
an explicit solution for the X*, given by the obvious generalisation of the formula (12).
However, while for the Laplacian (an elliptic operator) there is a unique Green’s function,
for the hyperbolic operator V2 there are many Green’s functions to choose from, and
the concrete choice forms part of the definition of invariant observables. We will see later
on that the Feynman propagator is the correct choice in our case.

In fact, the latter condition can be used for more general spacetimes. In contrast
to flat space, in general the background coordinates x* will not be harmonic, but they
satisfy the equation

1
Virt = —=0,(V=99") = —¢"T},. (16)

where V? is the scalar d’Alembertian of the background metric g,,. One therefore has
to pass to the new coordinates

yi(@) = o+ [ Glao,a) (V=997 Tl ) (@) f(a') d'a (17)
where G(x,2') is any Green’s function of the scalar d’Alembertian,
0"z — )

/_g )

and f is a cutoff function (smooth and with compact support). The existence of such

VG (z, ) = (18)

a Green’s function with either retarded or advanced boundary conditions is guaranteed
for globally hyperbolic spacetimes (see, e.g., [20]), and since f has compact support the
integral is finite as well. Since

Vi (x) = (97T, ) (2)[1 = f(x)], (19)

the new coordinates are harmonic at all points where f = 1. Whether harmonic
coordinates exist globally (i.e., if it is possible to set f = 1 in the whole spacetime)
is a more difficult problem; we assume that they exist for the spacetime under
consideration. Perturbing the metric in these new coordinates, we can then again impose
the condition (15) to determine the field-dependent coordinates X .

As explained in the introduction, invariant observables are obtained by evaluating
the dynamical fields of the theory on these field-dependent coordinates. That is, we invert
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the relation between the background coordinates z# and the X* to the desired order
in perturbation theory, and perform a coordinate transformation from the background
coordinates z* to the X*. For a scalar field ¢, the corresponding invariant, which we
denote by ¢(x), is just given by the scalar field ¢(x) where X is held fixed, while for
higher-spin fields one also has to include the Jacobian of the transformation.

2.1. Second-order perturbative expansion in flat space

We use k as a perturbative parameter, and expand

X =" k"XG,, (20)
k=0

with X, = 2. To second order in £, the expansion of the perturbed metric and its

determinant is given by
guu = Nuv + 'Kéh,uu ) (21&)
g =" = kh" 4 K2HRY + O (), (21b)

1 1 1

V—g=1+ ilih + §H2h2 - th‘“’hw + O(H3) . (21c)

The condition that we impose on the X is

oo~ 1 ~
0= VX" = o=0,(V=35"0.X"), (22)

and to second order in k we obtain

PXGy = Jahl, (23a)
Xy = Jiyy[h] + Kyl X, (23b)
with
1
JGy = 0 — 5aah, (24a)
1 1
Iy = —0"(huh"*) + 5iﬂ%’uh + §h,w8"‘h“” , (24D)
1
Ky = 8,0, + (a“hw - 28”h) o, . (24c)

Given a Green’s function G(x,y) which fulfils

the solution of eqns. (23) is given by

Xiy(@) = [ Gla,y) o) 'y, (26a)
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Xey(@) = [ Gla,w) [Ty W) + Koy ) X3 ()] 4y (26D)
It is now easy to check that the X transform as scalars, using that
d¢hyw = 20,80 + KE Ophy + 2Kh,(,0,)E" . (27)
We calculate

0ty = 0% + K (€0,J8 + J()0°6, + 2006 0"h"™ + 0%, — 0,6,0°h™ ), (28a)
Oe sy = =200, 0" B — D€ R + 8,E,0%h* — 2N — hy,, O*0"E™ + O(k)
(28D)

0eK 1) = 2(0"€")0,0, + (0°€")0, + O(r) , (28¢)

and from this, integrating by parts where necessary, and using that G(x,y) is a Green’s
function (25),

0 X1y () = §(x) + K&, (2)h" (z)
5 [ &) UG, ) (@ — W 1 07 1) () - 3Gl ) Tty ()] 'y
(29a)
0¢ Xy () = £ (2)0, X7 (x) — & (2)h" (x) + O(~)
~ a6y @ 1 — 3 0 () — 05 G y) Ty )] 'y
(29b)
It follows that up to second order in s
0eX™ = kO X + K20 X () + O(K?)

N (30)
= kEY + f£2§”(9VX(O§) + O(Ii3) = k€0, X,

and as postulated, the X* do transform as scalars.
To construct the invariant scalar field, we first invert the relation between x and
X. To second order in &, we obtain

2 = X2 - kX0 (2) — WX () + O ()
= X* — /ﬂan) {X — /ﬁX(l)(X)] — KZX(OQ)(X) + O('L{S) (31)
= X — kX (X) + 2 XG) (X)9, X5 (X) — &°X55) (X) + O(*).

The invariant observable, which we denote by ¢(x), is obtained by evaluating the scalar
field ¢ at the point 2 (holding X fixed), which gives

¢(x) = ¢(x) = ¢ — KX 0ad

o] [o% 1 o <32)
— X000 + K X1 0,X5) 000 + 5rX () X(10a050 + O(5°)
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where all terms in the second line are evaluated at X. Using that

0¢ = k"0 (33)

and the change (29) or (30) of the X, under a gauge transformation, it is straightforward
to check that

ded(x) = O(K?). (34)

We note that in the generalised Landau (exact) gauge d,h** = %8‘%, we have Jiy =0

and thus X, = 0. For the non-linear Landau gauge

1 1 1
Ty + Ry = Qb — SO+ k| =0" (R h) + ShOh + Shy, WY =0, (35)

we even have X7 + £X() = O(x?), and thus the coordinate corrections to the scalar
observable ¢ vanish in this gauge, to the order we are working.

