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Abstract

We study scaling and renormalization in two dimensional quantum gravity in a
covariant framework. After reviewing the definition of a proper path integral measure,
we use scaling arguments to rederive the KPZ relations, the fractal dimension of the
theory and the scaling of the reparametrization—invariant two point function. Then we
compute the scaling exponents entering in these relations by means of the functional
RG. We show that a key ingredient to obtain the correct results already known from
Liouville theory is the use of the exponential parametrization for metric fluctuations.
We also show that with this parametrization we can recover the correct finite part of
the effective action as the € — 0 limit of quantum gravity in d = 2 + €.
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1 Introduction

The study of the quantum nature of gravity still lacks a fundamental understanding. We now
know that the first nontrivial universal quantum effects, that one can compute considering
a free theory with weakly coupled interactions, are only valid up to an energy scale not
exceeding the Planck scale, and that properly investigating gravity at higher energies either
requires the use of nonperturbative methods, or the introduction of new physics.

The past decades have witnessed the birth of different nonperturbative methods that can
be used to probe physics beyond the weakly coupled regime. One of these are functional
Renormalization Group (FRG) techniques [1I, 2] realizing Wilson’s approach to the Renor-
malization Group (RG). Thanks to this new conceptual paradigm, we now better understand
what are the steps needed to solve a theory. In the Wilsonian RG, the strengths of the cou-
pling constants in a QFT form a generalized theory space, and their running describes a
trajectory in this space. If we want a theory that describes physics at all possible energy
scales, then the endpoints of the RG trajectory cannot sit at any finite scale, and thus have to
represent scale invariant theories. At a scale invariant point the symmetry of the system gets
in many cases enhanced to the full conformal group, which can be thought of as generated
from Poincaré transformation, dilations and spacetime inversions. This is strictly true for
unitary two dimensional QFTSs, and is probably also true in four dimensions under suitable
assumptions.



Critical properties are associated with a scale invariant phase of the system, since any
nonzero mass scale would define a finite correlation length. Thus critical properties are
determined by the fixed points of the RG flow. Two trajectories with different starting
points but ending at the same fixed point will be associated to the same critical properties.
This fact is called Universality. Universal properties are the only observable ones, and are
associated with a fixed point and its basin of attraction, that is, with a neighbourhood of it in
Theory Space. Knowing the critical theory that sits at the conformal point, one can perturb
it and study how it evolves in a neighbourhood of that point. The critical exponents, which
dictate the universal, observable properties of the theory, are encoded in the conformal data
around the fixed point, namely, for a given representation of the Lorentz group (spin), in the
spectrum of scaling dimensions of the fields of the theory. This spectrum uniquely determines
the lowest order correlatorﬂ, from which all higher order correlators can be reconstructed
using bootstrap relations. In the weakly coupled regime of standard perturbative QFTs,
for example, knowledge of the correlators means that we can in principle compute the S-
matrix elements for a given process, and thus give the observables. Thus in order to get the
physics one doesn’t need to solve the full theory, but just to look at the universal properties.
Reconstructing the CFT data is one way of accessing the universal properties, and thus have
all the physical predictions of the theory at hand.

Even then, though, when gravity is introduced its backreaction on matter will in general
change the critical properties of the theory, and then the CFT data as well, in a nontrivial
way. The scaling dimensions will get a gravitational “dressing”. The nature of this dressing
is a nonperturbative question, and of fundamental importance if we want to address the
fundamental universal properties of gravity. If one knows the scaling spectrum at one scale,
or for instance at the fixed point, then one can dress in principle any other scale with RG
flows. The problem is then reduced to that of finding the gravitational dressing at the fixed
point (or near it).

We find that light is sometimes shed on a complicated problem by investigating a lower
dimensional instance of it. In two dimensions, in particular, the last 40 years have seen an
incredible progress in our understanding of the mathematical structures involved. We now
know that in two dimensions the bootstrap relations are so powerful that they allow for an
exact solution of the equations, thus finding the complete spectrum of scaling dimensions.
This allows us to completely classify CFTs. This, together with Zamolodchikov’s proof that
any unitary two dimensional scale invariant QFT is a CF'T, implies that we have a complete
understanding of the fixed points, and thus the critical phases of (relativistic) matter in
low dimensional systems. The last piece of information was given by Knizhnik, Polyakov and
Zamolodchikov (KPZ), who were able to derive an exact formula for the gravitational dressing
of scaling dimensions [3]. This tells us the total effect that gravity has on the critical phases
of matter, and can thus be regarded as a solution of quantum gravity in two dimensions.

In this paper we want to give a unified overview on these aspects, by using the functional
RG. We will see that the main physical ideas behind them stem from very simple principles,

This is only partially true, since one also needs the structure constants C;;;,. However, the gravitational
dressing will only involve the A’s.



and that the FRG allows for a very simple derivation of many results that follow from these
arguments.

The paper is organized as follows. Section 2 introduces the quantities of interest in two
dimensional quantum gravity, together with the proper definition of path integral measure
that we will use, and then re-derives the relation between the anomaly coefficient and the
beta function of Newton’s constant. Section 3 lays down the scaling arguments for two di-
mensional quantum gravity, in particular deriving the KPZ relations. Section 4 complements
the previous one with the dual approach, namely renormalization. In the first part we review
the details needed in a background field computation, and the basics of functional RG. In the
second part we study gravity in d = 2: we compute the graviton central charge / coefficient
anomaly c,, the scaling exponents needed in the scaling relations, and we comment on the
relation with Liouville theory. In the third and final part we study gravity in d = 2 + ¢,
deriving in a different way the graviton central charge and analyzing the finite part of the
effective action. Finally, Section 5 is devoted to conclusions.

2 Two dimensional quantum gravity

Euclidean two dimensional quantum gravity is loosely defined as the sum over all metrics
living in two dimensional manifolds. Since the latter, in the closed orientable case, can be
topologically classified by the number of holes h, the sum over all metrics becomes a sum of
integrals over the functional space of metrics on a manifold with fixed topology. The partition
function for 2d quantum gravity is then:

Z(A,G) = Z/hDge—A-f\/%ﬁf\/ﬁR, 0
h

where GG is Newton’s constant and A is the cosmological constant. Using the Gauss—Bonnet
relation y(h) = £ [ \/gR we can write:

Z(NG) = eXMC7,(A)
h

Zp(N) = hDQ e MV (2)

where x(h) = 2 — 2h is the Euler characteristic. We omit to write the subscript A when
h =0.

The major problem in defining the path integral over geometries is the construction or
definition of the measure Dg to which now we turn. We will adopt a pragmatic point of
view on the problem and we will not attempt a rigorous construction, which can be found
in [4], but instead we want to focus on the basic properties satisfied by the procedure of
averaging over metrics with the intent of obtaining general scaling relations for the physical
quantities. In other words, we are more interested in computing universal quantities like
critical exponents than solving a particular quantum gravity model.



2.1 Fixed—area functionals

It turns out to be very useful to consider the Laplace transform of the partition function:

Zn(A) = / T A Zy(A) e

Z(A) = ZDg(S[/\/E—A} | (3)

In fact, these relations show that all we need to do to be able to compute the partition
function is the average of the delta function containing the composite area operator [ N{TE
Note that this observation is valid for an arbitrary bare action.

Together with the partition function, we can also define other transformed, or “fixed-area”,
quantities. For instance, the expectation value of a general operator O[®; g| depending on
some matter fields ® can be rewritten as

</\/§O[®;g]> _ zh:eX(h)/G </\/§O[®;g]>h _ Zh:exm)/c /Ooo JAF,(A) e ™ (1)

where Fj,(A) is the transformed one—point function:

F) = s [panges| [va-a] [viowa. 5

Just as for the partition function, the scaling of F},(A) will determine the full quantum scaling
of the expectation value of the operator, and will tell us how its scaling dimension is modified
by gravity.

These objects all parametrically depend on the fixed area A, whose scaling is still the
classical one. However, we can also consider expectation values depending on more interesting
geometrical objects, such as the geodesic distance between two points. The geodesic distance

is defined as )
e = [ g o) OO )

where z# is a solution of the geodesic equation:

d*z* (1) p B
gz e === =0, (7)

with 2(0) = z¢ and (1) = z. From this we can construct the (geometric) two—point function

[4]:

dxP (t) dz (t)

G(4.0 = [ Dys ( / \/§—A) [ deva [ e /ms e -¢) -0 (®)

whose scaling will also be studied in the following. The subtle point when studying this
quantity is that the parameter ¢, which classically scales as a length, in the full quantum
regime acquires a nontrivial scaling. We can understand this if we notice that the definition of
the geodesic distance involves the Christoffel symbols on the manifold. These in the quantum
regime become composite operators of the metric, having their own scaling, which will correct
the naive one.



