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Abstract

This work uses Lorentz-signature in-in perturbation theory to analyze the late-time
behavior of correlators in time-dependent interacting massive scalar field theory in de
Sitter space. We study a scenario recently considered by Krotov and Polyakov in which
the coupling g turns on smoothly at finite time, starting from g = 0 in the far past
where the state is taken to be the (free) Bunch-Davies vacuum. Our main result is that
the resulting correlators (which we compute at the one-loop level) approach those of the
interacting Hartle-Hawking state at late times. We argue that similar results should
hold for other physically-motivated choices of initial conditions. This behavior is to be
expected from recent quantum “no hair” theorems for interacting massive scalar field
theory in de Sitter space which established similar results to all orders in perturbation
theory for a dense set of states in the Hilbert space. Our current work i) indicates
that physically motivated initial conditions lie in this dense set, ii) provides a Lorentz-
signature counter-part to the Euclidean techniques used to prove such theorems, and
iii) provides an explicit example of the relevant renormalization techniques.
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1 Introduction

Quantum field theories (QFTs) in de Sitter space are of interest for many reasons. Some
of these include the increasingly precise measurements of the cosmic microwave background
(CMB) [1] which have prompted many to study predictions of the CMB spectrum beyond
the Born approximation (see, e.g. [2, 3, 4, 5, 6, 7, 8, 9, 10]). Others include a growing
interest in understanding local measurements in eternal inflation (e.g., [11, 12, 13]), as well
as a renewed interest in approaches to de Sitter quantum gravity [14, 15, 16, 17] inspired
by dS/CFT [18, 19]. In addition, the fact that de Sitter (dS) is a maximally symmetric
(and thus relatively simple) example of a spacetime where horizons limit the observations of
freely-falling observers makes QFTs on dS of interest in their own right.

One of the chief concerns with QFTs in de Sitter has been their infrared stability (see e.g.
[20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40]). Two recent
papers [38, 39] have established that at least massive scalar field quantum field theories are
infra-red stable (at all orders of perturbation theory) in a particular sense. In order to state
their results precisely, we first introduce the (interacting) Hartle-Hawking state |[HH) [11]
defined by analytically continuing all correlation functions from Euclidean signature. Next,
consider a normalized state constructed by the application of smeared field operators on
|HH):

vy = / / FWrse o yn)B(01) - - 6(yn) [HED | (L1)



with f(y1,...,y,) a smooth smearing function of compact support. By the Reeh-Schlieder
theorem of curved spacetimes [12] the set of states of the form (1.1) is dense in the Hilbert
space. The works [38, 39] show that, at all orders of perturbation theory, the correlation func-
tions of |¥) reduce to those of the Hartle-Hawking state when evaluated in the asymptotic
future/past of de Sitter space:

(O(21) - b))y = (S(21) -+ O(Tn)) s - (1.2)

In particular, de Sitter invariance of |HH) means that all one-point functions approach
constants (whether the associated operators are elementary or composite). Ref [35] calls the
result (1.2) a ‘quantum cosmic no hair theorem,” while in the language of [31] one says that
|HH) is an attractor state for local correlators.

Although stated as a result concerning QFT's in exact de Sitter space, the no-hair theorem
just described may also be usefully applied to more interesting scenarios. Since it relies only
on the asymptotic behavior, it should be valid in the asymptotic region of any asymptotically-
de Sitter spacetime, or within the causal patch of an observer who finds herself in a locally
de Sitter spacetime. One expects physically relevant states to take the form (1.1) within the
de Sitter region so that the theorem applies.