3. The invariant scalar two-point function

3.1. Perturbative expansion to one-loop order

While the above construction of invariant observables is valid for the perturbative
quantisation of any (metric) theory of gravity, to calculate correlation functions of the
invariant scalar (32) we obviously need to choose a theory, that is, an action. We take
the usual Einstein—Hilbert action

1 /-
Se = —Q/R\/—g 4"z (36)
K
for gravity, and a minimally coupled action for the scalar field
1 ~ U ~ n
Sy = -5 /(g“ .00, ¢ + m2¢2>\/—gd x. (37)

To obtain the one-loop corrections, we expand this action to second order in metric
perturbations around flat space, which results in

S =S\t +rSy + O(?) (38)
for the matter action, with
1
S = -5 / (0"60,6 +m*¢?) A, (39)
1
S =5 [ 1 (06070 = Puu®) s, (39D)

and where we defined the tensor

1
Tuwvps = Tp(uv)o — inmxnpa (40)
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and the symmetric differential operator

P,

pv

;nlﬂ,m +£(0,00 — muw0?) . (41)

Note that we have not given an explicit expression for the second-order contributions.
This is because to one-loop order, they only contribute to the invariant scalar two-point
function through graviton tadpoles, which vanish in dimensional regularisation around
flat space. For the same reason, we also only need the tree-order contributions from the
gravitational action (36), which is

1
SE = 5 [0,y + 20 0177 = 20,000, + RO ) . (42)

As is well known, this action is invariant under the gauge transformation (27) (to zeroth
order in k), and to fix the gauge invariance we add the gauge-fixing term

1 1 1
S6r =5 / [8” o — (1 + 6) 8uh] [aph“p - (1 + B) 6“4 e, (43)

The corresponding ghost action also does not contribute to the invariant scalar two-
point function at one-loop order since is are no direct coupling between the ghost fields
and the scalar. To determine the graviton propagator, we write

SO 4 59— / By PP 1 A (44)

with the symmetric differential operator

prvee — lnu(p w2 _ <1 _ 1)8(“77”)(”8”)
2 «
45)
1_1—}_6 nv Qp 9o PO AU G\ 1_(1+5)2 v, po 02 (
+<2 aﬂ)m 007 + nP7ord") 5 Al n*'nP?o” .
The graviton propagator G, ,.(z,z") satisfies
PG (,27) = 0082 — ). (46)
and it is straightforward to check that
/ 2 / 8 T]V 80' /
Guvpo (T, ") = <277u(p770)1/ - H”uuﬁpa) Go(z,2') + 4(a — 1)%%(% ')
2 0,0, 0,0,
+2(2+6)<nuv 62 +77pa 82 >G0((L’ ZL’) (47)
0,,0,0,0,
S| e (CRRRN CERCRRI - S

where the scalar propagator GG,,2 satisfies

(0% = m?)Gra(,2) = 0"(x — /) . (48)
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For later use, we write this in the form

ot

Gvpo (T Z uvpa 90)Go(z,2") (49)
with
T;Szl/)pa = 277u(p770)u ) (50&)
T;S?/)pa - n,u,l/npd ’ (50b)
0 19)
3 (1) (pY)
T;Su)pa =4 2 ) (50C)
0,0, 0,0
4 _ p~o nv
T;Su)pa [y + T (50d)
0,,0,0,0,
5 uvpUo
/EIJ)pO' - (82)2 (506)
and
2 2
V=1, P=-m P =(a-1), ¢W=—"502+p),
’ n—2 ’ ! n— 2 (51)

09 = -2+ 5)| 5@+ B) +(@-1)2-F)|.

Since massless tadpoles vanish in dimensional regularisation, of the non-linear
generalised Landau gauge (35) in which the coordinate corrections vanish, only the
linear part contributes to one-loop order. This gauge is obtained for « = 0 and § = —2,
where the propagator reads

2 ) (9
Gﬂupa (.T, xl> = |?ﬁMPUU)V - ?nuunpa - 40‘8)2([))] GO(£7 :C/) ) (52)
and fulfils ]
0 G (2.2') = L0 Copy(.2). (53)

However, to show explicitly the gauge invariance of the result we will work in this section
in the general gauge (47).

The last terms that we need to add to the action are counterterms. To renormalise
the invariant two-point function, we need a wave function and mass counterterm as
well as a higher-derivative term, which arises because gravity is perturbatively non-
renormalisable:

Sor = —= / (020606 + D) dz — ;521 [(2%6) v (54)

Furthermore, we need a cosmological-constant counterterm

_o / J=gd"z, (55)
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which makes a contribution 5
(1) A
& =—25 / hdra (56)
at linear order. The counterterms 8z, d,,, 0z, and d, are all of order x%. Using the
expansion (32), we can then calculate the perturbative expansion of the invariant two-
point function. Again, because massless tadpoles vanish in dimensional regularisation,
we can drop terms containing X, (X) which gives a graviton tadpole anchored at X,

and we can also drop all terms which contain an odd number of gravitons. This gives

(d(x)(x)) = (H(X)P(X"))g +i({(X)S(X')Scr)y — (9(X) (X))o (Scr)o)
1. N g g) Ay (M g
= 5 [(60(X)SVSW) |~ (6(X)B(X)o(SWSW) |
= k2 (0(X) X() (X)9,0(X)SW) |~ ik*( X (X)0ub(X)0(X)SW )
+ 12X (X)0ad(X) X[ (X)0u0(X)) + O(x'),
(57)

where
s =g 4 gl (58)

and (-), is the expectation value in the free theory with the propagators (48) and (47).
We can now evaluate the invariant two-point function (57) using Wick’s theorem; the
corresponding Feynman diagrams are shown in figure 1.

i 2

1 V

hd 7N

Figure 1: One-loop corrections to the invariant scalar two-point function at order x2.
Wiggly lines are gravitons, plain lines are scalars. The first three and the last diagram
are the usual corrections to the scalar self-energy (with external propagators), while the
middle four diagrams represent coordinate corrections.

3.2. Calculation

Denoting the invariant two-point function by

iGm2 (X, X') = (¢(x)o(2")) (59)
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and passing to Fourier space where the scalar propagator (48) reads

N[ e 4P
GmQ(xyx) - /p2 + m2 — 10 (27T)n , (60)
we obtain
; 1 Om + 629" + 07, (p* SRSyt
m2 = — I(NJC) 61
g (p> p2+m2_io+ (p —|—TTL2—10) szglg (p)a ( )

where V%) is the contribution from the k-th tensor structure of the list (50) to the
N-th Feynman diagram of figure 1. They are given by

