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We comment on the recent arguments by Senatore and Zaldarriaga that loop corrections to the ζ–ζ

correlator cannot grow with time after first horizon crossing. We first emphasize the need to search
for such secular dependence in corrections whose in–out matrix elements are infrared singular on an
infinite spatial manifold. Then we give examples of such time dependence from pure quantum gravity
and from scalar potential models. Finally, we point out that this time dependence arises from inflationary
particle production and is therefore unlikely to endanger the preservation of super-horizon correlations
as a record of inflation.
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1. Introduction

Perhaps the most commonly quoted result for models of infla-
tion is the curvature power spectrum [1],

�2
R(k, t) ≡ k3

2π2

∫
d3x e−i�k·�x〈Ω|R(t, �x)R(t, �0)|Ω〉. (1)

(The field R is defined by stripping the derivatives from the 3-
curvature in the co-moving frame for which the momentum flux
vanishes [1].) These predictions are made in the context of per-
turbation theory about a homogeneous, isotropic and spatially flat
geometry,

ds2 = −dt2 + a2(t)d�x · d�x ⇒ H ≡ ȧ

a
, ε ≡ − Ḣ

H2
. (2)

The time of first horizon crossing is tk such that k = H(tk)a(tk),
after which �2

R(k, t) becomes nearly constant and one drops the
argument t . The tree order result for typical single-scalar inflation
models is [2],

�2
R(k) ≈ G H2(tk)

πε(tk)
. (3)
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Theorists are eager to predict �2
R(k) because its value for cos-

mological wave lengths can be reconstructed from observations
of anisotropies in the cosmic microwave radiation and from large
scale structure surveys [3],

�2
R(k) = (

2.441+0.088
−0.092

) × 10−9
(

k

0.002 Mpc−1

)−0.037±0.012

. (4)

This connection between quantum gravity and cosmological obser-
vation represents one of the great triumphs of inflation theory [4],
and accords expression (4) the status of the first quantum gravita-
tional data ever obtained.

Tree order results such as (3) derive from the linearized mode
functions. There can be important contributions from times before
tk [5], but the mode functions become constant afterwards because
the restoring force k2/a2(t) redshifts away while the friction term
remains large. Quantum loop effects can induce late time depen-
dence by coupling mode k to changes in the vacuum energy from
the quantum fluctuations of other modes. A theorem by Weinberg
limits this time dependence to powers of the “infrared logarithm”,
ln[a(t)/a(tk)] [6–8]. No one disputes this bound, the issue is its
saturation.

In his first paper on the subject Weinberg considered two one
loop processes which seemed to contribute infrared logarithms [6]:

• Section V gave a qualitative treatment of self-interactions
within the gravity–inflaton system, culminating in Eq. (41);
and
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• Section VII gave a computation of the contribution from
N free, massless, minimally coupled scalars, culminating in
Eq. (71).

Although other work has produced similar results [9,10], Sena-
tore and Zaldarriaga have argued that there cannot be any infrared
logarithms from Weinberg’s second source [11]. We agree — in-
deed, this follows from a simple rule for counting infrared loga-
rithms [12]. However, we do not accept the subsequent conclusion
by Senatore and Zaldarriaga that �2

R(k, t) is free of infrared log-
arithms from any source and to all orders. (A recent paper by
Giddings and Sloth also disputes their conclusion [13].) The pur-
pose of this Letter is to show that infrared logarithms arise at
one loop from self-interactions of the gravity–inflaton system (as
in Weinberg’s first example) and at two loops from massless, min-
imally coupled scalars with a quartic potential.

In Section 2 we summarize the Lagrangian. Section 3 describes
a simple rule for counting the maximum number of infrared log-
arithms which can derive from a given interaction [12]. In Sec-
tion 4 we compute a one loop effect from self-interactions of the
gravity–inflaton system. Section 5 gives a two loop effect from the
potential of a massless, minimally coupled scalar. Our conclusions
comprise the final section.

2. Gauge-fixed Lagrangian

The model we consider consists of three fields: the spacelike,
D-dimensional metric gμν ; the scalar inflaton ϕ whose slow roll
down its potential V (ϕ) drives inflation; and a spectator scalar σ
which is centered at the σ0 = 0 minimum (of zero) of its massless
potential U (σ ). The Lagrangian is,

L =
[

R

16πG
− 1

2
ϕ,μϕ,νgμν − V (ϕ)

− 1

2
σ,μσ,νgμν − U (σ )

]√−g, (5)

where R is the D-dimensional Ricci scalar and a comma denotes
ordinary differentiation.

We decompose gμν into lapse, shift and spatial metric accord-
ing to Arnowitt, Deser and Misner (ADM) [14],

gμν dxμ dxν = −N2 dt2 + gij
(
dxi − Ni dt

)(
dx j − N j dt

)
. (6)

ADM long ago showed that the Lagrangian has a very simple de-
pendence upon the lapse [14],

L = (Surface Terms) −
√

g

16πG

[
N · A + B

N

]
. (7)

The quantity A is a potential energy,

A = −R + 16πG

[
V (ϕ) + U (σ ) + 1

2
gij(ϕ,iϕ, j + σ,iσ, j)

]
, (8)

where R is the (D − 1)-dimensional Ricci scalar formed from gij .
The quantity B in (7) is a sort of kinetic energy,