Our main purpose here is to provide evidence that this is indeed the case by studying
(at the one-loop level) a particular scenario recently discussed by Krotov and Polyakov [10].
In this scenario, the spacetime is again exact de Sitter but the theory is time dependent.
The particular model involves a cubic interaction g(z)¢*(x) with time-dependent coupling
g(z), taken to vanish in the far past and to approach some constant g, in the far future.
The state of the system is taken to be the free Bunch-Davies vacuum in the region where
g(x) = 0 and we take the coupling to turn on at some fixed time. We explicitly compute
the O(g?) (one-loop) corrections to the 2-point function in this model and verify that they
approach those of the de Sitter Hartle-Hawking state in the far future. We work entirely in
Lorentz signature, in part to counter concerns [20, 32, 10] about the Euclidean techniques
used in [38, 39]. In addition, we note that the current work provides an an explicit example
of the renormalization techniques used in [39] which combine Pauli-Villars regularization
with Mellin-Barnes representations. Our techniques also apply to other examples where the
coupling does not depend on time but in which the spacetime is de Sitter only after some
finite time.

Although [10] concluded that de Sitter QFT is “unstable,” it is useful to point out that
our technical results are completely consistent with those of [10]. As stated below their
equation (17), for fixed g(x) their approximations are not valid for correlators computed at
late times. Instead, [10] focused on correlators defined at some fized time in the limit where
g(x) turns on at very early times. The divergence they find is in fact to be expected from
the results of [38, 39], which suggest that correlators in well-behaved states approach those
of |[HH) in the far past. Using the free vacuum when ¢(z) = 0 and taking g(z) to turn on
very early ensures that correlators at such early times differ significantly from those in |[HH).
As a result, one already expects from [35, 39] that the state is not well-behaved under the
limit taken in [10].



We emphasize that the present work considers only perturbative effects in massive the-
ories. Non-perturbative effects can yield qualitatively different behavior (though see [13]),
and including massless fields (whether scalar or tensor') would raise new issues. As a result,
our analysis does not directly address the much-discussed possibility of novel infrared effects
in de Sitter quantum gravity (e.g., [10, 47, 48, 19, 50, 51, 52, 53, 9, 10]). Nevertheless, a
detailed study of theories on a fixed de Sitter background helps to disambiguate those effects
which are truly quantum gravitational from those that are generic for quantum fields in de
Sitter.

We begin in §2 with a brief review of linear quantum field theory on de Sitter. We then
analyze time-dependant couplings in global de Sitter in §3. Section 3.1 studies a simple
theory with a time-dependant ¢?(x) interaction (i.e., a time-dependant mass perturbation).
We study the more complicated model of a time-dependant ¢?(z) interaction in §3.2, relying
at times upon the results derived in the ¢?(x) model. Some further calculational details are
presented in appendices. We provide a concluding discussion in §4.

2 Preliminaries

We begin by reviewing some basic features of free quantum fields in de Sitter space. Recall
that global de Sitter may be described by the metric

1
14 n?

ds* =07 |- dn® + (1 +n*)dQ5_, |, (2.1)

where ¢ is the de Sitter radius, 7 is a time coordinate with range —oo < 1 < 400, and dQ%_,
is the metric of the unit sphere SP~1. The coordinate 7 is related to the more familiar global
de Sitter coordinate ¢ (for which g = —1) via n = sinh(¢/¢). In these coordinates the
volume element is \/—g(z)dPz = (P (14+n*)P=2/2dn dQp_, (F) with Z a unit vector in RP~!
parameterizing SP~!. The Euclidean section of de Sitter is the Euclidean sphere SP with
radius /.

Free massive scalar field theories on de Sitter have been well-understood for decades (e.g.,
[541, 55]). Such theories may be described by the classical Lagrangian density

2

L= LY,V 6+ 8 (2.2)

from which it follows that the classical equation of motion is the Klein-Gordon equation;
correspondingly, in the quantum theory the Schwinger-Dyson equations are

(O = M?) (p(21) - i) -~ dlan)) g = 0. (2.3)

The free theory admits a unique Hadamard de Sitter-invariant state known as the Bunch-
Davies, Euclidean, or (free) Hartle-Hawking state, which we denote by |0). The latter two

!The 2-point functions of Maxwell fields in dS are known to behave like those of massive scalars [14, 15]
and so provide no new subtleties.



names come from the fact that the correlation functions of this state may be defined by the
analytic continuation from the Euclidean section. We denote the time-ordered, anti-time-
ordered, and Wightman 2-point functions of this state by

Go(21,72) = (T'9s(21)90s(22))g
G;(xhx?) = < gba x1 ¢0 2)>07
Wo (1, 29) = (¢o(71) 90 (22)), - (2.4)

In these expressions we have introduced a label o to keep track of the bare mass M. We

define o by
_ _1)2 1/2
o=- (%) + [% — szz} : (2.5)

from which it follows that M?¢* = —g(c + D — 1).