. 1 1 1 1, d"q
10 = i (P2 +m? — i0)2 / ¢* —10(p — q)* +m?> —i0 e, Q)(%)" (02
with
T00(p,q) = 4p*(p — 0)? + 2(n — 2)[p” — (pa)l[p” — (pg) + 2m?] + 2’ (63a)
— 16£[p°¢” — (pg)®] + 8(n — D)EG[P* — (pg) + m* + £¢7],
T02(p.q) = [(n — 2" — (0~ 2)(pg) + nm® +2(n — e”]". (630)
T3 (p, q) = 4p*(p — q)° + 8m? [pQ + (pg) — 2(1;@) ] +Am? (63c)
209(p, g) = 2[(n — 2)p” — (n — 2)(pq) + nm* +2(n — 1)é¢’] lPQ o= 209(1(]2)2 e
(63d)
"(p, q) = [pz + (pq) — 2(1212)2 + mQ] , (63c)
2k) i 1 1 1 2, n n dnq
180 = 8 (p? +m? — i0)? // k* —i0 g% +m? — iOI( Y B)3" () d k(%)” o
with
I (p,q,k) = 2(n — 2)(p* + m*)(¢* + m®) — 4¢°p” + 8(pq)” + 4m* (65a)
I (p, g, k) = [(n — 2)p* + nm?|[(n — 2)¢* + nm?|, (65b)
T3 (p, ¢, k) = 16 pk}iqu) [(pq) _ (pkzqu)l + 4[1)2 +m? — 2(p:2)21 qu +m? — Z(QI{];)Q] :
(65¢)
1(2’4)(]9, q, k) _ [(TL _ 2)]72 + an] [qZ +m? = 2((]:2)2]
i (65d)
+ [(n —2)¢* + nmﬂ [pQ +m? =2 pk2 ] ;
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2,5 1.2 2 (pk;)2 2 2 (qk)2
% (p,q, k) = [p +m —kal [q +m —27 )
168 = / k) d"k
2/@2 (p® + m2 i0)2 ) k2 — o" (k)
with
TGV (p, k) = 2(n — 2)p® + 2nm?
62 (p, k) = n(n — 2)p* + n*m?
. k)?
09 (p, k) = 8(pk) + 4 +m?),
pk)?
769 (p, k) = 2(n — 1)p* + 2nm?* — 2n( k2) :
pk)?
69 (p, k) = ol k; + (p* +m?),
~ ~ 1 1
Tk — /‘Cl TR
4p +m2 i0 q —i0(p—¢q)*+m? —i0 (
with

Y (p,q) = =2(pg)(p — 9)* — (n — 2)[(pa) — ¢*1[P" — (pg) + m’]
—2(n — 1)¢¢?((pg) — 7,

U (p,q) = —(n = 2)[(pa) — ¢*]l(n = 2)p* = (n = 2)(pa) + nm” +2(n — 1)¢q"],

I (p,q) = —4(pa)(p — 9)* + 4[(pq) — ¢*Jm*
4D (p, q) = 2[(pq) — ¢ [(n —2) (z 7 [(pg) — ¢°) +m® + (n — 1)&121 :

%9 (p, q) = [(pq) — ¢*] [pg + (pq) — 2 (pq%)2 + mﬂ :

(5.0) _ _ 1 / / 1 (5.6)
! s -0l gooerm w0t Pk
% (ein 1qX )571( )dnq
with
%V (p, q. k) = —4(pk)(qk) + 2(pq)k* — (n — 2)(pq) (K> + m?) ,

Z02(p.g. k) = —(n — 2)(pq) [n(k* +m?) — 247,
769 (p, q, k) = —8(pk)(qk) + 4(pq) (k* + m?),

09 (p,q,k) = 2(pq) | (n — 2) (ah)”

2
7 +m°|,

13

(65€)

(67a)
(67b)

(67c)
(67d)

(67e)

d"q

D, C])(i

2m)n
(68)

(69a)

(69b)
(69¢)

(69d)

(69e)

(71a)
(71b)
(71c)

(71d)
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6 (p, q.k) = (pq) lkz +m’ — 2((1;)2] 7 (71e)
with
I8V (p,q) = —(n—2)(pq), (73a)
62 (p,q) = —n(n — 2)(pq), (73b)
€9 (p,q) = 4(pq) . (73c)
69(p, q) = 2(pq) , (73d)
69 (p,q) = (pa) (73e)
and . ) &
k 1 ~ = & q
179 = 1 | 680 7 p—af+m?—10 ™ (p, q) @) (74)
with
IV (p, q) = 4¢*(p — q)* + 2(n — 2)[(pa) — ¢**, (75a)
I (p, q) = (n — 2)*[(pq) — ¢*)* (75b)
I (p,q) = 4¢°(p — q)°, (75¢)
I (p, q) = —2(n — 2)[(pq) — ¢°]*, (75d)
I (p,q) = [(pq) — ¢*) - (75€)

Let us first consider the second and third diagrams, 1*®) and IG®*). While the
closed massive scalar loop (the integral over ¢) is well-defined, it is attached to a zero-
momentum massless graviton (the integral over k), which leads to terms of the form
k=20"(k) that are clearly infinite even in dimensional regularisation. Such tadpoles
also appear in quantum corrections to the graviton propagator [21], where they are
cancelled by the cosmological-constant counterterm. We can cancel them in a similar
way, performing the ¢ integral in 1®*) first. Since it is rotation invariant, we use

=T [ ) (76)

w, v 2 dnq
/q ¢’ f(q )(277)"

to reduce the tensor structure and obtain purely scalar integrals. Because scaleless
integrals vanish in dimensional regularisation, we further obtain

2 n n
q d¢ 2/ 1 d"q
/q2+m2—10(27r)"_ Tl m—i0@2n) (77)

and it follows that

1 d"q
¢ +m? —i0 (2m)"
(78)

i |
J L,
i (P + m? — i0)2

1
/ T (p, )" (k) /
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Comparing with equation (66), the contribution of equation (78) can be cancelled by
the counterterm

i 1 d"q F<—%) n
Se = 1 2m2 / _ /) 2(m2)5 79
AT | im0 ey amE” ) (79)
[using the standard loop integral (A.1)], which is exactly the result of [21], taking into
account the different normalisation. In the same way (and with the same §, ), we obtain

158 4 160 — ¢ (80)

The remaining diagrams could now be calculated using the standard tensor
reduction and loop integrals given in Appendix A. However, since we are calculating
an invariant correlation function, many terms will cancel, and this cancellation can
already be seen at the level of the integrands. We thus calculate
i 1 1 1
4(p2+m2—10)2/q2—10(p—Q)2+m2—10
IOP(p,q) = (p* + m)[Glg) + G(=9)| TP (p.q) (81
d"q
(2m)n”

I(l,k) + ](4,]6) + ](7,16) —

X

qQ_iO] > — (p)][(p — ¢)> + m?]