B = (
Ei

i

)2 − Eij Ei j − 8πG
[(

ϕ̇ − ϕ,i N
i)2 + (

σ̇ − σ,i N
i)2]

, (9)

where Eij/2N is the extrinsic curvature,

Eij ≡ 1

2
[Ni; j + N j;i − ġi j], (10)

and a semi-colon denotes covariant differentiation. Varying (7)
with respect to N produces an algebraic equation,
A − B

N2
= 0 ⇒ N =

√
B

A
. (11)

This gives the constrained Lagrangian a “virial” form,

Lconst = (Surface Terms) −
√

g

8πG

√
AB. (12)

Further progress requires the use of perturbation theory. The
nonzero background fields are gij = a2(t)δi j and ϕ = ϕ0(t). The
two nontrivial Einstein equations can be used to eliminate the
background scalar,

ϕ̇2
0 = − (D − 2)

8πG
Ḣ, V (ϕ0) = (D − 2)

16πG

[
Ḣ + (D − 1)H2]. (13)

Note that the background values of the potential and kinetic terms
are equal, A0 = B0 = (D − 2)[Ḣ + (D − 1)H2]. Hence the back-
ground value of the lapse is unity.

We fix time as Maldacena [15] and Weinberg [6],

G0(t, �x) ≡ ϕ(t, �x) − ϕ0(t) = 0. (14)

The other (D − 1) conditions have to do with how we define the
unimodular part of the metric g̃i j ,

gij = a2(t)e2ζ(t,�x) g̃i j(t, �x) ⇒ √
g = aD−1e(D−1)ζ . (15)

We require g̃i j ≡ δi j + hij to be transverse,

Gi(t, �x) ≡ ∂ j g̃i j(t, �x) = ∂ jhi j(t, �x) = 0. (16)

(Maldacena and Weinberg imposed transversality on the logarithm
of g̃i j .) The resulting Faddeev–Popov determinant depends only on
hij , and is singular for ε = 0.

Of course no gauge can eliminate physical inflatons; with condi-
tion (14) that degree of freedom resides in ζ(t, �x). Linearized gravi-
tons are carried by hij(t, �x), and spectator scalars are in σ(t, �x). By
contrast, the shift field Ni(t, �x) is a constrained variable which me-
diates interactions between the other fields.

To reach a perturbative form we first employ (15) to exhibit
how the potential (8) depends on ζ , hij and σ ,

A = A0 − R + 16πG

[
U (σ ) + e−2ζ

2a2
g̃i jσ,iσ, j

]

≡ A0(1 + α). (17)

Here the spatial Ricci scalar is,

R = e−2ζ

a2

[
R̃ − 2(D − 2)∇̃2ζ − (D − 2)(D − 3)ζ ,kζ,k

]
, (18)

where R̃ = O (h2) is the Ricci scalar formed from g̃i j and ∇̃2 ≡
∂i g̃ i j∂ j is the covariant scalar Laplacian. At this stage we can also
recognize that R is just ζ , in D = 4 dimensions and to linearized
order [1],

R(t, �x) ≡ −a2(t)

4∇2
R =

(
D − 2

2

)
ζ(t, �x) + O

(
ζ 2, ζh,h2). (19)

The kinetic energy (9) can be expressed as,

B = A0 + 2(D − 2)H
[
(D − 1)

(
ζ̇ − ζ,k Ñk) − Ñk

,k

]
+ (D − 2)

(
ζ̇ − ζ,k Ñk)[(D − 1)

(
ζ̇ − ζ,k Ñk) − 2Ñk

,k

]
+ (

Ñk
,k

)2 − Ẽk Ẽk − 8πG
(
σ̇ − σ,k Ñk)2

(20)

≡ A0(1 + β). (21)
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Here we define Ñ i ≡ Ni , Ñi ≡ g̃i j Ñ j and Ẽ i j ≡ 1
2 [Ñi; j + Ñ j;i − ḣi j].

The next step is to expand the volume part of the constrained La-
grangian in powers of α and β ,

−
√

g

8πG

√
AB = −aD−1e(D−1)ζ

8πG
A0

√
(1 + α)(1 + β) (22)

= −aD−1e(D−1)ζ

8πG
A0

×
{

1 + (α + β)

2
− (α − β)2

8
+ · · ·

}
. (23)

As Weinberg noted, the terms involving no derivatives of the grav-
ity fields sum up to a total derivative [6]. Another important fact
is that quadratic mixing between Ñ i and ζ can be eliminated with
the covariant field redefinition,

S̃k ≡ Ñk + g̃k∂

1

∇̃2

[
e−2ζ

Ha2
∇̃2ζ − ε

(
ζ̇ − ζ,i Ñ

i)]. (24)

After much work the quadratic Lagrangians emerge,

L(2)
S = aD−1

32πG

{
∂ S̃k∂ S̃k +

(
D − 3 + ε

D − 1 − ε

)
∂ S̃k∂k S̃

}
, (25)

L(2)
ζ = (D − 2)εaD−1

16πG

{
ζ̇ 2 − 1

a2
∂kζ∂kζ

}
, (26)

L(2)

h = aD−1

64πG

{
ḣi jḣi j − 1

a2
∂khij∂khij

}
, (27)

L(2)
σ = aD−1

2

{
σ̇ 2 − 1

a2
∂kσ∂kσ

}
. (28)