2.2 Formal properties of Dy

For any quantum field theory in curved space in d = 2, a key role is played by the conformal
anomaly. This basically says that the standard functional measure for matter fields D,® is
not invariant under Weyl rescalings of the metric g,,, — g,,€*” and the field & — Pe~A:

Dy (Pe27) = Dy ezt Seloigl (9)

where S [o; g is the Wess—Zumino or Liouville action (to be defined in a moment) and cg is
the conformal anomaly coefficient, or central charge, of the (UV) matter field theory.
The Liouville action is defined as the difference between the Polyakov action,

1 1
Splg) = ~ % d2$\/§RZR, (10)

evaluated before and after a Weyl rescaling:

Splge*) ~ Selg] = —5-Suloig]. (1)

We thus define the Liouville action as follows:
Silo;g] = /d2x\/§ [cAo +oR] . (12)

The conformal mode can be eliminated by choosing o(g) = 55 R. Note that (II) is invariant
modulo a topological term under constant shifts o — o + w:

Sploe™] = Splg] — 5=Sulw; ] = Selg] — fx(h)e. (13)

Following [5] we formally construct a Weyl invariant measure by multiplying the standard

one by a factor ecrldl;
D)V P = Dy 5Pl (14)

This may be achieved by multiplying by 1 = e®®Srldle=ceSrldl: thus we can write:
Dy® = D}V e cxorlol, (15)

Here we will make the ansatz, or perform the construction, in which the same applies to the

gravitational case :
D,g = ngeylg ecoSrlol (16)

where ¢, is the (UV) gravitational anomaly coefficient, or central charge, that has to be
determined self-consistently. The introduction of the Weyl invariant measure amounts to
add to the UV action a Polyakov term ¢,Sp[g]. Thus we can work as if the measure is Weyl
invariant, not caring about the conformal anomaly at all, provided we add the Polyakov
action to the bare action with the correct UV central charge c,. Notice that in order to
have a well-defined path integral, we also need a gauge fixing procedure. We will leave this
implicit until Section 4, where this issue will be discussed in greater detail.

From now on we will use the Weyl invariant measure and we will drop the label Weyl,
unless otherwise specified (as in Section 4.3.3).



2.3 Relation between ¢, and 0,G},

How do we compute ¢,? The standard way [0l [7] is to use Liouville theory (see Section 4.3.3).
Another way is to link ¢, to the beta function of Newton’s constant. Consider the partition
function (2) at A = 0 in which we make a rescaling of the metric g,, — A2g,,:

7 = Ze%Zh

h

= Ze% /D ()\_29) e—cgsPPﬁ%‘]}
h h

_ Zexgm/Dge—cgspm—?x(h)logx
h h

= S ele- Tz, (17)

h

where in the first step we made a dummy relabeling and in the second we used the Weyl
invariance of the measure and (I3]). This expression is consistent if Newton’s constant is scale
dependent, G = G}, evaluated at A\~'k. This is to be since we have to keep the physical scale
ds* = g, dz*dx” invariant: the rescaling g, — A~?g,, means that the coordinates transform
as * — Axz, which implies that & — A7'k. Since the partition function in this case did not
change it must be that:

1 Cq 1
— Zlogh=—. 18
Gru 6 277G, (18)
Expanding (I8]) leads to
1 ¢ 1 1\ ¢
— =Zlogh=—— |0 | = <1 log A+ ... 19
Gr 6 °° Gr [ ' (Gk) i 6] AT 1)

where 0; = k0. This immediately implies the one-loop exact relation:
1 c
O —)=-=2 20
' (Gk) 6’ (20)

0,Gyy = %"Gz. (21)

or equivalently:

These relations show that from the computation of Newton’s beta function we can thus
determine the central charge [5].

3 Scaling

In this Section we will review the scaling arguments as they follow from our construction.
The key one is the scaling of the expectation value of a matter (composite) operator, which
gives the famous KPZ dressing [3], telling us how flat scaling dimensions are modified by
gravity. In order to derive this we will have to start by looking at the scaling of the partition
function.



3.1 Partition function

We will start by presenting the scaling argument for the partition function Z,(A). We have:
Zu(4) = [ Dye s 5(1fg) - 4). (22)
h

where Iy[g] = f /9 is the area composite operator. We want to enquire the scaling A — AA
remembering that the measure is invariant and the Polyakov action satisfies (I3]). The scaling
of the area composite operator can be affected by nontrivial quantum corrections, hence we
will leave it general, In[Ag] = A*Iy[g]. We then have:

Zy(AA) = / Dy e s591 5(I[g] — AA)
h

= ; / Dge 5Pl §(A\ " Io[g] — A)
h

1 a —cgSpA/e - @
= x/h%” g) e SRS (AT I[N g] — A)

1

1 cg
= X/hpg e~ CoSpPlal+F x(h) 55 log A 5(Iolg] — A)
_ )\%X(h)_th(A) ‘ (23)
If we now choose A = 1/A, we find the following scaling form:
_ 29 (1—h)—1
h - )
Zn(A) = C) Asa (24)

where Cj, = Z,(A = 1). This is the general form of the fixed-area partition function, which
can now be transformed back to give the full form of the standard Z(A, G).

To make further contact with the literature, we can define the string susceptibility -~
through:

Zh(A) = CLA? (25)
so that we find .
yzi(l—h)—l—z (26)

In the following sections we will see that ¢, = ce — 25, and we will compute the scaling
exponent «, obtaining the value:

25 —co— /(1 —co)(25 — ca)
a= B : (27)

Thus we have:

25 —co+ /(1 = ca)(25 — ca)

v = G (1—h)+2. (28)
In absence of matter we find: 5
7:—5(1—h)+2 (29)



and on the sphereH v = —%.

The partition function for two dimensional quantum gravity is then found to be:
Zh(N) = Cy, / dAe ™ MA3 =, A2
0

where we defined the model dependent constants 7, = CpI'(y — 2) (see [4] for an explicit
evaluation of these constants in dynamically triangulated gravity). After combining with (2I)
we finally arrive at:
cg X(h)
) (30)

Z(A, G) = ZTh (eéA_ 2a

h

showing that Newton’s constant contributes as a “topologlcal term” e/ and that the parti-
tion function depends only on the variable k = ed A~T4. In the case of no matter we have,
more explicitly, Kk = e A3

3.2 KPZ

We can apply the same logic to the expectation value of a matter operator Ip[®;g] =
[ /g 0O[®; g], defined through the fixed-area functional Fj,(A). Suppose the scaling of this
operator is Ip[®, A\g] = M Ip[®,g]. Again, this takes into account all possible quantum
corrections to a composite operator. Then we have:

Fr(\A) = A‘1657&"(")“L/DngfP e~ 5P §(Io[g) — AA) To[®; 4]
— Aex® (—/DgD O e~ 5Pl (A Io[g] — A) To[®; g]
= AT ! /D (A/2g) Dy eesPN 9l 5 (X I[NV g) — A) To[@, A7)
— A i) Aﬁ/am/l)gpg@ eCoSPlalt ExMaz X 6 (1o[g] — A) Io[®, g]
h

1 —c
= Wi [ Dy e (1) - 4) Tofo.

= N/E,(A).
Choosing again A = 1/A, we find the scaling form of the expectation value:
F(A) = AP/ Fy(1). (31)

The physical meaning of this scaling is found by noticing that the gravitational scaling
dimension A can be defined from a one-point function as Fj,(A) oc A'=2, while 3 is related
to the flat scaling dimension A, of the operator O, as we will prove later, by

25 — Cp — \/(1 + 24A0 - C@)(25 - C@)
12 '

2For a complementary approach based on Matrix Models see [§]

p= (32)




This means that the scaling dimension A of an operator receives a gravitational dressing
which changes it into

Azl_é:\/l—Cq)—\/1+24A0—C¢’ (33)

a V1—rce — /25 —co

which is the KPZ formula. This relation can be recast in the equivalent form (see Section
4.3.2):

6
25 — Cop
also known in the literature as KPZ relation, which shows clearly that all the effect of gravity
is encoded in the scaling « of the area operator.

A—AOI

A(A—1), (34)

3.3 Fractal properties of spacetime

The previous considerations only required the scaling of a fixed area, which is dictated by its
classical scaling. However, if the partition function starts to depend on less trivial geometrical
quantities such as the geodesic distance between two points, as in the case of the two point
function (8)), the scaling of these quantities can get a nontrivial modification with respect to
the classical one, as we here briefly review [9].