(82)
for k = 3,

2 00— 4] = 2%+ 200 = )+ €)= (0= D P2 4 24

27+ )| G0 + G-+ 2] |2 ]

¢ —1i0||¢*> —1i0
x [=(n=2)[(pg) — @)P* +m* = (pg) + M’ + (n — DE(P*)?]
—2(n=2)(p" +m’)* [G(CI) t i 101 _@(—Q) o i 10] [(pg) - ¢*)
(83)
for k =4, and
(pq)2 2 212 2 12| A 1 ~ 1 212
Al e G0 + 60+ i) -
-0 ) |Gl + )+ | )~ Pl - 0+

(84)
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for k = 5. We see that if we take the Feynman propagator for the so far unspecified
Green’s function G (25) that appears in the construction of the perturbed harmonic
coordinates, we have G(q) = —1/(¢*> —i0) and most of the terms vanish. The remaining
ones contain a factor of [(p — q)? + m?], which cancels the corresponding factor in the
integral (81) and leaves behind a scaleless g-integral. Since these vanish in dimensional
regularisation, we have I(MF) 4 J(4F) 4 1(Tk) — 0 for k = 3, 4 and 5, corresponding to the
gauge-dependent terms of the graviton propagator. With this choice of GG, and replacing

(pq) — ;(m2 +p*+¢%) (85)

since the difference between left- and right-hand side results in a scaleless integral, we
obtain for the graviton loop

1 1 1
W) 7D | @) (12) /
g g 1(]92—|—m2—10)2 > —i0(p—q)2+m2 —i0

X [ -t - —— i o' LW+ m) + [m? =26 (" =) (86)
4(n—1)

— ﬁfmsz +£&(q%)

s 2(n—1) 5 44| d'q
—ﬁé (g )](27r)"’

and for the coordinate corrections

2. & Ak 7)) _ b 1 1 1
kz::lg( )(I( '+ 1 )) B 8p2+m2—10/ (> —i0]2 (p — ¢)*> + m? —i0
|07 4wl = 202 4 0k ) 22 (80
= D€+ e+ (0= 2) - 4l - DR

The integrals are done in Appendix A, and summing we obtain for the graviton loop

42 [0 4 @ aa] — W) 2 ) 4l

(4m) [9 +9 }_(p2+m2—10)2 — T n(4n) +1Inm
m’p? N , )

- (p?er?—10)2[(2_?’5_3§ )[HJW—M(M)HHW ] + (—4+ 56+ 4¢ )}

m4

TP m?—i0) [(2 — 6§ + 352) {niél + 7 — In(47) + lan] + (—4 +9¢ — 452”

2p*m? 4+ m* m? p? —i0
_h .)2_§]<1+p2 _>1n<1—1— >+O(n—4).

p? +m? —i0 —1i0 m?2

(83)

Note that for minimal coupling ¢ = 0 and in the massless limit m = 0, this vanishes
identically, in accordance with [22]. Also, for m = 0 all terms quadratic in the non-
minimal coupling ¢ vanish, in accordance with [23] (taking the flat-space limit of their
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result). For the coordinate corrections, we obtain

(4r)? 22: g ( @R [(m))

k=1
1 2
_ _4]92“];2_-0[ (1— 2¢) [4 + — In(4n) +1nm2] (- 8{)}
1 2
— 4]?2+:22_10[ (2 —3¢) [4 +v —In(47) + lnmﬂ — 5(1 — 25)]
1 Am? m? 10

(89)

The terms in the first lines can be absorbed in the counterterms o,,, d; and dz,.
Comparing with equation (61), we need to take

2 2

0z, = 4<Z7T)2 [(3 —10¢) [4 +v—1In(47) +1n mz} —(1- 165)] + K705, (90a)

5y = 19 — 30 — 12 2 In(47) + Inm?

Z*m [( £ — f)[4+7 n(7r)—|—nm}
(90D)

— 22 + 38¢ + 16521 + k2080
K2 2

O = 4(4%)2 l(lﬁ 36¢ + 12¢ ) [4 + v —In(47) + In mz}

(90c)

— 21 + 46¢ — 1652] + k2§

and the invariant scalar two-point function including one-loop graviton corrections reads

AP R T 2. {1
R (p? + m? —i0)* (91)
k% 3(p?)% + 16m*p? + bm* — 10&(p* + m?)? p? —i0
— - > In{ 1+ )
4(4m)? (p? + m? —i0)(p? — i0) m?

Note that this result is in no particular renormalisation scheme, and that it is seemingly
divergent as m — 0 because of the explicit Inm? in the counterterms. To obtain a
result which is also valid in the massless limit, we would have to impose renormalisation
conditions at some fixed, non-vanishing external momenta, which leads to a change
of scheme involving Inm?/u?, where p is the renormalisation scale. Alternatively, we
can perform the limit first in the regularised expressions (88) and (89) and renormalise
afterwards, obtaining

K205 (1) —

p? — i0
1(4m)? (3 —10¢) ln< e ) (92)
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with the counterterms
52 2 2 2 ¢fin
qmmk3—mﬂh_4+v—mﬂﬂ+mﬂ}—u—¢%ﬂ+m@ﬂm,<%w

Sy =0m=0. (93b)

0z, =

It is instructive to see the result also in coordinate space, at least for the massless
case. To transform back, we need the integral ([24] Eq. (A.40), [25] Eq. (8.715), converted
to our conventions)

dmp A"P(% + a)

ipr (2 0\ _ 2 )5 4
/e (p* —i0) 2n)" i (o) (z° +10) : (94)
valid in n dimensions for —n/2 < Rea < 0. Writing
1
2 ) — o2 T |2 (02 e _ (2 -l
Inp? — i0) = p* lim | = ((p* ~ 10" = (* = i0) ™), (95)
we obtain
ePr  dip i
/p2 —i0 (2m)4  4m2(22 +10)’ (96a)
2 _ 4 20,2 | :
e (PPi0) dlp IR0 + 10)
] = 2(In2 —~)0"(x). b
/e n< - ><2ﬂ)4 i0 l prerremm R IUERRIAC) (96b)
It follows that
1 K> In(p?(2? 4 i0))

Gol) - 1007 | | +isgwew. o)

= ez 1i0) T A 17222 +10)

where we performed an additional finite renormalisation

In2—~

(98)

to get rid of the extra terms in the Fourier transform (96b).