Expression (28) reveals σ to be a massless, minimally coupled
scalar with unit normalization. Let us call its propagator i�(x; x′).
From (27), and relations (15)–(16), we see that the graviton prop-
agator is proportional,

i[i j�k]
(
x; x′) = 32πG

[
Πi(kΠ) j − Πi jΠk

D − 2

]
i�

(
x; x′), (29)

where Πi j ≡ δi j − ∂i∂ j/∇2 is the transverse projection operator.
These relations are exact. Because ε(t) = −Ḣ/H2 is nearly con-
stant during inflation, expression (26) implies a similar relation for
the ζ propagator,

i�ζ

(
x; x′) ≈ 8πG

(D − 2)ε
i�

(
x; x′). (30)

The massless, minimally coupled scalar has a well-known in-
frared problem [16–18] which we regulate by working on T D−1

with radius L and then making the integral approximation for the
mode sum [19],

i�
(
x; x′) =

∫
dD−1k

(2π)D−1
θ
(
k − L−1)ei�k·(�x−�x′)

× {
θ
(
t − t′)u(t,k)u∗(t′,k

) + θ
(
t′ − t

)
u∗(t,k)u

(
t′,k

)}
. (31)

The mode function for constant ε is,

u(t,k) =
√

π
4(1−ε)H

a
D−1

2

H (1)
ν

(
k

(1 − ε)Ha

)
,

ν ≡ D − 1 − ε

2(1 − ε)
. (32)

Constant ε implies Haε is also constant and hence,

D − 4 = 0 = ε̇ ⇒ lim
t→∞ u(t,k) = C(ε) × H(tk)√

3
, (33)
2k
where C(0) = 1 and we will use C(ε) ≈ 1 generally.
Relations (19), (30) and (33) allow a trivial derivation of the

typical result (3) for the scalar power spectrum,

[
�2

R(k, t)
]

tree ≈ k3

2π2
× 8πG

2ε
× ∣∣u(t,k)

∣∣2 ≈ G H2(tk)

πε
. (34)

The tensor power spectrum is,

�2
h(k, t) ≡ k3

2π2

∫
d3x e−i�k·�x〈Ω|hij(t, �x)hij(t, �0)|Ω〉. (35)

Relations (29) and (33) offer a similarly straightforward derivation
of the typical tree result for �2

h(k, t) [1,2],

[
�2

h(k, t)
]

tree = k3

2π2
× 32πG × 2 × ∣∣u(t,k)

∣∣2

≈ 16

π
G H2(tk). (36)

The 1/ε enhancement of the scalar power spectrum with regard
to the tensor one presumably explains why the scalar contri-
bution has been detected but the tensor signal has so far not
been resolved. At 95% confidence the bound on their ratio at
k0 = 0.002 Mpc−1 is [3],

r ≡ �2
h(k0)

�2
R(k0)

< 0.22. (37)

With the typical tree order results (3) and (36), and the measured
spectrum (4), this bound implies an upper limit on the inflationary
Hubble parameter,

G H2(tk0) ≈ π

16
× r × �2

R(k0) � 10−10. (38)

We can also get a bound on ε by combining the typical tree results
(3) and (36) with (37),

ε(tk0) ≈ r

16
� 0.014. (39)

This is why it was justified to use C(ε) ≈ 1. We shall go further
and approximate loop corrections by taking the de Sitter limit of ε = 0
once multiplicative factors of ε have been removed from vertices and
propagators.

It remains to derive the relevant interactions by expanding the
constrained Lagrangian (23). These interactions are quite compli-
cated, but most of them are precluded by too many differentiated
fields from contributing the maximum number of infrared loga-
rithms. If we want just the maximum possible number of infrared
logarithms then the number of interactions at any order becomes
manageable. To study the lowest order effects of ζ self-interactions
it suffices to consider the minimal generalization of (26),

Lζ = (D − 2)ε

16πG
aD−1e(D−1)ζ

{
ζ̇ 2 − e−2ζ

a2
∂kζ∂kζ

}
. (40)

To study the lowest order effects of the scalar potential we need
only,

LU = ε

D − 1
aD−1e(D−1)ζ U (σ ). (41)

3. Infrared logarithms

Infrared logarithms are factors of ln[a(t)] which can contami-
nate loop corrections involving undifferentiated gravitons or mass-
less, minimally coupled scalars. The oldest example is from 1982
[20] and consists of the coincidence limit of i�(x; x′) on de Sitter
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background (ε(t) = 0 and H(t) = H I ). With full dimensional regu-
larization, and L = (H IaI )

−1, the result is [19],

i�(x; x) =
∫

dD−1k

(2π)D−1
θ(k − H IaI )

∣∣u(t,k)
∣∣2

(42)

= a−(D−1)

2Dπ
D−3

2 Γ ( D−1
2 )

∞∫
H I aI

dk kD−2
∣∣∣∣H (1)

D−1
2

(
k

H Ia

)∣∣∣∣
2

(43)

= H D−2
I

2Dπ
D−3

2 Γ ( D−1
2 )

∞∫

aI a−1

dz zD−2
∣∣H (1)

D−1
2

(z)
∣∣2

(44)

= H D−2
I

(4π)
D
2

Γ (D − 1)

Γ ( D
2 )

{
2 ln

[
a(t)

aI

]
− ψ

(
1 − D

2

)

+ ψ

(
D − 1

2

)
+ ψ(D − 1) + ψ(1) + O

(
a2

I

a2

)}
. (45)

This exhibits the fallacy of the argument Senatore and Zaldarriaga
gave against infrared logarithms based on “making the integral
dimensionless” [11]. That is the change of variables from k to
z = k/H Ia(t) in passing from (43) to (44). Had the lower limit
been k = 0 this would indeed have eliminated any time depen-
dence, however, the integral would have been infrared divergent.
So we come to a crucial insight: infrared logarithms derive from di-
agrams that would be infrared divergent as in–out matrix elements on
the spatial manifold R D−1. Of course that is why they are called in-
frared logarithms.