The effective scaling dimension in a quantum spacetime can be probed by considering a
random walk, or a diffusion process, and studying its properties. The scaling dimension is
related to the return probability, which in our case can be expressed as:

. _ l —sA\ __ 1 —cgSplyl o l —sA
P(A;s) = <AT1"6 >— 7o) /Dge d(Iolg] — A) ATre , (35)

A is the heat kernel, which is a solution of the

in which s is the diffusion time, and K, = e~
heat equation [10]:

8SKS(LU, IL’(]) + AwKsCC,LUo) = 0, (36)

with boundary condition Ko(z,29) = 6(x — x9)/,/g. The scaling dimension in the UV is
related to the way in which P(A;s) scales as a function of s for s — 0. We immediately
notice that at s = 0 we have

P(A;0)=1= P(A\A;0). (37)

If we assume that this holds also for small finite s, whose scaling is still unknown, by repeating
the same manipulations of the previous sections we find the following relation:

1 1 " .
POANS) = o [ Dy 9 sl - 4) FTre 20

A
_ —cySpld _A) Ly eerilesac)
= Z(A)/Dge d(Lo[g] — A) ATre
= P(4;s)

10



where we used the fact that Tr K (z,y) = [ \/gtr Ki(z,z), so it scales as Io[g], and the
Laplacian has its own scaling A(\g) = A*A(g), with & a new scaling exponent. The only
way to fulfil this condition is that w = —&/a. Thus the diffusion time s scales as A=%/%, The
average, in the diffusion process, of the squared geodesic distance from a starting point xg is
given by (the subscript s indicates that this is the diffusion average, not the quantum one):

<d§(z,x0)>s = /de\/ﬁdz(x,:Bo)Ks(x,:Bo). (38)

The scaling is determined by the small s behaviour of the average. Expanding the heat kernel
for small s, using d,(zo, xo) = 0, we see that <d§(:c, x0)>8 starts at linear order in s, and thus
scales as well as A=%/®. The coefficient & will be determined later like the other exponents
encountered previously. We will find that

g_\/49—0q>—\/25—0<p
a  V1—co—+25—co

This relation (or more precisely an equivalent version of it) was found in [9]. We see that
for ¢ = 0 we have &/a = —1/2, which means that in the full quantum regime the geodesic
distance scales like A/,

A more direct physical way of seeing this can be the following. We know that for a random
walk on a fractal, the average square displacement is related to the walking time 7" by the
power—law:

(39)

<r2> oc T%dw | (40)

d,, being the walking dimension. Since the walking time scales like an area (this is a general
property of random walks in two dimensions: their trajectories have Hausdorff dimension 2),
we deduce that the geodesic distance scales like d; ~ AY4w  Now we can use the known form

of d,, [11], which is
d,, = 4 + beta—functions (41)

to get that, at a fixed point, dZ, = 4, and thus d, scales like AY%.

3.4 Two point function

Finally, knowing the scaling of the geodesic distance, we can reproduce the previous argu-
ments for the geometric two point function G(A, ¢) defined in (8). Using the scaling we just

11



found for the geodesic length, we find:
G(MNA, \V4Y) = / Dge 5P § (I [g] — MA) / d*¢\/g / d*¢'\/q'6 (dy(€ — &) — \/40)
= \i / Dge Pl § (A" [g] — A) / d*¢\/g / d*¢'\/g's (N (€ — ¢ — 1)
= \7i / D (\Veg) emeoSeN a5 (\T1L [AVeg] — A) x
0 [ Peys [ VTS (g€~ €) -0
= B0 [pgeesris(1y]g) - 4) [ @eys [ #eVT e - ¢) -0
= ArtuaxMG(A, 0

in which we had to assume that A™/4dy1/a,(& — &) = dy (£ — &), which is required to have a
well defined delta function. Taking again A = A~! we find:

G(A, 0) = ATTmax®) (A=) (42)

with f(xz) = G(1,x). The scaling in A will then be:

G(A L) = / dAG (A, 0) 24
0

c

= [T aaateEo fean e
0

cg

= AT gAYy

with -
ga)= [ dyeny IO . (43)
0
This way we recover the known scaling on the sphere [4]:
GA ) = ATty = ATg(etr?). (44)

The scaling function has been computed in [4] and its detailed form is g(z) = cosh 2/ sinh® .
We remark that our scaling relation is valid also for c¢g # 0.

4 Renormalization
In this Section we will consider renormalization in order to compute the anomaly coefficient

cg and the critical exponents «, f3, ... that characterize the scaling laws derived in the previous
Section. In particular we will compute the beta function of Newton’s constant since this leads

12



to the computation of ¢, via relation (20). The critical exponents are instead related to the
scaling dimensions of composite operators, such as Iy[g] = [ NI

We will perform our computations in both d = 2 and d = 2+ € in order to enquire various
things: which operator drives the flow, i.e. Sp[g| in d = 2 versus [ /gR in d = 2 + ¢; the
connection with Liouville theory; the limit ¢ — 0; the role of different parametrizations of
the metric fluctuation. From now on we will also fix the topology to be spherical, since ¢,
and the scaling exponents do not depend on the topology.

4.1 Background, gauges and ghosts

We need now to discuss in more detail the construction of the measure. The standard
approach, that we will follow here, is the original Faddeev-Popov method that allows to
factor out the volume of the Dif f—group via a gauge-fixing and at the cost of introducing
ghost fields, or better at the cost of introducing an additional functional determinant:

Dg — Dgolf] Zynlg] (45)

where f = 0 is the gaugefixing condition and Z,,[g] is the Fadeev-Popov determinant. A
nice and elegant introduction to gravitational functional integrals can be found in [12], to
which we refer for more details.

To preserve invariance under diffeomorphisms we employ the background field method
where we expand around a background metric g,,, and we integrate over the metric fluctuation
hyw. Fluctuations can be parametrized in different ways; here we will discuss two of them,
the linear (or standard) parametrization:

Juv = G + h;w ) (46)

and the exponential parametrization [13] [14] [15]:

1
G = Gir€™ = G + By + ghuxhi + ... (47)

Since the flow equations involve the Hessians, or second variations, of the effective action,
we will keep track of the parametrization choice by introducing the tensor H,, = {huh’,
where ¢ is a parameter which can be either zero or one, so that we can write dg,, = hu.,
and 6%g,, = H,,. Now the functional integration over the metric g,, can be replaced by one
over the fluctuation h,,, i.e. Dg,, = Dh,, and the Fadeev-Popov operator M, defined by
det M = Z,;[g], is given by:

Mlh;g) = ——=| | (48)
e=0
where hfw = hu + V6, + V€, represents an infinitesimal coordinate transformation of the
tensor hy,, with respect to the full metric g,,. There are now two possible gauge choices. The

conformal gauge (CG)

1_
_guuha (49)

f;w:h,uu_Q

13



that fixes the gauge completely only d = 2, and the Feynman gauge (FG)
_ 1_
fu=V"h,, — 5Vuh, (50)

which can be used in any dimension d > 2. Note that the FG is the gradient of the CG.
As usual the strict gauge—fixing condition 0[f] can be relaxed by exponentiation of the delta
function, in this way introducing the gauge fixing action Sy¢[h; g], that in the background
gauge depends on both the fluctuation and the background metric. In CG the gauge-fixing
action is:

_ 1 _ 1_ , 1
Suslisal = 5 [ i (o~ 5t ) (1= 53 0) | 1)

While in FG lt iS:
ng hQ - d \/_9 C hQ“—_C h C h,g——c h 52

In both cases « is the gauge—fixing parametelﬁ.
The Fadeev—Popov operator M can be computed given the gauge condition. In CG the
variation of the gauge condition leads to (remember that h = g""h,, ):

1
O fuw = 0hy — igwdh =V, + Ve, — gV € = (Le)u, (53)

which defines the vector to symmetric traceless rank two tensor differential operator L, =
0y V405V, — g, V. Introducing the adjoint operator,

[V =2 [ Varvie = -2 [ Vavare = [ Ve, (50

we find (LT = —(6*VY + 62 V*#). We can handle the FP determinant more easily using the
fact that L and L have the same non-zero eigenvalues:

det M = det'L = (det'L' L)z , (55)

where we exclude the zero modes from the determinant, which are actually the zero modes
of LT. It’s easy to reveal the explicit form of the FP operator when h,, = 0:

(LT)g”Lgy = —(55?” + 05V (0 + 00V, — G V)
= 2(Ad5 — Rj) = 2(A1)5, (56)

where we introduced the spin one Laplacian A;. In FG we have instead:

_ 1 _ _ 1 —
5f# - (53v5 — iaﬁvu) 5ha5 = (63V6 - §aﬁvﬂ) (vaeﬁ + VﬁGa) ’

3The gauge-fixing parameter should not be confused with the scaling exponent labeled in the same way.
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thus:
det M = det (V90 V. + V9 Va — V0, V?) . (57)

Note that the differential operator in (57) depends non trivially on h,, and g,,. It simplifies
when h,, = 0:

Vo V' + VOV o — VG,V = NSl — Rl = (A1) (58)

We see that the CG and FG ghost operators are the same when h,,, = 0, but CG has a real
ghost while FG as complex ghosts, i.e. the determinant is under square root in the first case.
Note also that in CG we need to exclude zero modes, while in FG we need not (since it is
the gradient of the CG).

A final comment on the CG in d = 2. In the exponential parametrization, i.e. £ = 1, we
have:

LoXn

N h
Guv = Gur€ " = guxe?”

= gwéﬁe%h = gwe% = gw,e%, (59)

showing that all metrics can be reached from the background metric via a Weyl transforma-
tion with factor: h

o=7 (60)

Note that the Liouville action (I2) in terms of h reads:
Losmag = [ 2oy |inantar (61)
par MBI = g [ VI '

Having set up the background, the gauges and the ghosts, we can now turn to the discussion
of the RG flow equations.

4.2 Flow equations

To study the renormalizaion group flow and to compute the beta function and the critical or
scaling exponents we will employ the functional RG approach based on the exact RG flow
equation satisfied by the effective actiorl] [2, [16].