At times it will be convenient to expand the scalar Green’s functions (2.4) in Klein-
Gordon modes ¢_z(x). These modes are orthonormal with respect to the Klein-Gordon
inner product:

(6or> oricg = —il7 (L + 7)1 /dQD 1 () n [%g(mf)vmiﬂ(n,f)} = 07
(2.6)
Here n* is the future-directed normal vector (n# = (1 +n?)Y/26" #/€) to an n = const. surface
and A? B := AV,B — BV,A. The Klein-Gordon modes may be written explicitly as

Gpp () = (8D 2y ()Y (D), (2.7)

with Y7(Z) spherical harmonics on SP~! and wu,(n) given by

s oaya [1 = i (L+(D-2)/2)/2
o :NO— ]_ N N S E— Fo‘ 3 28
o) = N (1-47) 0 [ 2] ) (25)
where F,;(n) is a Gauss hypergeometric function
D D D 1—iy
For(n) = oF S P A 2.
) = aFi o g 1m0 Fin e 15, (29)

and the normalization coefficient is

1 F[L—0,L+o+D—1]]"
Nyp = ) 2.10
T+ b { 2 } (2:10)
Using these modes we may expand, e.g., the Wightman function
Wo(z1,29) = 277 Z ¢,7(71)9) 7 (72)
=002 ) S 014 D - s (IO m). 211)

L=0



Here CﬁDiz)/ 2(2) is a Gegenbauer polynomial and once again ¥, ¥, are unit vectors in RP~1
parameterizing the SP~!. To obtain the last equality we sum over angular momenta via the
useful identity

— -,

S V(E)Y;(E) = P05 o1+ D90, 7). L= (L)) (2.12)
i

It will be useful to note some qualitative features of the of the Klein-Gordon mode
function u,r(n). First, as one might expect from the fact that the volume of the SP~1 is
smallest at 7 = 0, the mode functions are bounded by their values at n = 0:

_(2L+D_1)7TF [L — O',L+ o+ D — 1]

(F |:1+ng : 1+L+02+D71} )2

’uoL(n)P < ’uaL(O)P =2

_ % (1+0(L™Y), whenL>1, ofixed,  (2.13)
(see eq. (56) of [50]). From this we see that |u,z(n)| may be bounded by a function of L
that decreases as L — oo.

Second, the expansion of the universe and the ensuing growth of the physical wavelength
at fixed L suggest that at large |n| all modes behave like the L = 0 mode. Indeed, as derived
in detail in Appendix A, the following asymptotic expansion for u,(n) is valid for large |n|
when o, L, and D are held fixed:

Now I L+%2+D-1 }exp[iz(L+J+D—2)}(77)"[1—1—0(@)}

uoL(N) = 522 L+o+D—1,0+7% 2

+(c - —(c+D—1)), forln|>1, |n|>(L-o0). (2.14)

Now, while (2.14) gives the correct asymptotic behavior for a given mode at large |7|
(with all other parameters fixed), it does not correctly reproduce the behavior of the mode
function at some arbitrarily large-but-finite |n| as L — oo. To understand the behavior of
the mode function in this regime, we instead use the WKB approximation valid when

L(L+ D —2)

f(n) 3:w+M > 1. (2.15)

The WKB approximation is derived in appendix B and is given by

Uor () m —= (1 +12) DA [f ()] ET), (2.16)

Sl

with T (n) satisfying

d [ fo) 1
il (e I 217

The key feature of this expression is that T(n) is large in the regime of validity, so (2.16) is
a highly oscillatory function of 7.
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Figure 1: The Penrose diagram of de Sitter. We consider the state |¥) defined by the Bunch-
Davies vacuum on a Cauchy surface ¥. The interaction turns on across the region R via a
smooth coupling function g(x) such that g(z) = gy in the causal future of R and g(z) =0
in the causal past of R. We compute the time-ordered 2-point function (T'¢(x1)d(x2))y of
two points in the distant future.