Note that any derivatives, with respect to space or time, would
have eliminated the infrared logarithm in (45). This observation
has led to a very simple rule for inferring the maximum number
of infrared logarithms which can come from a particular interac-
tion [12]: If the interaction has a total of K undifferentiated gravitons
and undifferentiated massless, minimally coupled scalars, after partial
integration has been exhausted, then each correction involving two such
interactions can produce as many as K infrared logarithms.

This rule has been tested in a variety of explicit, fully dimen-
sionally regulated and renormalized computations on de Sitter
background using the Schwinger–Keldysh formalism [21]. For a
massless, minimally coupled scalar with a quartic self-interaction
the rule correctly predicts the number of infrared logarithms
in the expectation value of the stress tensor at one and two
loop orders [22], and in the one and two loop order self-mass-
squared [23,24]. For scalar quantum electrodynamics the rule cor-
rectly predicts the infrared logarithms which are seen in the one
loop vacuum polarization [25] and in the two loop scalar and
electrodynamic field strengths, as well as the two loop expecta-
tion value of the stress tensor [26]. For a Yukawa-coupled scalar
the rule has been checked with the one loop fermion self-energy
[27] and with the expectation value of the coincident vertex at
two loop order [28]. The rule also gives the correct number of
infrared logarithms in the one loop fermion self-energy from quan-
tum gravity [29].

Senatore and Zaldarriaga considered two models in detail. The
first, given in their Eq. (11) and studied in Section 3, consists of a
Lagrangian containing only differentiated fields [11]. Any such in-
teraction has K = 0, so the rule predicts no infrared logarithms,
which is what they found. Their second model, given in their
Eq. (75) and studied in Section 4, was the same as Weinberg’s:
gravity + inflaton + N massless, minimally coupled scalars with
no potential [11]. This model shows infrared logarithms, both from
its ζ self-interactions and from interactions with undifferentiated
hij fields. However, Senatore and Zaldarriaga ignored those interac-
tions because they give no parametric enhancement involving the
Fig. 1. One loop correction from cubic and quartic self-interactions of ζ .

Fig. 2. Two loop correction from the interaction given in expression (41). Solid lines
represent ζ and dashed lines represent σ .

potentially large number N . The scalar kinetic terms which were
the object of their study consist of differentiated σ fields with a
complicated set of couplings to one ζ field. Although there are cer-
tainly some K = 1 terms present, cancellations make the resulting
integrals infrared finite [6,11] so the rule again predicts no infrared
logarithms, and that is what they found.

Let us now consider the two interactions (40) and (41) given in
the previous section. The general form of the ζ self-interaction (40)
is ζ K ∂ζ∂ζ , which is the same as for quantum gravity. We there-
fore expect that there should be a single infrared logarithm from a
correction involving two 3-point interactions, with K = 1, or from
a single 4-point interaction, with K = 2. These corrections corre-
spond to the diagrams depicted in Fig. 1, and we will show in the
next section that they indeed produce a single infrared logarithm.
Supposing that the spectator potential is quartic, we see that (41)
contains an interaction of the form ζ 2σ 4. This has K = 6, so the
rule predicts three infrared logarithms from a correction which in-
volves one such interaction. The corresponding diagram is depicted
in Fig. 2 and we will confirm that it does produce three infrared
logarithms in the penultimate section.

4. Time dependence from self-interactions of ζ

The two diagrams of Fig. 1 derive from expanding expression
(40) to cubic and quartic orders. The second of these diagrams is
very similar to the computation featured in Section V of Wein-
berg’s paper [6]. As he noted, a field redefinition would make (40)
free were it not for the extra factor of e−2ζ on the term with space
derivatives. Things can be simplified by exploiting Weinberg’s ob-
servation that only the time derivative term contributes an infrared
logarithm at one loop order [6]. We therefore make the field redef-
inition,

Z ≡ 2

D − 1

[
e

D−1
2 ζ − 1

] ⇔ ζ = 2

D − 1
ln

[
1 + D − 1

2
Z

]
,

(46)

and forget about the residual interactions involving spatial deriva-
tives.