In contrast to other approaches to define gauge-invariant correlation functions in
perturbative quantum gravity [26], the result (91), (97) has the expected functional form
involving only a single power of Inz? at one-loop order. In particular, using the two-
point function (97) to quantify quantum gravitational corrections to a scalar interaction
potential, the single logarithm gives terms proportional to x?r~3, which is exactly the
form obtained using S-matrix calculations in similar situations (see [27] and references
therein). A double log In? 22 as found in other approaches [26] would give corrections
proportional to x*~3In(ur) to the tree-level r~! potential. While in the case of matter
loop corrections to the graviton two-point function such double-log terms are pure gauge
and do not make a contribution to the Newton potential since they are coupled to the
conserved stress tensor of the point particle [28, 29], in the case of a scalar potential
such an argument does not apply, and it is important that only single-log terms appear
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in the end result. We can finally compare our result (97) to another recent approach of
obtaining invariant corrections [30]. Their result can also be expressed as a correction to
the (amputated) two-point function, and can be obtained from ours (97) by replacing
the factor (3 — 10£) by 12. Since they only treat a massless, minimally coupled scalar
with £ = 0, the difference is thus a factor of 4.

4. Gravitationally induced running of the quartic coupling

The study of gravitational corrections to the running of couplings was initiated by
Robinson and Wilczek [31], but it was pointed out soon after that the result was gauge-
dependent [32]. Since the observable ¢(x) is gauge invariant, the graviton corrections to
its quartic coupling are also invariant, and to determine them in principle we would have
to construct the effective action for ¢(x). This would involve inverting the expansion (32)
up to the desired order, expressing the action in terms of ¢(x) and then construct the
effective action by a Legendre transformation. However, we have seen in the last section
that to order x? in dimensional regularisation and in the generalised Landau gauge with
a = 0 and § = —2 where the graviton propagator is given by (52), the coordinate
corrections vanish. Therefore, the effective action for ¢(x) is given, to order x*, by the
effective action for ¢(z) in the gauge (52), which simplifies the calculations enormously.
Actually, to compare with existing results we will use the gauge with § = —2 but «
arbitrary, where the graviton propagator reads

2 (M) (0o
G (2,0') = [Q”u(p%w — g + 4o = U(”a)z(p)] Colens). 99

The choice a@ = 1 corresponds to Feynman gauge, and the choice a = 0, corresponding
to generalised Landau gauge, gives the invariant corrections. To the action we need to
add an additional ¢* interaction term and additional counterterms which we write in
the form AS,, with

_ 1 4 n Loy [ 4 n 1 0z, / 3921 1n
Sv= -y [ovEade - 5 [otvmgdae - 57 [ $Fed (100)
= g\o) + /@S&l) + O(Ii2> ,
0) _ _
where Sy = S\[hu, = 0],
1
v 41 n
S = 48‘/"¢ hd'z, (101)
and 5)\ = O(/\liz) + O()\z), 522 = O()\K}2)
The one-loop effective action is just
i 625
[[®] = S[®] + 5 In det (W) + const
(102)

+ const ,

20(0)\ "1 52(q _ q(0)
1+<55 > 62(S — SO

= S[P] + §tr1n E 0Dy
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where ® = {¢, h,,}, and the quartic coupling can be determined from the four-point
function at some fixed renormalisation point. Expanding to first order in A and x? and

0 (8250 N\
Gan(r.y) = <5(I>($)5d>(y)> ! (103)

writing

we then obtain

_ i Ao 92 W (0) M7 .. n
r(e] = S[e] + // P T 100 (65D 4 Ser + ASY + kASL] dmady

_i 2 (0) 52 (1) 0) 52 (1) gn n n n
1" ////Gq@(a:,y)(sq) (1)50 ()S G@é(z’wiécb(u)é(b(x)s d"zd"yd"zd"u

52 1 0

/// GO (x e )[ms<>+SCT}G;g(z,u)
52

" 50 (u)od( )[

2
< ff] /// GA 1) sy S G ) s S G )
SO qnz d™y 4"z du d™o d"w + o(v) + o( )

ASY 4 kASV] dma dry dz du

" 50 <w>6<1>< )
(104)

where similarly to the case of the two-point function (57) we dropped S® because it
only leads to massless tadpoles which vanish in dimensional regularisation. Since we are
only interested in the scalar field, we also set the graviton to zero after differentiation.
Using that

GY)(w.y) = Gpa(z,y), (105a)
G (2,9) = Gpvas(,y) (105b)

it follows that
Ple] = TO[g] +T®[g] + TW[g] + O(X*) + O(*) | (106)

where I'®) contains k factors of ¢. To determine the running of the couplings, we only
need the divergent part of the counterterms, which for T?[¢] we can obtain from the
calculation of the invariant two-point function of the last section. For '™, we obtain

Dg] = —)\/¢4d"x . ‘&/&d% . ‘SZf/&a%d%
—fm@ / & (@ (z,y) d"z d™y (107)
_ fm ///¢ V62 (1) 6(2) TP (,y, 2) &z A"y A"
with

JO(z,y) = 9y {83Gm2 ($,y)7“””UGWaﬂ(y,x)naﬂ] + G2 (2, y) P Gvas(y, z)n*? (108)
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and
2J(2)(x,y,z) =207 {85 Gz (z, y)E) [02G 2 (v, )T“”p”GWa@(z,x)]To‘ﬂ”ﬂ
+ 26 (1, 2)05 05 G (@) P (2,007
+2G 2 (2, y)0z {82 m2 (Y, 2)THPT PP G s (2, :c)}
+ 2G 2 (2, y) Gz (v, )P“”P“BGWag(z, ).

(109)

Passing to Fourier space and performing the tensor algebra, we obtain with the
graviton propagator (99)

JO(p) = —2 / [(2 —a)p® — a(pg) = 2(1 - a) (pqq2)2 S 20 D (2(n - a) mz}

n—2 n—2
" 1 1 d™q
(p—q)?+m?—1i0¢*> —i0 (2m)’
(110)
and 4" dok
J 1k (z—y) 1p(z x) p 111
(z.9.2 // (p, & (@2m)" (2m)" (111)
with

J®(p, k) = / [(1 +a)@?k? — 2a6’p* + (1 — a)p*k* + 20p*(kq) + 2aq*(kq) — 4ag® (pk)
+2(1 = a)(p)k* + 4a(kq) (pg) — 4a(kq)® — 4(1 — a)(kq) (pk)

+4m*(pq) +2(1 — a)m®(p* — 3¢%) + 2<2(n 1 _ 04>m4

n—2
8(n —1)
n—2
1 1 1 dnq
)2 —i0¢%> +m? —i0 (k — q)2 + m? —i0 (2m)»
—(1-a) /[(p2 — @)?(K + 2m%) + 4¢%[(p — )k + 4(p* — ¢*) (kq)(q — p)k|
1 1 1 dnq