Using the background field method to preserve gauge invariance along the flow leads to
the following flow equation first derived in [2]:

1 : -1
oulhig) = 3T (D20 hi g) + Rulg])  0iRulg) + ghost. (62)

where the scale dependent, or running, effective action I'y[h; g] depends on the fluctuation
and background metric. The ghost terms will be discussed in a moment. Here Ry[g] is the
cutoff kernel, responsible for the regulation and for the coarse-graining. The flow equation
[62) can be derived by the RG improvement of the regularized one-loop background gauge
effective action, and as shown in [2], this improvement leads to an exact equation. The gauge

4The effective action, when evaluated on-shell, is related to the partition function by I'. = —log Z.
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invariant part of the effective action il T klg] = T'k[0; g] and satisfies a flow equation given
by setting h,, = 0 in (62)). In general the effective action can be written as:

Lilh; ] = T[g + h] + Sgrlh: gl (63)
where we introduced the gauge—fixing action. The Hessian in (62)) is then:
e gl = T2 g + )+ 577 s ] (64)
In this way, the flow equation for the gauge invariant part of the effective action becomes:
oris) = 5T (105 + 52710:9) + Rulg])  OuRelg] + shost (65)
and will be used in the next sections to compute the beta functions of A, and Gy. More

specifically, to extract the beta functions of a set of couplings \;, we expand both sides of
equation (G0 on the relative operator basis I;[g],

OTwlg] = Z&AZL[Q]

1 2) 2:0)rn. — N\t _ P75
ST (0000 + S50 (0:9) + Rulal) akelal = Y-8 (66)
and by comparison we obtain the equations 9;\, = (', i.e. the beta functions are the

coefficients of the expansion of the functional trace on the rhs of the flow equation. In the
context of quantum gravity, the expansion of the functional trace is performed with the
fundamental aid of the heat kernel expansion, in both its local and non-local realizations
[T0]. These techniques allow us to work covariantly at any step of the computations.

The ghost contribution in (62]) or (65]) depends on the gauge; in CG we have:

ghost = —lTr' Ot (21)

2 Ar+ Ri(Ay)’ (67)

where we used the fact that LTL = A; and the excluded zero modes are those of L. In FG
one instead finds:

9 R (A1)
A+ Ri(Ay)’

still involving the spin one Laplacian but counted twice and with no zero modes excluded.
One of the virtues of equation (BH) is that it holds in any dimension and allows, via the
expansion ([60]), the computation of the beta functions of any set of couplings. We are going
to exploit these properties in the next two sections, 4.3 and 4.4, to covariantly derive the RG
flow of quantum gravity in, respectively, d =2 and d = 2 + e.

ghost = —Tr (68)

®We use I'y[g] in place of the standard notation I';[g] to simplify the notation.
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4.3 Quantum gravity in d = 2

In this Section we discuss the renormalization group flow in strictly two dimensions. Since
the invariant f V/9R is topological it cannot be driving the RG flow, as instead does in d > 2,
and another invariant must take its place in order to have non—trivial beta functions. From
the discussion of sections 2 and 3 we know that the natural candidate is the Polyakov action.
Generally we are then led to consider the following ansatz for the gauge invariant part of the
running effective action:

1 c 1
Tulg] = /d%\/g{Ak— 47erR_ 96’“7TRZR}
1
= Nlolg| — 1nGr I[g] + c1Splg] - (69)

Here A, Gy and ¢, are running couplings, the scale dependence of which contains the informa-
tion about the RG flow. We will soon see that the conformal anomaly does not renormalize,
at least within the set of operators that we are considering in (69) (see [5] for a deeper anal-
ysis of this point) and we can thus set ¢, = ¢, without any loss of generality. We will also
drop the bar over the background metric when its presence is understood.

4.3.1 Beta functions

We will extract the beta functions for the couplings in (69)) from the flow equation (63]). The
first thing we need to do is to compute the Hessian of the action (69)). To obtain the quadratic
action from which we can extract the Hessian, we need the second variations of the operators
Iolg], I1][g] and Splg]. The details of these computations are given in the Appendix. We will
also employ the traceless—trace decomposition,

A 1 A
h;w = h/u/ + aguuh gwjhuu = 0> (70)

in order both to simplify the second variations and to separate the gauge part (traceless)
from the physical part (trace). For Iy[g] we have from (I44):

#als) = [ Poya{ e S ik | (71)

showing the in the standard parametrization we have only a traceless contribution, while in

the exponential parametrization we have only a trace contribution. The second variation of
I[g] ([@8) can be written as:

§I[g] = — / d*x\/g {%EW (A + R) hy, + iw"vyvaiz;;} : (72)

showing no dependence on §. We also note that this variation has only a traceless part
and will thus vanish when we employ the strict CG forcing h,, = 0, as expected from the
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topological nature of the invariant. In a general CG with a # 0 we will see that the traceless
contributions are clearly pure gauge. In the Appendix we also report the details that lead to
the second variation of the Polyakov action (IGS)):

$5vlal = g3 [ oV {hIA— (€~ DR A+ 20+ B (1

where both A" and BZE are known tensors of which we don’t need the explicit expression.
Since they are part of the traceless and traceless—trace sectors, in strict CG they vanish,
while, as before, in general CG they will be pure gauge.

Before explicitly computing the Hessian we make an important point: we recover the
Liouville action (€1l) only if we use the exponential parametrization ¢ = 1. Using the first
(I64) and second ([73]) variations of the Polyakov action we find the following relation,

h  h

5sp[g]+%52sp[g] 24 d%\f{ R+ A7 }:-%SL [%g} (74)

which we expected to hold given (60). We will argue that this fact strongly supports the use
of the exponential parametrization.
The gauge—fixing action (&Il is purely traceless:

1 L
Sulhis] = 50 [ Pavihuit,

and when added to the other variations ([7Il), (2) and (73] gives the quadratic part of the
action (69):

1 1
5 k0% Iolg] - 87TGk5211[ 9]+ 50°Splg] + Soslhi 9]
1 - ~ 1 .
=5 /dzx N {hfh + 20" By + By [aégg + FZ;] haﬁ} , (75)
where we defined the following tensors:
Q? 204
r = —|A -1 —
3 +(-1)R+ o
o — Amv
P A, 5 L LAt my s vrvas| + Lpe (76)
o TG, |27 G T

and 6" op 1s the identity in the space of symmetric rank two tensors. We also conventionally

define

I
=5

preparing for discussing the connection with the Liouville theory approach to two dimensional

quantum gravity that we will make in a later Section. Using the notation I' to represent I'*”

(77)
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and I' to represent FZ’;, we can write and perform the multiplet trace implicit in the flow
equation (69):

Gl (Z14T+Re T N\ (ORe 0 \|_ OR
rr I'+ Ry 0  ORy T+ R,
_ - R &R
LT o the &G . (78)
1+04<F—|—Rk+FTF+1R F) I+ By 1—|—OA(F+Rk+FTF+1R F)

We see from (78) that after the inversion we can safely go to the strict CG a = 0. Note

also that equation ([78) implicitly defines the tensor structure of the cutoff kernel. When we

insert (78) in the flow equation (63]) we obtain the following form:

lT O Ri(Ao) 1T , O RE(Ay)
2ALE T )

2 AQ + Rk(AQ) k A1 + Rk(Al)

Olklg] = (79)

where we defined Ay = A 4 (£ — 1)R as the spin zero operator and rescaled the cutoff
Ry — %QRR. This is the flow equation for two dimensional quantum gravity in CG from
which now we will extract the beta function of A, and Gy,.

The functional traces of functions of Laplacian operators of the general form A = —V?21+
U, like those in (79), can be computed with the standard local heat kernel expansion:

TrM f(A 47T a7 ZQ“H / d®z tr [M by, (A)] (80)

where M is a possible matrix insertion. The first two heat kernel coefficients, the only we
will use, are:

bo(A) = 1 ba(A) = 1% _u. (81)

The @Q—functionals appearing in (80) are defined as Q,[f] = F(n f dzz""1f(2) if n > 0 and
as Q,[f] = (=DM £UmD(0) if n < 0 (see the Appendix in [16] for more details).

We can now prove the non-renormalization of the anomaly following [17]: the heat kernel
expansion does not contain the invariant [ \/ER%R and thus the beta function of the anomaly
coefficient is zero. As we will see in Section 4.4.2; only in the k£ — 0 limit this operator will
be produced. This justifies the substitution ¢; — ¢, we previously made.