The Z propagator is the same as the ζ propagator (30). Hence
the one ζ loop correction to the ζ–ζ correlator is,

〈Ω|ζ(x)ζ
(
x′)|Ω〉ζ loop

≈
(

D − 1

2

)2

〈Ω|1

3
Z(x)Z 3(x′)

+ 1
Z 2(x)Z 2(x′) + 1

Z 3(x)Z
(
x′)|Ω〉 (47)
4 3
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≈
(

D − 1

2

)2[ 8πG

(D − 2)ε

]2{
i�

(
x; x′)i�

(
x′; x′)

+ 1

2

[
i�

(
x; x′)]2 + i�(x; x)i�

(
x; x′)}. (48)

We now set xμ = (t, �x) and x′μ = (t, �0), and Fourier transform
on �x. It also makes sense to retain only the infrared logarithm
terms because time independent contributions derive as well from
derivative interactions of the same order as (40) which we have
ignored. That is where the ultraviolet divergences reside, and they
can be absorbed into BPHZ counterterms as usual. In the absence
of any condition for fixing the finite parts of those counterterms,
the infrared logarithm terms are the only unambiguous prediction.
The final result is,

[
�2

R(k, t)
]
ζ loops ≈ G H2

πε

{
27G H2

4πε
ln(a) + O

(
G2 H4)}. (49)

We should mention that it is by no means clear what collection
of fields represents the observed scalar power spectrum �2

R(k, t).
At tree order it suffices to use the ζ–ζ correlator, and our result
(49) is based on extending that correspondence to all orders. This
definition affords a simple renormalization scheme because then
the power spectrum is a noncoincident Green’s function of a fun-
damental field, and ordinary renormalization makes those finite.
However, it is conceivable that the measured quantity is actually
the correlator of some composite operator such as (19), in which
case an additional, composite operator renormalization would be
required. Nonlinear modifications of the observable can introduce
additional infrared logarithms. For example, if the correct observ-
able is the correlator of the field Z(t, �x) defined in expression (46),
then there are no infrared logarithms at one loop order. However,
there does not seem any reason to suppose this, and even doing so
would not prevent the appearance of infrared logarithms at higher
orders.

5. Time dependence from spectator potentials

Let us assume U (σ ) = λσ 4/4!. The diagram of Fig. 2 derives
from the ζ 2σ 4 term of the interaction (41),

�L = (D − 1)

48
λεaD−1ζ 2σ 4. (50)

The Schwinger–Keldysh [21] result for this diagram is,

(Fig. 2) ≈
[

8πG

(D − 2)ε

]2 ∫
dD y

{
i�++(x; y)i�++

(
x′; y

)

− i�+−(x; y)i�+−
(
x′; y

)} iλ(D − 1)

8
εaD−1[i�(y; y)

]2
. (51)

The propagator i�++(x; x′) is the same mode sum as (31), whereas
i�+−(x; x′) has the same first line as (31) but the curly-bracketed
expression on the second line is replaced by just u∗(t,k)u(t′,k).

We again take xμ = (t, �x) and x′μ = (t, �0), and Fourier trans-
form on �x, to obtain,

∫
dD−1x e−i�k·�x(Fig. 2) = i8π2(D − 1)λG2

(D − 2)2ε

t∫
0

ds
[
a(s)

]D−1

× {[
u(t,k)

]2[
u∗(s,k)

]2 − [
u∗(t,k)

]2[
u(s,k)

]2}[i�]2. (52)

There is no point in retaining the divergent part of the coincident
propagator (45), and continuing to work in D dimensions, unless
we add the various counterterm diagrams. That exercise is identi-
cal to the published two loop computation of the expectation value
of the σ stress tensor [22]. We will therefore retain only the lead-
ing infrared logarithm terms and take D = 4.

Oscillations of the mode functions preclude a coherent effect
before first horizon crossing. After horizon crossing one may take
the long wavelength limit of the mode functions,

u(t,k) → H√
2k3

{
1 + 1

2

(
k

Ha

)2

+ i

3

(
k

Ha

)3

+ · · ·
}
. (53)

Hence the curly-bracketed term of (52) becomes,

{[
u(t,k)

]2[
u∗(s,k)

]2 − [
u∗(t,k)

]2[
u(s,k)

]2}

→ − iH

k3

{
1

3

[
1

a3(s)
− 1

a3(t)

]
+ O

(
k2

H2

)}
. (54)

Putting everything together produces,[∫
dD−1x e−i�k·�x(Fig. 2)

]
leading log

≈ λG2 H5

8π2εk3

t∫
tk

ds

[
1 − a3(s)

a3(t)

]
ln2[a(s)

]
(55)

= λG2 H4

24π2εk3

{
ln3[a(t)

] + subleading
}
. (56)

And multiplying by k3/2π2 gives the power spectrum,

[
�2

R(k, t)
]
σ loops ≈ G H2

πε

{
λG H2

48π3
ln3(a) + O

(
λ2)}. (57)

6. Conclusions

We have shown that the ζ–ζ correlator acquires time depen-
dent infrared log corrections, starting at one loop (49) from ζ

self-interactions, and at two loops (57) from the quartic potential
of a spectator scalar. There should also be infrared logarithms from
dynamical gravitons, starting at two loops.

The physical interpretation of the spectator effect (57) derives
from the small increase in the vacuum energy as inflationary par-
ticle production pushes the σ field up its potential U (σ ). The
dimensionally regulated and fully renormalized result for this has
been derived [22], but we can understand its effect on the ζ mode
functions by simply adding the Hartree approximation of (50) to
the free ζ Lagrangian (26) in D = 4 dimensions,

L(2)
ζ → εa3

8πG

{
ζ̇ 2 − 1

a2
∂kζ∂kζ + 3λG H4

32π3
ln2(a)ζ 2

}
. (58)

After horizon crossing the associated mode equation is,

3Hu̇ ≈ 3λG H4

32π3
ln2(a)u

⇒ u(t,k) ≈ H√
2k3

{
1 + λG H2

96π3
ln3(a)

}
. (59)

Inserting the quantum corrected mode function in expression (34)
gives precisely our result (57). It seems likely that a similar ex-
planation can be given for the effects from ζ self-interactions, and
from interactions with gravitons.