+ 8P — (pg)?] +

Em*(p—q)* + 22(:__21)52[(29 - Q)Z]Q]

“Tp— ) — 102 +m? —10 (k — q)2 + m? — i0 (27)"
(112)
The ¢ integral in J () (p) can easily be done in the same way as in the last section, and
we obtain
JOp) = 2 i om2(3 - a -3 ?(3 -2 O((n —4)° 113
)= g™ i - a3 176 - 20)] £ O((m -4, (113)
and thus
i 2 _ .
JO (z,y) = (am)n - 4m" 4[— (3 — 20z)(62 - m2)5 (x —y)

(114)
+3(1 — 26)m20™ (z — y)] + O((n - 4)0) .
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To obtain a full result for J®(p, k) would be much harder, but since we are only
interested in the divergent contribution we can simplify its evaluation. Power counting
reveals that the only possible divergences comes from the region of large ¢, and dropping
all terms which are subdominant in this limit (including terms from expanding the
numerators), replacing rotationally invariant terms according to equation (76) and
setting n = 4, we have to evaluate

J (p, k) ~ l?akQ —2ap* — 2a(pk) — 8(1 — a)m?

1 1 d"q
q?> —i0 ¢> + m? —i0 (2m)"

+ 66p” + 126m” + 6£°p* — 6&7m* — 652(pkr)] /
2 d"q
e /q2+m2—10(27r)"'

(115)

Using the integrals (A.1) and (A.5) from the appendix and reversing the Fourier
transformation, we obtain
i 2 m
(4m)2n —4
+ (20 + 6£2)9"0"™ (v — 4)0,0"(x — 2) + 28" (x — 2)9*6"(xz — y) (116)

— (2a — 6¢ — 6£2)6"(x — y)0*0" (z — z)] + O((n — 4)0) :

T (z,y,2) ~ - [(8 — 8o — 126 + 1263)m26™(z — )" (z — 2)

It follows that

/¢> d"x—[é,\— 2t A 54m?(9 — Ta — 126 + 9¢* ]/gzﬁ d"z

n—4 (4m)?
(5 2 mn_4 )\52 2(3_@_95_352> /¢382¢dn$+0<(n_4)0)
4' G — (47)2 )
(117)
and to make the effective action finite we need the counterterms
2 n—4 A2 2 2
oy =t <47r)24m (9— 126496~ 7a), (118a)
o 2 n—4 )\I{2 2 2 ¢fin
Oz, =~ (4@22(3_95_35 —a) + K20 (118Db)

with the renormalisation scale p. To determine the counterterms d,,, 7 and d, for the
propagator (99), we note that the sum (88) corresponds to Feynman gauge o = 1, while
the sum of (88) and (89) corresponds to the invariant corrections with o = 0. We thus
obtain

2
2 nea K

4(47T)24m4 [4— 95+ 3¢ — a(2 - 3¢)], (119a)
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— 2 n—4 /{2 2 2
0n = —H ™ [19 - 30§ — 126> — o(11 — 18¢)] , (119Db)
S, = 2 4 K 13— 10¢ — 3a(1 — 2)] + 25fin (119¢)
N o= 4” 4(4m)? @ K0z, C

which for @ = 0 of course reduce to the previous result (90). For a« = 1 (Feynman
gauge), we also recover the results of [33-35] (who work with a minimally coupled scalar
field, ¢ = 0) and the “conventional results” of [36], taking into account the different
normalisation. However, our results are different from the “invariant results” of [36],
mainly because their gauge condition in this case necessarily involves the scalar field.
The bare field, mass and coupling ¢y, m2 and ), are related to the renormalised

ones by
249 A+ 0y
=146 S S WS A 12
(b() + Z¢7 m() 1+(5Z ) 0 (1+5Z)2’ ( 0)

2 and )\ by differentiating, using that

and we can determine the p dependence of ¢, m
the bare parameters are p-independent. We obtain the § and ~ functions

0 0 A+0y 0O

90,95 1 9 121
p Nau)\ iy o + 1+5Z“8,U(SZ’ (121a)
0 1 0
9 e 95 121b
2 2 2
3 am m-+90,, O 12 oM (121¢)

"o T o) o T o T T

Using that from equations (118) and (119) we have

0 k2

u@% — 8(47T)2m2 (9 — 12¢ +96* — Ta], (122a)
0 K2

M@(SZ - zme [19 - 30¢ — 126% — o(11 — 18¢)], (122D)
0 K2

and neglecting the p-dependence of k2, at one-loop order we obtain

k2

8= —WmQ [53 — 66¢ + 84¢ — 9a(5 + 26)| + O(k*') + O(N?) (123a)
v= 4(4;)2m2 [19 — 30¢ — 122 — a(11 — 18¢)] + O(x*) + O(N), (123b)
P = e l64(4ﬂ)2m2(1 +48 —a)(1 —28) — 21 + O(H4> + 0. (123c¢)

Even in Feynman gauge (o = 1), the § function is negative for a large range of values
of the non-minmal coupling, namely for all £ < 0.11 or £ 2 0.89. While this would
exclude the conformal coupling £ = 1/6, this result is gauge-dependent. If one considers
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the invariant corrections (o = 0), which lead to a gauge-independent § function, it is
negative for all £, and in fact attains its maximum value at £ = 11/28, where (reinstating
Newton’s constant)

1121 Aw?

T T % A —12.7T0G N2 . 124
28 (4m)2 N (124)

Brijes = —

For all other values of £, the running of A due to gravitational corrections is even stronger;
for minimal (£ = 0) and conformal coupling we obtain

Bain & —16.9A\Gym? , Boont &~ —14.1INGNym? . (125)

We can determine the running of the couplings of the higher-derivative terms in
the same way. The relation between the bare counterterms 5%1/2 and the renormalised
ones is given by

(5 5
0 Z1 0 Z2

Using that the bare counterterms are independent of the renormalisation scale u, we
calculate from the explicit results (118) and (119) that

0 1

u%(sgl =~ 5@ [3 - 10¢ = 3a(1 - 26)] + O(k?) + O(N), (127a)
0 A

uaég - 4(47r)2(3 —9¢ -3¢ —a) + O(r?) + O(N?). (127h)

4.1. Field redefinitions

Recently [37] it has been suggested that the gravitational contribution to the $ function
of the A\¢* coupling could be cancelled by a field redefinition, similar to the quadratic
terms in the 5 function for Yang-Mills theory [38, 39]. Let us first review the argument
for Yang—Mills theory, where the local part of the renormalised one-loop effective action
has the form