Using (B0) we can immediately evaluate the traces in ([79)

dhids & fonisfolu ()]

Do+ Ru(bo) + 2 Q?
raulm (35| maa+om} L s
where the explicit values for the heat kernel coefficients are the following:
WA =1 b(dg) =g+ (0-oR=""2R (53)
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We also introduced the notation hy(w) = —24%_ . The ghost trace in (79) is:

z+Rp+w
O Ri(Ay)

/ 1 2 / I H 2
N R AT " E/d 2 /G Qi (0)] (A1) + Qoln(0)] By(Ar) + O(RY) |, (84)

where the heat kernel coefficients with the zero mode extracted areﬁ:

R 13
The flow equation (79) then becomes:

Trlg] = %{—Ql[hk(%’fﬂmgl [hy(0 } de\f

+817T{7 665 [ <2Ak )} } d2x\/§R+O(R2)>

where we used the cutoff independent fact that Qo[hx(0)] = 2. A comparison with (6I) gives
the beta functions:
1 2A
< Lo (39 o)

)b

In the case A;, = 0 this last relation becomes:

1 T—66 26 1946
at( G) R (87)
k ——— =~
spin 0 ghost
or more explicitly:
—$19G;  £=0
0,Gy, = 4 , 88
e { —§Q5G§ £=1 (88)

which shows that the gravitational contribution to the beta function of Newton’s constant
is —19 in the standard parametrization, while it is —25 in the exponential parametrization.
This result is new and shows that there is a dependence on the field parametrization, at least
in the computation we have done, also in strictly two dimensional quantum gravity. Later
we will compare this with the relative computation in d = 2+ €. Using now the relation (20])
between ¢, and the beta function of Newton’s constant leads to the following value for the
total gravitational anomaly coefficient:

Cq>—19 520
E=1

Cp — 25 ’ <89>

Cg= Co ~+T7—06¢ —26:{

matter  spin 0  ghost

6The zero modes of A; = LTL are those of LT; one finds No(L') = —3yx for the the number of zero modes
and thus the heat kernel coefficients satisfy ba(Aq) = by(Ay) + No(LT).
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where we made the break—down of the various contributions and added the matter contribu-
tion. This is, in the £ = 1 case, the result that we pre-announced in Section 3. As we see, the
ghost contribute the famous —26, while the trace spin zero part of the metric contributes like
a standard scalar in the exponential parametrization and like seven scalars in the standard
parametrization. From many other computations and constructions (see [4] for a compre-
hensive discussion of the literature) we know that the correct value is the one found in the
exponential parametrization. Why the standard parametrization fails is to be understood.
We note finally that this values are scheme independent since their derivation relied only the
fact that Qo[hx(0)] = 2, which is true for any admissible cutoff shape.

In the general case Ay, # 0 we find, employing Litim’s cutoff, i.e. Ry(z) = (k*—2)0(k*—2z),
the following beta functions:

1

T oE
Q2

. . 1
4

T-6( 1 26
0,G, = — — = 5G:. (90)
6 1424 6 g

These beta functions show that two dimensional quantum gravity is asymptotically free. We
refer to the literature for more on this point [16].

4.3.2 Scaling exponents

Having computed ¢, we now turn to the computation of the scaling exponents «, 3, ... in this
way completing the determination of the scaling laws of Section 3.

The area operator scales classically as Io[Ag] = [ \/det [Ag] = Ao[g]. Fluctuations will
generically change this by adding a nontrivial anomalous dimension Iy[\g] = A*Iy[g]. To
account for this we will consider the generalized composite operator:

lgl = [ d2yg, (1)

where « is the scaling exponent we want to determine. One can attribute a dimensionality
either to the coordinates or to the metric. Let’s assume the last case, so [g.,] = k72, The
exponent « is determined self-consistently by requiring that the operator dimension of the
area operator Iy[g| is two. In this section we will work strictly in CG and we will employ the
exponential parametrization & = 1 only, since this is the one that leads to the correct scaling
exponents.

To determine the anomalous scaling dimension of I;[g] we add to the effective action (6J)
the termﬁ — 2 f \/ga, where Zj is the wave—function renormalization constant of y[g]. The
Hessian to insert in the flow equation (62)) (note that we are considering the full bi-metric

"Remember that composite operators are introduced as | D¢ e S/ JO@)  In any case the the sign in
front of Zj drops out from the final formula for the scaling dimension.
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action I'g[h; g]) is of the general form ([7@). Since we work in CG we need only the trace part
of the Hessian, which now reads:
Q2 Oé2

A — ZZke

NIQ

(92)

—Cg __ 25—cop
247 24rw

a rescaling the cutoff R, — %ng as before, we find the following expression:

where we remember ) = . Using ([©2)) in the flow equation (62)) after performing

. L5, Ry,(A)

27 LA -7 e5h 4 LR(A)
1

2

ORL(A) o ORL(A)
—Trmjt@ZT {mezh}+... (93)

atrk[h§ 9] =

Without loss of generality we can set the background metric to be the flat metric in order to
simplify the computations. The lhs of ([@3) is then §,Iy[h; 6] = — ([ d*z) 0,Z,e2". Using the
heat kernel expansion (80) to its lowest order to evaluate the functional trace and comparing
both sides leads to the following equation for the wave—function renormalization:

Oé2

0,7y = Q Ql[gk] (94)

where gi(z) = [zitg:((j))P. The @Q—functional in ([@4)) is scheme independent Q[gx] = 2 and
thus we find:

Oé2

In terms of dimensionless variables, [,/g°] = k72 and [Z;] = k**~", where
o2

2r(Q?’

is the anomalous dimension of the operator Iy[g]. The request that this operator scales like

an area leads to 2a — 1 = 2, or more explicitly using (96]):

Oé2

2OZ—F622:2, (97)

which, knowing that ) = 25 -2, is equivalent to:

6
25—C<I>

2 — 20 +2 a®=0. (98)

The solution to ([OF) is:

25 —cop — /(1 —co)(25 — co)
o= B , (99)
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where we picked the branch that leads to o — 1 in the classical limit cg — —o00.

This can now be applied to a general composite operator Io[®; g] = [1/g O[®; g], the only
difference will be the classical scaling dimension, that we generally call Ay (we had Ay = 0
in the case of Iy[g]), and equation (O8)) generalizes to:

6
25—Cq>

This immediately gives the scaling exponent 3 as

ﬁ _ 25 — Cp — \/(1 + QIZ;AQ — Cq>)(25 — Cq>) ' (101>

This is the scaling that enters in the KPZ relation. To find the alternative form of this
scaling, simply use 5 = a(1 — A) in the equation that defines /3, to find

1—Ag— B+ B =0. (100)

60’
= (1-A4) —1—|—oz—2 _Cq)(l—A)
60
= A(l —A). 102
A1 A) (102)

Likewise, the exponent & needed in the scaling of the geodesic distance is determined as the
scaling of the Laplacian. Since in d = 2 the operator ,/gA is scale-invariant, the classical
scaling of the Laplacian is fixed to be that of an inverse area, and is thus found by solving

6

—1—a = 1
a+25—0¢a 0, (103)

which gives

25 —ce — /(49 — co)(25 — co)
&= 5 : (104)

another relation that we used before.

4.3.3 Connection with Liouville theory

In this Section we want to make contact with the standard way to determine ¢, which is via
Liouville theory [0, [7, [18]. In CG the partition function, in terms of the standard non—Weyl
invariant measure, takes the form:

2= [ Dy Db 8101 Zalg sl (105)
where g, = gw\emﬂ. The integral over traceless metric fluctuations fALH,, = Ny — % guwh can

be performed directly, imposing in this way the CG gauge-fixing condition strictly. The
partition function then becomes Gaussian:

7 = / Dyenrzh Zo[ge"| Z[ge" ], (106)
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where we already know the matter and ghost partition functions Zg and Z,, as a function
of g. Under a Weyl rescaling they transform as follows:

Z¢[§eh/2] — Z¢[§]e2%5ﬂh/4;g}

Zon[ge?] = Zu[gle 7St b/ (107)

Assuming also that h behaves as a standard scalar of weight zero, so that its measure is
subject to ([@), leads to the following form for the partition function:

7 = Zs|9)Z,119) / Dghe%éi’::% Sulh/4a) (108)

where ¢, is in principle unknown and will be fixed in a moment (even if we expect it to be
one). We can now work with the more standard Liouville variable o = %. Since Z is not
affected by a Weyl rescaling we must check that the same is true for the rhs of ([I08]), thus it
must be independent of the shift § — ge?X and o — o — y if the conformal factor measure is

translation invariant D;(o — x) = Dyo. We have:

Splo — x; ge*] = /dzx\/ﬁe%( [2(c — x)e Ao — x) + 2(0 — x)e (R + 2A)]
= Sclo; gl — Sulx; gl (109)
so we find that indeed:

cptcp—26 c¢+ch726s

Dy ZolgeX] Zon|ge?X)e " zin L0 — Do Zo[g] Zanlgle 2w oo

Thus (I08) is well defined. We define conventionally ¢ = ,/26_204%%, implicitly assuming

that ce + ¢, < 26 in order to a have a positive definite action. We need to evaluate the
following Gaussian integral:

I= / D,o e~ [Vilorotal) (110)

This is easily performed by just completing the square:

Ll 1 L) [ s [ 11
§/dx\/§<a+ZR)A<U+ZR)—/d:c\/g{zaAa+aR+2RAR : (111)

where we integrated by parts. Inserting (IT1) into (IT0) and shifting the integration variable
as 0 — @ (0' + %R) gives:

2
| = e%f\/gR%R/Dgo' 6_%f\/§‘7A0
2
— e%fﬂR%Re—%TrlogA

14487Q2

— e oor J VIRZR (112)
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where we evaluated the Gaussian integral and we collected all terms. Incidentally this shows
the Liouville action has central charge c;, = 1 + 487 Q?.
Using ([12)) in (I08)) and remembering the form of Z,,[g] and of Z,;[g] gives:

cp—26 1 1+26—cep—cp 52 1 l—cp 2 1
7 — ¢ 96x J VIRz R, o) Pr/gRRR e 96 Jd VN (113)