Such effects must be present or else there is something se-
riously wrong with our understanding of how gravity responds
to quantum fluctuations. That they would even be questioned
is a tribute to how firmly cosmologists have come to believe
in the time independence of ζ̃ (t, �k) after horizon crossing. In
this regard we should point out, as has already been noted in
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another context by Mahajan and Rangarajan [30], that the var-
ious time independence arguments [31] are all based on the
classical field equations. The effects we have exhibited derive
from nonlocal quantum corrections to the effective field equa-
tions.

Some previous authors claim to have shown the absence of
infrared logarithms. In all cases we know the discrepancy be-
tween their results and ours arises for one of the following rea-
sons:

• Some authors arbitrarily filter out long wavelength Fourier
modes [32]. This will certainly eliminate infrared logarithms,
but it amounts to asserting that spatial constants are unob-
servable, which is false as regards the cosmological constant,
the Newton constant, particle masses and coupling constants,
and the scalar potential of a homogeneous background. Con-
trary to the claim of restoring locality, this procedure also
introduces nonlocality.

• Some authors arbitrarily discard slow-roll suppressed interac-
tions, either directly [33] or else through the δN formalism
[34]. The infrared logarithms we exhibited, (49) and (57), de-
rive from interactions (40)–(41) which are suppressed by a
factor of ε , so authors who discard them of course fail to see
the infrared logarithms (49) and (57). It isn’t justified to dis-
card these interactions because the factor of ε is compensated
by inverse factors of ε from the ζ propagator (30). Seery has
also noted the problem of making the slow roll approximation
[18].

• Some authors focus on interactions for which the distribution
of derivatives precludes the appearance of an infrared loga-
rithm at the order they work.

The final point on our list explains what happened in Section 4
of the paper by Senatore and Zaldarriaga [11]. Let us compare
the ζ 2∂ζ∂ζ interaction, which engenders an infrared logarithm
in the 〈ζ(x)ζ(x′)〉 correlator, with the ζ 2∂σ∂σ interaction, which
does not. Suppose we call the internal vertex yμ . External lines
must connect to ζ fields, so the ζ 2∂σ∂σ interaction contributes
only,

i�ζ (x; y) × lim
y′→y

∂y∂y′ i�
(

y; y′) × i�ζ

(
y; x′). (60)

With the two derivatives, the mode sum for the internal propa-
gator is infrared finite and so cannot contribute an infrared loga-
rithm. In contrast, the ζ 2∂ζ∂ζ interaction contributes.

lim
y′→y

∂y∂y′
[
i�ζ (x; y)i�ζ

(
y; y′)i�ζ

(
y; x′)]. (61)

In Section V of [6], Weinberg showed that the infrared loga-
rithm derives entirely from terms where one derivative rests on
an external line and the other on an internal line, for exam-
ple,

∂yi�ζ (x; y) × ∂yi�ζ (y; y) × i�ζ

(
y; x′). (62)

In that case the infrared divergence of the naive propagator en-
dows the coincidence limit with time dependence which eventu-
ally produces an infrared logarithm. The ζ 2∂ζ∂ζ interaction can
result in this distribution of derivatives whereas the ζ 2∂σ∂σ in-
teraction cannot.

Despite having reached a different conclusion from Senatore
and Zaldarriaga, our results represent no real disagreement with
their analysis. They were uninterested in self-interactions from the
gravity–inflaton system because the fixed number of fields in that
sector cannot engender effects which are enhanced by a poten-
tially large parameter such as Weinberg’s N . And they dismissed
massless scalars with nonzero potentials as unnatural. We feel it
is not reasonable to fine tune the inflaton potential V (ϕ) and then
quibble about fine tuning the spectator potential U (σ ). We also
thought it worth establishing that infrared logarithms do contami-
nate gauge invariant quantum gravity observables such as �2

R(k, t)
because the contrary view has been expressed [35,36].

Of course we appreciate the wonder of preserving a memory
of conditions from inflation, but the practical value of �2

R(k, t)
does not seem compromised by the minuscule time dependence
we have exhibited. The loop corrections we have discussed can
never be large (which is the same conclusion reached by Wein-
berg [7,8]) because they are suppressed by the quantum gravita-
tional loop counting parameter G H2 � 10−10. Their enhancement
by ln[a(t)/a(tk)] � 60 is huge by the standards of conventional
perturbation theory, and unprecedented in view of its time de-
pendence, but there are simply not enough e-foldings of infla-
tion left after first horizon crossing to overcome the suppression
factor for any mode whose spatial variation we can now per-
ceive.

We close with two thoughts. First, the small infrared log cor-
rections to �2

R(k, t) might eventually be observable through 21
centimeter measurements of the matter power spectrum out to
very large redshifts [37]. This would require untangling the primor-
dial signal from late time effects, which is very hard but perhaps
not impossible. It would also require a precise tree order predic-
tion from some unique model of inflation.