TYM — —;tr / FF,, diz+dy tr / D, F DPF™ diz +dy tr / D, F* DPF,, d'z (128)
with higher-derivative couplings d; and dy (a possible third higher-derivative term
proportional to tr F),, F*?F " is equivalent to the first two up to a surface term). It
turns out that at one-loop order, only the second higher-derivative term needs to be
renormalized, and consequently only ds is renormalisation-scale dependent and we may
set d; = 0. A (nonlinear) field redefinition

A, = A, +aD’F,, (129)
results, up to surface terms, in

TYM Dy + 20 tr / D,F* D*F,, d*z + O(a?) (130)
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and since ds is of order k2, we can remove the higher-derivative term to one-loop order by
the choice & = —dy/2. There are no logarithmic contributions to the § function (of the
coupling g), which is clear from dimensional arguments since perturbatively Yang—Mills
fields are massless and there is no mass scale with which x2 could be combined.§ In total,
it thus follows that all one-loop gravitational corrections can be absorbed into the above
field redefinition, and there is no physical effect (e.g., the S-matrix is independent of the
redefinition [40]). Note however that the vanishing of the logarithmic contributions at
one-loop order is important; at two-loop order one expects a logarithmic contribution
due to graviton loops [35] which cannot be removed by a field redefinition.

We now try similarly to remove the higher-derivative terms in the effective action
for scalar fields. The local part of the renormalised effective action reads

2
T = —— / {8“@58,@ +m2¢? 4 K26 (a%bﬂ d'e — i, / ¢t die — %52‘; / $PPe diy

(131)
and the nonlinear field redefinition
& = ¢+ a1k + ask?0%d + ask*me (132)
together with the mass and coupling constant redefinition
m? — m?® + ays’m?, A= A+ azr’m? (133)
leads after a straightforward calculation to
1
INoe — —§<1 — 209k%m? + 2a3m2m2) /((‘)“gb@ugb) d*z
1 K> 2
— 5(1 + 2a3k°m? + oz4/£2m2) /m2gb2 d*z — —(52111 — 2a2) /(82¢> d*z
(134)

A 4!
4|<1+/\a1/€m + dazrPm? +a5nm>/¢4d4

K n
1(522 + 4o\ — 4!&1) /¢382¢> d*z — 50‘1“2 / % d*x + (’)(/{4) .
In order to maintain the field strength, mass and coupling constant normalisation we
must choose
3 = Q9 , Ay = —2(1/2 s ar = —40(2>\ - 4!0&1 . (135)
The higher-derivative terms can be removed by the choice

. 12X
%:552, alziéi 5 , (136)

and we obtain
T = —3 [(2#60,0 + m?0?) dla — 2 [otate — 2% /<Z56d4a:+(9( Y +O((§)7)

§ The same dimensional argument is of course valid for the scalar field, where in the massless case only
the higher-derivative counterterm dz, (93) is non-vanishing, and the logarithmic contributions (123) to
the § function vanish.
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While the higher-derivative terms have vanished, a new (effective, non-renormalisable)
operator ¢ has appeared. It is thus seen to be impossible to completely remove such
operators, and in this sense the corrections are physical [41]. However, since in the
massless case only dz, receives a divergent contribution we may set dz, = 0 in this case.
Only the field redefinition

1
¢ — o+ 552%23% (138)
is then necessary, and the redefined effective action does not depend on higher-derivative

terms in its local part. Nevertheless, unlike the Yang—Mills case there are logarithmic
corrections to the § function in the massive case. Under the above redefinition, we have

B — B — w*m? (4)\ uaidgf; - uaié%f;) — K2(AN G5 + 052) (2B + 2m?)
(139)
— (2:; m?[59 — 826 + 726 — (43 + 30¢)| + O (k') + O(N?)

and we see that in general it is impossible to make the § function vanish.

The authors of [37] only study the minimally coupled case £ = 0, and make the
(re)definition (converted to our normalisation, which changes x* by a factor of 2 and
the gauge parameter a by a factor of —2)

1

S Ny
47T2(n—4)ﬁm¢+

33—« (n—
G0 = ¢ ( ) SEPmEARE Y (140)

38474 (n —4)
where ¢y = Z~'¢ is the bare field. In the minimally coupled case, we have Z = 1 + dy
with (119)

2, K

n—4"  4(an)
such that the result (140) corresponds to the redefinition

0y =

2
om*(19 — 11a) (141)

3 _
K2m2 ¢ + B=a) 5 EmA A (Y P (142)

¢ =9+ 029~ 384 (n — 4)

w2 (n —4)
of the renormalised field. It is clearly seen that this is an infinite redefinition, which is
not allowed in the renormalised theory (e.g., a similar infinite redefinition in quantum
electrodynamics would remove the running of the electric charge, which has been
experimentally measured). Moreover, the effective operator ¢® which appears in the
action after such a redefinition would have an infinite coefficient, which is not treated at
all by [37]. We conclude that it is impossible to remove the gravitational contributions
to the 3 function of the A¢* coupling, contrary to their suggestion.

5. Outlook

We have shown how one can construct a particular class of relational observables around
flat space, where the field-dependent coordinates on which the dynamical fields are
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evaluated are constructed purely from the metric perturbations. This is a generalisation
of the proposal of [16], and has the advantage that the dynamical content of the theory
is not altered, contrary to other existing proposals such as the Brown-Kuchat dust [15].
The condition that we impose on the field-dependent coordinates is that they are
harmonic with respect to the perturbed d’Alembertian, and reduce on the background
to the usual Cartesian coordinates,

VEXH=0, XM =at (143)

Since curvature is measured by second derivatives, the background relation 8%z = 0
(i.e., the Cartesian coordinates are harmonic with respect to the flat d’Alembertian)
can be interpreted as saying that coordinate lines are straight. Therefore, in a sense the
field-dependent coordinates X* determine a coordinate system which is “as straight as
possible” in the perturbed geometry. While usually one would think of constructing such
a coordinate system using (perturbed) geodesics, using geodesics in the construction of
invariant correlation functions leads to highly singular results [26, 42, 43], and does
not seem very viable. Note that in contrast to other approaches to construct invariant
observables at higher order, in particular in the context of cosmology [44-50], our
construction is systematic to all orders and independent of the actual gravitational
theory. That is, there are no ad-hoc constructions involved such that in principle it can
be implemented in a computer algebra system, and since it does not make use of the
gravitational field equations or any specific action, it is equally valid for Einstein—Hilbert
gravity (with our without cosmological constant), conformal (Weyl-squared) gravity, or
higher-derivative theories of gravity.