Demanding that Z is Weyl invariant leads to ¢;, = 1 since the only (on—shell) effective action
which is Weyl invariant in d = 2 is ['|[g] = 0, which in turn implies Z = 1. Said in an
equivalent way, to ask for ¢, = 1 is equivalent to ask that conformal invariance is restored.
This was basically the original argument of [6] [7]; see also [I2]. We then have:

25 — Cop
24m

Q= (114)
which establishes again the fundamental result ¢, = cs — 25 and agrees with our previous
definitions. In the context of Liouville theory the exponents «, 3, ... are now related to the
scaling dimensions of the so—called vertex operators, V,, = e*?, and can be computed by
standard CFT methods (we refer to [I2] for more details). Needless to say, the results are
the same as those we gave in the previous sections. With the knowledge of ¢, and the scaling
exponents one then derives the scaling relations for various observables within Liouville theory
and recovers the results we presented in Section 3. We want to remark that our derivation
shows that is possible to respect covariance and that Liouville theory is not the only way,
or the fundamental way, to establish scaling relations in the continuum. It is just one way
to perform the analysis; more precisely, is the way to exploit the fact that in CG quantum
gravity in d = 2 is a Gaussian theory; in fact all results of Liouville theory derive from the
use of the Gaussian integral (II2)) or generalizations to include vertex operators, i.e. the
integral (II2]) in presence of external currents.

4.4 Quantum gravity in d =2+ ¢

In this section we consider quantum gravity in dimension greater than two. This is the
case considered in almost all studies of renormalization in the context of quantum gravity,
starting from [19] to the works of [I8, [13] and later to the studies of gravity in the context of
asymptotic safety [I1], [I6]. A recent study of the dependence of the beta functions on field
parametrizations in this last context as been presented recently [I5]; for an application in
the context of unimodular quantum gravity see [14].

Two things happens in d > 2: the Polyakov action is not anymore induced by matter and
ghost fluctuations and the operator [ V/9R ceases to be topological. Somehow the latter start
playing the role of the former, but we cannot in general expect the arguments and scaling
relations of Section 2 and 3 to still be valid, since they were genuine to d = 2. In any case,
we may hope to obtain a continuous € — 0 limit by employing [ VIR in place of Sp[g].
As we will explain more precisely later in this Section, this requires a careful choice of the
regulator in order to suppress the pathological limit the Hessan of [ V/9R has when d — 2.
We will also see that, when we consider the finite part of the effective action, only within the
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exponential parametrization we will be able to take the limit ¢ — 0. We thus consider the
following ansatz for the gauge invariant part of the effective action:

1
_ d _ d
Telg] = Ak/d x e d'z\/gR

= MNplolg] — L], (115)

1
e k
and compute the beta functions of the cosmological constant and of Newton’s constant from
those terms proportional to the invariants Iy[g] and I;[g] stemming from the expansion of
functional traces on the rhs of the flow equation (G2).

4.4.1 Beta functions

As in Section 4.3.1, to compute the Hessian needed in the RG flow equation (GH) we first
derive the quadratic action. We will consider only the gauge o = 1 since this allows us to
employ heat kernel methods to compute the functional traces. We also employ the traceless—
trace decomposition (Z0). The second variation of Iy[g] in arbitrary dimension is given in
equation (I44) of the Appendix and reads:

S8 hlg) = 50 [ e (d B 15&5%5) ; (116)

while the second variation of I;[g], when summed to the FG gauge-fixing action (52)) and
evaluated on a spherical background, is given in equation (I5I]) of the Appendix, or:

11, R » 2 —3d+4 d 2
o el + Sylhig] = /dxf{ i ( .
d— Ld-a+2

We will perform the replacement [20]:

By = \/87Grhy, | (118)

in the expansions ([IGHITT7) and rescale Ay appropriately. We can define the symmetric spin
two tensor identity 0/ = % (5555 + 5(‘,‘55) and the trace projector Pi = ég‘“’gpo; then we
have:

1 v 1 v _ v
hag = hag — igaﬁh = (555 - igaﬁg“ ) by = (1- P)Zﬁhw

1 T ,
§9aﬁh = 59(1&9“ hyw = Pgﬁhw- (119)

Note that 1 —P and P are orthogonal projectors into the trace and traceless subspaces in the
space of symmetric tensors. In terms of these projectors we can now write the gravitational
Hessian in the following way:

09 = =(1 S - 3 N e

2( —P)[Ay + (£ — 1)Ay]

1 Ag| (120)
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where we defined the spin two and spin zero differential operators:

2 _ —
A, = A+<d 3d+4 d 2§)R

d(d—1) d
Ay = A+d_4%d+2§}z, (121)

while the ghost Hessian is the spin one differential operator A; is given in (B8) . We need
now to choose the cutoff kernel, the structure of the inverse propagator (I20) suggest the
following;:
d—2

Ry = (1 -P)Ri(Az) — ?PRk(Ao)- (122)
This natural choice is actually non-trivial and is ultimately responsible for the continuity,
that will discuss in a moment, of the ¢ — 0 limit and to the taming of the “wrong” sign of
the spin zero inverse propagator. It was first introduced by [18] [I3] and later proposed in the
context we are considering by [2]. It is easy now to write down explicitly the full regularized
graviton propagator:

1

[(1 P (A0 + Bu(B0) + (€~ DAL) - %P (AO + Re(Ag) %Ak” _
_(1-P) L __2p L (123)
- Ao+ Rip(Ag)+(E—1)A,  d—2" Ay+ Ri(Ag) — Z;fg)gAk .

Now when we multiply (I23)) with 9;Ry both the d = 2 pole and the minus sign disappear
and the flow equation, and lately the beta functions, will not suffer of these problems in the
¢ — 0 limit, problems that are related to the topological nature of the invariant f V9 R when
d = 2. As said, this choice of regulator is the one responsible for the good behaviour of the
€ — 0 limit.

To proceed, we insert in the graviton part of the flow equation the identity in the space of
symmetric rank two tensor in the form 1 = (1 —P)+P. After adding the ghost contribution
([68) this gives the following flow equation:

8tRk(A2) i ETI'P atRk(AO)

Az + Re(Bg) + (€ =DAc 2 Ag+ Ry(Ag) - S2HE
O Ry (Aq)

~Trot—----—-—

YA+ Ri(Ay)

ol'klg] = %Tr(l—P)

. (124)

It is now easy to evaluate the traces using the local heat kernel expansion (80). We find the
following heat kernel coefficients:

PHd=2[R_(E-3d+4_d=2) . 5
2 6 d(d—1) 2d

tr[(1 —P)ba(Ay)] =
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where we used tr (1 —P) = %;

R d—4+2 7—6
tr [PbQ(AQ)] == E - TfR d:2 TfR’

showing that only the conformal mode is £&-dependent;

R d+6 4
trba(An) = g + B = == =, 3R

showing that there is nothing universal in the ghost trace. Then, to linear order in the
curvature and for d = 2, the flow equation (24 is:

OTwlg] = 8% {2@1 [ (€ = )] + @ {hk (—%Ak)] 201l (0)]} / P/
+8i7r {—ng (e~ A)] + %QO lhk (-%Ak)] - ng[hk(O)]} / /R
+O(R?). (125)

This leads to the following beta functions:
oM = o {2@ (€ - DA)| + @ {hk (—%Ak)] —2Q:[h <0>]}

o, (_Gik) _ % {_gQO (€~ 0| + % . [hk <—%Ak>} _ ng[hk(O)]} - (126)

In the case A, = 0 we find, as in the previous section, the universal beta function for Newton’s
constant (using the scheme independent value Qo[h4(0)] = 2):

( 1) 5 7-66 8  1946¢
oo )= 22 5
G,

3 6 3 6
T ——
spin 2 spin 0  ghost

where we tagged the various contributions explicitly. The amazing fact is that the total
universal beta function of Gy, is the same as in the strictly two dimensional case (87), but
now the contributions are the following:

o o . . - Cq>—19 520
o= 0 T-sscig={ T8 £

matter spin 2 spin 0 ghost

(128)

Thus again ¢, = cp — 25 if £ = 1. Note that now the —% contribution of the CG ghost is
split up in a —g from “gravitons” and a —% from the FG ghost, this clearly shows that the
ghost contribution to ¢, alone has no universal meaning. In both gauges, the trace behaves
as a standard scalar only in the exponential parametrization. The same ghost contribution
was found in the extrinsic approach, where one computes the RG flow in the theory of two
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dimensional surfaces embedded in D—-dimensional FEuclidean space and then takes the limit
D — 0 in the equivalent of Newton’s constant beta function [21].

In terms of dimensionless variables, A, = k2A, and employing Litim’s cutoff, the beta
functions (I26) become:

. -1 2 1
8,5Ak = —2Ak+— — + = —2
Ar | 1—(E- 1A, 1-EA,
1 5 1 766 1 8
ol——=1) = —= — + —— . 129
t( Gk) 31— (&= 1A, 2 1-%A, 3 (129)

Note that only if the cosmological constant is zero we can take the limit d — 2 when & = 1.
A more detail discussion of these beta functions can be found in the literature |16} [15].