Our final comment is that loop corrections to the power spec-
trum are not the best place to study infrared logarithms because
ln[a(t)/a(tk)] cannot exceed about 60 for any mode whose spatial
variation we now perceive. By contrast, there can be spectacular
enhancements in quantities which seem spatially constant, such as
the vacuum energy [38] and Newton’s constant [39], because they
receive contributions from modes which are still super-horizon.
For a very long period of inflation perturbation theory can even
break down, after which reliable computations would require some
nonperturbative resummation technique. Such a method has been
devised by Starobinsky [40], and applied by him and Yokoyama to
scalar potential models [41], for which it sums the series of leading
infrared logarithms [12]. Starobinsky’s method has recently been
extended to Yukawa-coupled fermions [28] and to scalar quantum
electrodynamics [42]. It has not yet been extended to quantum
gravity but there are reasons for believing that some version of
it can be [43], and there are other approaches [13,17,44].

Although no one knows how to sum even the leading infrared
logarithms of quantum gravity, a few points deserve comment.
First, there is no particular reason to suppose that they add up to
give a static result. That is what happens for a scalar with a quar-
tic potential [41], and for scalar quantum electrodynamics [42],
but in Yukawa theory the infrared logarithms grow without bound
until the system experiences a Big Rip singularity [28]. Second,
the time scale for nonperturbative effects to develop is simple to
estimate, and can be made arbitrarily long by adjusting the appro-
priate coupling constant. For the λσ 4 model perturbation theory
breaks down after about N ∼ λ−1/2 e-foldings [12]; for scalar QED
the breakdown takes place at about N ∼ 1/e2 e-foldings [42]; and
for Yukawa theory it occurs at about N ∼ 1/ f 2 e-foldings, where
f is the Yukawa coupling constant. The corresponding estimate
for quantum gravity is N ∼ 1/G H2, which must be greater than
about 1010. So if one hopes to avoid infrared logarithms in quan-
tum gravity by assuming, in the absence of any evidence, that they
sum to a static result, this view is only tenable if a very long pre-
liminary period of inflation is supposed. Rather than opining for
such a speculative and tendentious fulfillment of prejudices against
infrared logarithms, it seems simpler, and more scientifically valid
to just accept that they are real.
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A. Bilandžić, T. Prokopec, Phys. Rev. D 76 (2007) 103507, arXiv:0704.1905;
M. van der Meulen, J. Smit, JCAP 0711 (2007) 023, arXiv:0707.0842;
Y. Urakawa, K.I. Maeda, Phys. Rev. D 78 (2008) 064004, arXiv:0801.0126.

[11] L. Senatore, M. Zaldarriaga, arXiv:0912.2734.
[12] N.C. Tsamis, R.P. Woodard, Nucl. Phys. B 724 (2005) 295, gr-qc/0505115;

R.P. Woodard, Nucl. Phys. Proc. Suppl. 148 (2005) 108, astro-ph/0502556.
[13] S.B. Giddings, M.S. Sloth, arXiv:1005.1056.
[14] R. Arnowitt, S. Deser, C.W. Misner, Phys. Rev. 116 (1959) 1322;

R. Arnowitt, S. Deser, C.W. Misner, Phys. Rev. 117 (1960) 1595;
R. Arnowitt, S. Deser, C.W. Misner, Nuov. Cim. 15 (1960) 487;
R. Arnowitt, S. Deser, C.W. Misner, Phys. Rev. 118 (1960) 1100;
R. Arnowitt, S. Deser, C.W. Misner, J. Math. Phys. 1 (1960) 434;
R. Arnowitt, S. Deser, C.W. Misner, Phys. Rev. 120 (1960) 313;
R. Arnowitt, S. Deser, C.W. Misner, Phys. Rev. 120 (1960) 321;
R. Arnowitt, S. Deser, C.W. Misner, Ann. Phys. 11 (1960) 116;
R. Arnowitt, S. Deser, C.W. Misner, Nuov. Cim. 19 (1961) 668;
R. Arnowitt, S. Deser, C.W. Misner, Phys. Rev. 121 (1961) 1556;
R. Arnowitt, S. Deser, C.W. Misner, Phys. Rev. 122 (1961) 997;
R. Arnowitt, S. Deser, C.W. Misner, gr-qc/0405109.

[15] J. Maldacena, JHEP 0305 (2003) 013, astro-ph/0210603.
[16] L.H. Ford, L. Parker, Phys. Rev. D 16 (1977) 245;

A. Vilenkin, Nucl. Phys. B 226 (1983) 527.
[17] C.P. Burgess, R. Holman, L. Leblond, S. Shandera, JCAP 1003 (2010) 033,

arXiv:0912.1608.
[18] D. Seery, arXiv:1005.1649.
[19] N.C. Tsamis, R.P. Woodard, Class. Quant. Grav. 11 (1994) 2969;

T.M. Janssen, S.P. Miao, T. Prokopec, R.P. Woodard, Class. Quant. Grav. 25 (2008)
245013, arXiv:0808.2449;
S.P. Miao, N.C. Tsamis, R.P. Woodard, arXiv:1002.4037.
[20] A. Vilenkin, L.H. Ford, Phys. Rev. D 26 (1982) 1231;

A.D. Linde, Phys. Lett. B 116 (1982) 335;
A.A. Starobinsky, Phys. Lett. B 117 (1982) 175.

[21] J. Schwinger, J. Math. Phys. 2 (1961) 407;
K.T. Mahanthappa, Phys. Rev. 126 (1962) 329;
P.M. Bakshi, K.T. Mahanthappa, J. Math. Phys. 4 (1963) 1;
P.M. Bakshi, K.T. Mahanthappa, J. Math. Phys. 4 (1963) 12;
L.V. Keldysh, Sov. Phys. JETP 20 (1965) 1018.