We have then calculated one-loop graviton corrections to an invariant scalar two-
point function. It could be seen very clearly that and how the gauge-dependent terms
cancel between the usual field-theoretic contributions and the coordinate corrections,
and the result has the expected functional form at one loop. We have also determined
the gravitational contributions to the running of couplings, which results in a negative
B function for the A\¢* coupling, for all values of the non-minimal coupling parameter
¢ of the scalar field to curvature (£R¢?). By a non-linear field redefinition, one can
get 1id of the higher-derivative terms in the effective action, but a new effective ¢°
term appears. Furthermore, it is not possible to cancel the gravitational contribution
to the [ function in this way, unlike in the Yang—Mills case — except if the scalar
is massless, where to one-loop order there are no gravitational contributions to the
function to begin with. Note in particular that unlike [38, 51-55], but in accordance
with the more recent [39, 56|, we do not interpret contributions from higher-derivative
(counter-)terms as quadratic contributions to the § function of the coupling, but —
exactly as they arise in the effective action — as contributions to the running of the
coupling of a higher-derivative (or higher-dimension) effective operator. Whether or how
this effective operator contributes to a concrete physical process/scattering experiment
is a completely separate question; see [41, 57] for a discussion and an explanation why
dimensional regularisation is sufficient.
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Of course, the obtained results functionally depend on the field-dependent
coordinates; i.e., our X* only represent one way of defining a sensible coordinate system
in the perturbed geometry, and for certain experiments or to quantify corrections to
certain observables it might be more useful to use a different construction. For example,
quantities at fixed Brown—Kuchal coordinates correspond to results seen by a family of
observers who are comoving with the dust. However, as said above the Brown-Kuchar
dust changes the physical content of the theory, and the construction presented in this
work is applicable to situations in which there is no privileged or distinguished observer
or family of observers.

The present work only investigates the corresponding relational observables at one-
loop order. While the generalisation to higher-spin fields is straightforward, higher
loop corrections may present difficulties. The principal obstacle is the non-locality
of the invariant field ¢(x), which arises through the non-locality of the coordinate
corrections (26). At one-loop order, we have seen that the gauge-dependent terms
cancel if the Green’s function (25) which appears in the construction is the massless
scalar Feynman propagator, and that the choice of generalised Landau gauge (35) makes
all coordinate corrections vanish. Therefore, even though the invariant field ¢(x) is in
general nonlocal, in this gauge it becomes a local field. Since the regularised result is
explicitly independent of the gauge, the correlation functions of ¢(x) can be renormalised
using the usual purely local counterterms in the action. It remains to see if these two
conditions persist to higher loop order in order to show that our construction is viable.

From the results (91), (97) and (123) one sees that any quantum gravitational
corrections are suppressed by (% /r? where (p; is the Planck length and 7 is a
characteristic length scale (for example, the Compton wavelength of the scalar particle).
It is thus experimentally extremely difficult to actually measure these corrections,
and in order to obtain some observable effects one should study corrections in other
backgrounds, such as cosmological spacetimes. In fact, calculations of matter loop
corrections to the gravitational potentials of a point particle in de Sitter space [58-
61] show that one can obtain corrections of the form (% H?In(ur), where H is the
Hubble constant, r the physical distance from the particle and p the renormalisation
scale. While the corrections are still extremely small at present times, during inflation
they are small but non-negligible, and it has been conjectured that corrections from
graviton loops could even grow in time. However, so far it was not possible to quantify
the graviton loop corrections in an invariant way, and the present work could be a step
towards obtaining an invariant result (using then, e.g., the original construction of [16],
or the one of [19]).
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Appendix A. Integrals

We determine some loop integrals. The massive tadpole is given by [62]

. — 1 n
¢ +m? —1i0 (2m)n .(47r)5 (A1)
= ! m

(4)? 2 {n —4

/ 1 d"q .F(_%) (mg)an‘z

+v —In(4n) +Inm? — 1| + O(n — 4),

while the massless tadpole (a scaleless integral) vanishes in dimensional regularisation.
For a convolution with arbitrary powers of the propagators, we have the Feynman
parameter representation [62]

/ 1 1 d"q
[¢? +mi —i0[™ [(p — ¢)* +m3 — 0] (2m)"

A2
) F()q + /\2 — %) /1 §>\1—1(1 . 5))\2_1 df ( )
=1 ™ _ '
(4m)sD(A)C(A2) Jo [€(1 = &)p® + Emi + (1 — )m3 —i0]M ez
We need this integral for m? =0, \; = 1,2 and Ay = 1, where we obtain
1 1 n r2z2—-2) 1 1 —£)52
/ . _dq ( f)/ (1-9 Cae (A3)
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The divergences in the first integral (A.3) as n — 4 come from the I' function in front,
and expanding and performing the ¢ integral we obtain

1 1 drg i 2
= — —In(4 Inm? — 2
/q2—10(p—q)2+m2—10(27r)n (4m)? [n—4+7 n(4m) +Inm

+ (1 + p;njm> 1n<1 + p:;ioﬂ +On—4).
(A.5)

In the second integral (A.4), the divergences as n — 4 come from a non-integrable
singularity at & = 1. To extract it, we add an intelligent zero, writing

1 1 dnq _.F(3—%) 1 1 5
T e TR e AR
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—"_ n mn
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3_31 de.
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The first integral can be done exactly and then expanded around n = 4, while in the
second we can set n = 4 and integrate. This gives

/ 1 1 d"q 1 i
[¢? =102 (p — @) +m? —i0 2m)"  p* +m? —i0 (47)?
2 ) m? p*—1i0
X[M+7—ln(47r)+lnm +<1_p2—10>1n<1+ s +0O(n—4).
(A7)

We furthermore need the integral

/ ¢ d"q _ /p2 —2(pg) +¢* d'q
p-aP 0 ) grm-0 o
F<_n;2) ) (A.8)
=i(p* - mz)@ﬁ)?g(m2)n2 ;

where we used the rotational invariance of the ¢ integral and the fact that scaleless
integrals vanish in dimensional regularisation [63]. Finally, we also need

/ 1 d"q _ ir(_nT_Zl) (mz)"T—‘*
[ +m? —i0]” 2" (4m)2 (A.9)
_ (4;)2 [7134 vy — In(4n) + Inm?| + O(n - 4).
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