4.4.2 Finite part of the effective action

In this section we compute the finite parts of the effective action. We will follow the methods
of [17] which employ the non-local heat kernel expansion, in particular we compute the R?
terms. As we have seen in the previous section, the Polyakov coupling does not run, i.e.
Oycr, = 0 (we need terms proportional to beta functions to have a non—zero running). In this
section we will show that it is generated in the £ — 0 limit (as explained in [17]).

The non-local ansatz for the gauge invariant part of the effective action to use one the
lhs of the flow equation is:

Tylg] = / /G [ax + bR + Ren(A)R] + O(R?) . (130)

In two dimensions the Ricci tensor is proportional to the Ricci scalar R, = %gu,,R so there
is only one non-local heat kernel structure function at the order curvature square [10] and
this is given by the following linear combination:

2 _ —
fRz(l’) = tl"].ngd(ZL') +t1"1fUR(ZL') <dd(d:)fi$4 — d4d2§)

e fu(a) (d2 —3dtd d_25)2+ (1 - é) (d+2) falx)

d(d—1) 4d d
+ i) + fUR(x)# ¢ @) (#)
1 4
O Jmaal@) = Junle) U+ Glute) + (1 B 3) fo(w). (131)

The first two lines are the spin two contribution, the third line is the spin zero contribution,
while the last line is the spin one contribution. When we write (I31]) in terms of the basic
non—local structure function and set d = 2 we find:

C9f I5f 43f 9 27 5f 1 foof,
Tw = e T 3 T TR Tor 4t Tt Tt

e 132
ot T (132)



where not the first line is the gravitational contribution and the second line the ghost con-
tribution. The flow equation for c¢x(z) can be written as:

Brew(z) = 87le29 (%) . (133)

Note the overall power of k=2 in (I33)). If we employ Litim’s cutoff shape function then we
find (u = x/k?):

gu) = —#{[12+(27—8§)u]\/1—%—(43—40§+16§2)u,/ﬁ}9(u—4)
(4—|—9u)\/1—§—9u,/ui4] O(u—4), (134)

where the first line is the graviton contribution and the second line is the ghost contribution.
An expansion around u = oo,

252—4g+2+4§2—12§+16+0(1)7

1
2u?

O E— = - (135)
shows the important point that in the exponential parametrization the coefficient of the
leading term is zero, i.e. 2¢2 — 46 +2 = 0if € = 1. This fact was also noticed in the
original covariant perturbation theory literature in the case of a scalar field [22]. We will see
in a moment that this behaviour makes the integral of g(u) finite in the k& — 0 limit. This
cancellation can be seen directly in (I34]) since the coefficients of the u times square roots
terms agree when & = 1.

Integrating the flow from the UV scale A to the IR scale k and shifting to the variable

u = x/k* gives:

1 x/k?
cp(x) = ep(z) — T /I/A2 dug(u) . (136)
The integral in (I36) is finite for A — oo, i.e. there are no UV divergences; so we can take the
UV cutoff to infinity. This is related to the theta functions in (I34]) which imply that we have
to compute the integral between 4 and x/k?, explicitly showing that the high energy part
does not contribute. The integral in (I36) can be performed analytically, but the result is not
very revealing and in any case scheme dependent. Instead we report the small k expansion:

1 13 T k2
() — coo(w) = " 16nz ?—25+2(1—€)210g@_4(52—354‘4);
26 k? E*
—— + 16— — 1
0 o (1)), s

where again we separated the gravitational from the ghost contributions. This expression
shows clearly that the limit £ — 0 is obstructed by the diverging logarithm term if £ # 1,
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i.e. there is an IR divergence if we use the standard parametrization. In the exponential
parametrization, instead, we can safely take the IR limit to find:
25 Coo — 25

co(w) = caof) + 967 x = 967 x

(138)

thus ¢y = coo — 25. This checks explicitly our assumptions that the gravitational effective
action has the same form as the Polyakov effective action for matter fields, but with the
proper coefficient ¢, = c¢ — 25 (with matter included as in [I7]).

5 Conclusions

In this paper we have explored the quantum properties of two dimensional quantum gravity by
putting together two complementary approaches: scaling arguments and the renormalization
group (RG) analysis. In both cases we pursued a fully covariant formulation to prepare the
ground for a future study of four dimensional quantum gravity along the same lines.

The full quantum properties of a theory are only accessible when we have a well defined
quantization procedure. In the path integral approach, which is the most useful one to set
up the RG analysis, this translates into correctly identifying the measure of integration. We
found that by using the prescription given in [5], standard results in two dimensional quantum
gravity can be reproduced in a simple and clear way. Once the quantization is understood, a
shortcut to study the UV properties of gravity is to consider the partition function at a fixed
volume, which is an area in d = 2, and study how this scales when we rescale the area. The
path integral will generate a nontrivial quantum scaling on top of the classical one, which
determines the quantum properties of the theory. The standard partition function then can
be recovered from this by a Laplace transform, and it will pick up these contributions. The
advantage of this construction is that once this “reduced” partition function is well defined,
exact scaling relations can be derived from it which translate into exact properties of the full
partition function. In this way one is able to find out how gravity modifies the spectrum of
scaling dimensions of matter, and essentially solve quantum gravity in two dimensions.

Scaling relations are a natural hint for RG arguments. A paradigmatic example are the
ones one finds in a statistical physics context. First observed in purely phenomenological
terms, they relate the various critical exponents of a statistical system by assuming that
the free energy (read partition function) has some definite scaling form, in terms of one
dimensionful quantity, say the temperature, and a function of dimensionless ratios. The
exponent of the temperature is one of the critical exponents. Other quantities derived from
the free energy can be put in similar scaling form, and by comparing these different quantities
scaling relations between different exponents are found. The RG gives an intuitive reason
for this. Since at the critical point correlation lengths diverge, the system reaches a scale
invariant phase, which is associated to a fixed point of the RG flow. At the fixed point
all dimensionless quantities approach a finite value (including zero), so physical observables
acquire a definite scaling with respect to a dimensionful scale. Moreover, by considering the
linearized RG flow in the neighbourhood of the fixed point, it is actually possible to calculate
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the value of the critical exponents, whereas scaling arguments alone are not sufficient to
determine them.

This is conceptually the same approach that was followed here. To calculate the gravi-
tational scaling exponents, we used the functional RG. The scaling exponents can then be
easily found as the wave function renormalization of composite operators. Still, up to this
point there is one information missing, which is the value of the gravitational central charge.
Here we found that to reproduce the correct value, consistent with what one finds from Li-
ouville theory, one needs to use the exponential parametrization for the metric fluctuations.
We performed the calculation in d = 2 and d = 2 + €. In the last case one also looks at
the finite part of the effective action, and recovers the same result. It is crucial there to use
the exponential parametrization in order to be able to recover the £k — 0 limit. The result
also agrees with the relation found in [5] between the central charge and the beta function of
Newton’s constant, which was briefly rederived, in a slightly different way, in the first part
of the paper. This relation allows us to use the known form of the beta function to compute
a universal quantity like the c—function.

Probably the most interesting aspect of this work was that Liouville theory, which is
peculiar to two dimensions, was never really needed. All we needed were scaling arguments
and RG calculations. As we said, the whole approach seems to work in covariant form. Thus
there is the hope that the same analysis can be carried through in d = 4. We will investigate
this in a future paper.

Acknowledgements. The Authors would like to thank R. Percacci for carefully reading
the first draft of this work and for many interesting suggestions and comments.

A Variations

In this Appendix we collect the basic variations, and their derivations, which are needed in
the main text.

A.1 Variations of V9 and VIR

We start considering the variations of the two invariants

Iolg) = / V7 Llg) = / ViR, (139)

To compute the Hessians entering the flow equation we need the second variations of the
invariants (I39).These read, taken for example from [I6] or computed using xTensor, are:

1 1 1
Phls) = [ dta i (34 - 5Hhos + 1) (140)
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where we remember that H,, = 52g,w = fhu,\hf;, and:
1 vV 1 12 (0% 14
52]1[9] = /ddx\/§ {—gh“ Ahy, + §hAh — WV, Vo by + WV hy,
1 1
+h" R Rye + h”"ho‘ﬁRaugu — hR" h,,, + (ZhZ — §haﬁha5) R
1
—H,, R" + §HR+V“V,,H“”+AH} ) (141)

We note that the last two terms are total derivatives, thus the use of the exponential
parametrization will not change the kinetic terms of the standard parametrization and so
the difference will be in the curvature terms.

It is useful now to perform the trace-traceless decomposition,

1 .