[22] V.K. Onemli, R.P. Woodard, Class. Quant. Grav. 19 (2002) 4607, gr-qc/0204065;
V.K. Onemli, R.P. Woodard, Phys. Rev. D 70 (2004) 107301, gr-qc/0406098.

[23] T. Brunier, V.K. Onemli, R.P. Woodard, Class. Quant. Grav. 22 (2005) 59, gr-qc/
0408080.

[24] E.O. Kahya, V.K. Onemli, Phys. Rev. D 76 (2007) 043512, gr-qc/0612026.
[25] T. Prokopec, O. Tornkvist, R.P. Woodard, Phys. Rev. Lett. 89 (2002) 101301,

astro-ph/0205331;
T. Prokopec, O. Tornkvist, R.P. Woodard, Ann. Phys. 303 (2003) 251, gr-
qc/0205130.

[26] T. Prokopec, N.C. Tsamis, R.P. Woodard, Class. Quant. Grav. 24 (2007) 201, gr-qc/
0607094;
T. Prokopec, N.C. Tsamis, R.P. Woodard, Phys. Rev. D 78 (2008) 043523, arXiv:
0802.3673.

[27] T. Prokopec, R.P. Woodard, JHEP 0310 (2003) 059, astro-ph/0309593;
B. Garbrecht, T. Prokopec, Phys. Rev. D 73 (2006) 064036, gr-qc/0602011.

[28] S.P. Miao, R.P. Woodard, Phys. Rev. D 74 (2006) 044019, gr-qc/0602110.
[29] S.P. Miao, R.P. Woodard, Class. Quant. Grav. 23 (2006) 1721, gr-qc/0511140;

S.P. Miao, R.P. Woodard, Phys. Rev. D 74 (2006) 024021, gr-qc/0603135.
[30] N. Mahajan, R. Rangarajan, arXiv:1004.5492.
[31] D.H. Lyth, D. Wands, Phys. Rev. D 68 (2003) 103515, astro-ph/0306498;

G.I. Rigopoulos, E.P.S. Shellard, Phys. Rev. D 68 (2003) 123518, astro-ph/
0306620;
K.A. Malik, D. Wands, Class. Quant. Grav. 21 (2004) L65, astro-ph/0307055;
D.H. Lyth, K.A. Malik, M. Sasaki, JCAP 0505 (2005) 004, astro-ph/0411220;
D. Langlois, F. Vernizzi, Phys. Rev. Lett. 95 (2005) 091303, astro-ph/0503416.

[32] D.H. Lyth, JCAP 0712 (2007) 016, arXiv:0707.0361;
N. Bartolo, S. Matarrese, M. Pietroni, A. Riotto, D. Seery, JCAP 0801 (2008) 015,
arXiv:0711.4263.

[33] Y. Urakawa, T. Tanaka, Prog. Theor. Phys. 122 (2009) 779, arXiv:0904.3209;
Y. Urakawa, T. Tanaka, Prog. Theor. Phys. 122 (2009) 1207, arXiv:0904.4415;
Y. Urakawa, T. Tanaka, arXiv:1007.0468.

[34] K. Enqvist, S. Nurmi, D. Podolsky, G.I. Rigopoulos, JCAP 0804 (2008) 025, arXiv:
0802.0395.

[35] J. Garriga, T. Tanaka, Phys. Rev. D 77 (2008) 024021, arXiv:0706.0295.
[36] N.C. Tsamis, R.P. Woodard, Phys. Rev. D 78 (2008) 028501, arXiv:0708.2004.
[37] S.R. Furlanetto, S.P. Oh, F.H. Briggs, Phys. Rep. 433 (2006) 181, astro-ph/

0608032.
[38] N.C. Tsamis, R.P. Woodard, Nucl. Phys. B 474 (1996) 235, hep-ph/9602315;

N.C. Tsamis, R.P. Woodard, Ann. Phys. 253 (1997) 1, hep-ph/9602316;
N.C. Tsamis, R.P. Woodard, Phys. Lett. B 301 (1993) 351.

[39] N.C. Tsamis, R.P. Woodard, Phys. Rev. D 54 (1996) 2621, hep-ph/9602317.
[40] A.A. Starobinsky, Stochastic de Sitter (inflationary) stage in the early universe,

in: H.J. de Vega, N. Sanchez (Eds.), Field Theory, Quantum Gravity and Strings,
Springer-Verlag, Berlin, 1986, pp. 107–126.

[41] A.A. Starobinsky, J. Yokoyama, Phys. Rev. D 50 (1994) 6357, astro-ph/9407016.
[42] T. Prokopec, N.C. Tsamis, R.P. Woodard, Ann. Phys. 323 (2008) 1324, arXiv:

0707.0847.
[43] N.C. Tsamis, R.P. Woodard, Phys. Rev. D 78 (2008) 043523, arXiv:0802.3673;

S.P. Miao, R.P. Woodard, Class. Quant. Grav. 25 (2008) 145009, arXiv:0803.2377.
[44] A. Riotto, M. Sloth, JCAP 0804 (2008) 030, arXiv:0801.1845.


	The ζ-ζ correlator is time dependent
	Introduction
	Gauge-ﬁxed Lagrangian
	Infrared logarithms
	Time dependence from self-interactions of ζ
	Time dependence from spectator potentials
	Conclusions
	Acknowledgements
	References