Py = By + G G hy, =0, (142)

so that:

~

.1

Wohy = Wb+ S
PR

W Ahyy = B Ahy, £ hAh

- 1
hNENY by, = hVEVYh,, — EhAh
v @ 7 v e 2 vy 1
WV, Voh, = bV, Vb + ahV“V Py — 7z
where an integration by parts is implicit in the last relation. Using these relations in (I40])
gives:

5% Iolg) = /ddx\/g (lfﬂ + 5_—1haﬁha6) = /dd:)s\/§ (d LR TE I 1}30%5) .
4 2 4d 2
(144)
Thus in two dimensions the second variation of Iy[g] is purely traceless in the standard
parametrization & = 0, while it is purely trace in the exponential parametrization £ = 1.
Note that in the standard parametrization there is a dangerous d — 2 pole term that must
be properly treated in the d — 2 limit.
Using (I43) in (minus) the derivative terms of (I41]) gives:

Ny (143)

1 174 1 v « v
G Dby = ShAh+ DN ol = VIV By, =

(d—2)(d-1)
2d?

We will now choose the background metric to be maximally symmetry in order to simplify

the curvature terms of (I41]); in two dimensions this is no restriction at all, while in d > 2 we

~

1 . d—2
S A, — hAh + WV, Vb = = =hVIV by, (145)
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loose no generality since we are interested in expansions of the effective action up to linear
order in the curvature. The Riemann and Ricci tensors are then proportional to the Ricci
scalar:

R

R
R = 7 v Buwor = Gra =1y uovo = Guoun) - (146)

Inserting these relations and performing the trace—traceless decomposition of (minus) the
curvature terms of (I41]) gives:

1, 1 1
B R% Ry, — W1 Ry, + hhyy R — (Zh2 - iho‘ﬁhag) R+ H,R" — SHR

1. . > —-3d+4 d—2 > —-3d+4 d—2 d> —5d+ 8
— _pHv _ 2 _ _
K h’“’( Ad—1) q 5)R+h <2d2(d—1) I ST add—1) )R‘

(147)

Finally we are led to:
d? —3d+4 d—2 .
2 d 2% o
°Lg] = /dxf{ h < + Ad—-1) R ) §R>hw

+hV, Vb — d%ﬁhV”V”sz _d=z, [(d —1)A + %R} h} . (148)

2d?

This relation is interesting for several reasons; first it shows that the trace part vanishes in
two dimension making the Hessian non-invertible; second it shows that {-terms make no
difference when again d = 2. These are both signs of the topological nature of the operator
in this dimension and imply that in CG the contribution of the invariant I [g] is purely gauge
and will not contribute when we will enforce the gauge strictly (as expected). In FG, as for
the other invariant, the fact that the inverse of the trace part is singular when d — 2 calls
for a careful definition of the regulator.

The background FG gauge fixing action (52]) is already quadratic in h
it reads:

> When expanded

1
Syslhig] = 2a d*z\/g (—h‘“’V,,Vahfj + WVFVY Ry, + th)

, d—2 . (d—2)
— d N Z « R i
—2a d x\/§< W N ahfy =Ry hAh) - (149)

Combining now (I48) with (I49) gives:

[ a1 d Lo s d—2 d—

«
1Y\ - - d 2
1 — — 124 e 1—= B2
o 22 o
A d*> —3d+4 d—2
pv _
h h“”( 2dd—1)  2d f)R
B o (d—2)(d—4+2)
h ¥z R,

(150)
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which shows that the choice a = 1 leads to the diagonalization of the quadratic action:
1, J d?>—3d+4 d—2 .
82T . p _
25 1lg] + Syrlhs 9] = /d xf{ h { < Ad—1) R y §)R| hu

d—2 d—4+2¢
S ) sy

We stress again that the Hessian of this quadratic action will not be invertible in two dimen-
sion since the trace part vanishes.

A.2 Variations of the Polyakov action
We will now determine the Hessian of the Polyakov action (I0):

Splg / V3 R R. (152)
First we will need some basic variations:
Sgh = —h
g = %\/Eh
5T, = % (Vuhs, + V,hS, — Voh,)

124 (0% « 1 o
gy, = VRS, = 5V°h
1
6R = Ah+V"V'h, — ShR, (153)

where we used R, = % 9w I? in the last line, relation valid only in two dimensions. We start
with

A A A

where we integrated by parts one of the terms with the variation of the Ricci scalar. From

%A: 1 we find

5 (@R%R) = %h RER+20R~R+ RO~R, (154)

1 1.1
X = —x0A% (155)

where the variation of the Laplacian acting on a scalar, using variations form (I53), is:
5A¢ = —0 (gm/vuquS)

—5g"N Y ub — gV 0,0
W', 6+ g7 00, Voo

1
= W'V, + VIV — SV hV oo, (156)
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Inserting (I56) in (I55) and then (I55) in (I54]) gives:
1 1 1 1
_ _ - _ 2 2 U7V iy =
\/55 <\/§RAR> hRAR+ hR + 2h,, V'V AR+ h (V AR> <VVAR) +
o 1
—§h <V KR> <VQKR> + §hRZR. (157)
Equation (I57) gives us directly the the first variation of the Polyakov action:

— 96705plg] = /dzx\f{hR+hw [ WVV%JH (V“%R) (V”%R)}} . (158)

where we have separated the trace part from trace free part. Defining the tensor

1 1
=2V*V"—R R Y—R 159
VVA+<VA)(VA), (159)
allows us to write (I58)) in the following simple way:
1
6Splg) = —5— [ Az /g {hR v hwtﬂ”} (160)
From this relation we can compute the energy—-momentum tensor,
™) = — = — MR 4t — —g"t 161
where t =19, = —2R + (V*XR) (V,x R), which shows directly the anomalous trace
R
JATHY = —— | 162

Now note that we could had written (I54]) as:

1 1 11 1 1
ﬁa (\/ERZR) = gh RxR+ 8RR+ RS (KR) :

since ] ] ] ] ]
- - S p_ = 7 A v 2t

it must be that:

(Ln) =t b fowtae (o da) (e2a)] . w

thus o(g) = 55 R in strict CG (iz = 0) is such that 6o = 1h. Note also that in strict CG
the first Varlatlon (I60) becomes:

§Splg] = ——/dzx\/_hR (164)
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We can now perform the second variation of (I64) directly (we leave to the next Section
the second variation in general gauge). Using the basic variations ([I53)), the traceless—trace
decomposition relations ([43) and 6(\/gGhyw) = 32" Mgy we find:

1 1 1 - o w 1 -
2 — 2 - T2 X7V |% Ty v
6°Splg] %6 d z\/§{2hAh 2h R+ hV*N"h,, + W hy, (2t R) + hy ot } .
(165)

We have not written explicitly the variation 6t* since it is not very illuminating and in any
case we will not need the explicit expression for it; we use the fact that 6 has both traceless
and trace parts to write (IGH) as:

11 S
5Splol = — 555 / &z \/g {h(A — R)h+ 20 A" R, + hWnghaﬁ} . (166)

where A" and Bl can be read off from (IG3) and the knowledge of ot
We now consider the variation leading to terms proportional to H,, = 6%g,, = Eh,h):

1 1
5 / PoJGRAR = 2 / o /GRE SR+ O(R)
1 1
— 9 / N (AH + VIVYH,, — 5HR) +O(R?)
1
= 2 / d22\/g (RH + RZV“V”HW) +O(R?)
1
— 9 / A2\ /gH,, (Rg“” + V“V”KR> +O(R?).

The trace part is:

2 / d*x/gH,, (Rg“”jtV”V”%R) = ¢ / d2x\/§%h2R. (167)
Combining this with (I66]) finally gives:
11 R . .
2 - - = 2 . 1% mpaf
Splg) = — 53 /d x\/g{h[A + (€ = DR h+ 20 A" by, + by B2 } . (168)

with new A" and ng This completes the collection of variations that we need.
As a final check of (I64)) and (IGS), we correctly find that in strict CG and for £ = 1 the

following relation between variations of the Polyakov and Liouville actions is fulfilled:

I ho  h B\ _ 1 . [h
sSela + g ol = —gp [ i qh+ o) =gt [Jsg] 00

This relation strongly supports the use of the exponential parametrization.
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Finally, for completeness we report the variation of 6t*” for which we will need the fol-

lowing relations:

5 (vuv,,

and

1 1
La) - s(vokn)
1 N
- 5 8H8VZR+FW8>\KR
1 \ 1 \ 1
- 8u8,/(5 ZR +5FW8A ZR —|—ij8)\5 ZR

1 1 1
= V,V.6 <—R> +5 (Vuh), + Vol =V hy,) V, (—R) (170)

A

5 (V“%R) — 9,0 (%R) V.5 (%R) . (171)

A

Using these relations and (I63]) in the definition (I59) gives:

Ot =

from which one

. 1 ) 1 1
nv o v
) <V,N,,—AR) o (v —AR) &) (—AR>

1. R N 1 1 1
% 2% _ I vid H v
2h V.V, h+ "V ,V, {Rh’“’ [V \Y AR+ (V AR) <V AR)]}

- o1 1 1. 1 ,
+hH (vuhi, - §Vu6§,h) Va (ZR) + 5P (V“ZR) V'h

~ 1 1. 1 1 1
i v 1A wii 14 v_—
i (v —R) v {—Rh,w {v VR4 (V R) (v R)H . (172)

can extract the explicit for of the tensors A" and B/ appearing in (IGS),

but their form is not very illuminating.
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