Let us now turn the discussion to interacting theories. The Hartle-Hawking state |[HH) is
constructed by analytically continuing all correlation functions from the Euclidean section.
We denote the Hartle-Hawking state constructed perturbatively in an interacting theory by
|[HH), and reserve |0) to denote the Hartle-Hawking state of the free theory. The state |HH)
has been studied in detail for massive scalar field theories in [30, 34, 38, 39, 57] by performing
the relevant analytic continuations. However, in the current work we perform all calculations
explicitly in Lorentz-signature using standard Schwinger-Keldysh (a.k.a “in-in”, “real-time”,
“closed time path”) perturbation theory (for original works see [58, 59]; for more tractable
introductions see [60, 61, 62] and the appendix of [2]).

3 Time-dependent couplings in de Sitter

Consider a massive scalar field on global de Sitter with a time-dependent self-interaction. In
particular, let the self-interaction vanish in the asymptotic past but turn on smoothly across
a spacetime region R. We require the coupling function g(x) to satisfy

g(a:):{o forz e J7(R)/R

g forzeJH(R)/R’ (3-1)

where as usual J* denotes the causal past and future of a set and A/B denotes the set of
points in A that do not lie in B. We sketch the scenario in Fig. 1.

We wish to compute correlation functions with respect to the state |¥) which coincides
with the free Bunch-Davies vacuum |0) in the past region J™(R)/R. For infinitesimal
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Figure 2: Corrections to the time-ordered 2-point function (T'¢p(x1)¢p(z2))y due to the in-
teraction —g(z)¢?(z). The O(g(x)) correction is depicted in Fig. (a) while the O(g*(z))
correction is depicted in Fig. (b). It is convenient for computation to label each leg of the
diagram by a distinct mass parameter o;.

coupling g(z) the time-ordered 2-point function with respect to |¥) can be expanded as

o0

(Th(x1)p(w2))y = (To(x1)p(2))g + Y _ (Th(x1)d(2))§" | (3.2)

where (T¢(x1)¢(x2)>$) is of O(g™). We choose a surface ¥ in the past of R as our initial
Cauchy surface — see Fig. 1. Given the above choice of state, the appropriate Green’s
functions to use in the Schwinger-Keldysh formalism are those of the Bunch-Davies vacuum
(2.4).

The main result of this section is to show that, when it is evaluated at x;, x5 in the far
future of R, the 2-point function (3.2) reduces to that of the Hartle-Hawking state of the
analogous theory with constant coupling g;. We consider both quadratic and cubic couplings
(9(z)¢*(z) and g(x)p*(x)) below, showing in each case that the perturbative corrections
<T¢(I‘1)¢($2)>$) approach those of the Hartle-Hawking state at late times up to order n = 2.
Although it may be of less physical interest, the analysis of the quadratic coupling in section
2 will help to greatly simplify our 1-loop treatment of the cubic coupling in section 3.

3.1 Example: ¢?(x) interaction

In our first example we consider the simple quadratic interaction term

) (33
Treating this term perturbatively yields only tree-level diagrams; no regularization or renor-
malization is needed. We compute both the O(g) and the O(g?) corrections to the two-point
function of this model below. As we will see in section 3.2, the O(g?) correction from (3.3) is
closely related to the 1-loop correction from a ¢? interaction. As a result, the results below
will greatly simplify the manipulations in section 3.2.



3.1.1 The O(g) correction

The O(g) correction is depicted in the Feynman diagram shown in Fig. 2 (a) and is given by
the expression

(TG0, (1) Py (2)) ) =i / 9(y) (G (4, 21) Gy (y, 22) — W, (3, 20)Wory (y,22)] . (3.4)

Y

We denote by fy ... an integral over the future of 3. For the moment it is convenient to let
each Green’s function have a distinct mass; we will take the limit of equal masses later.
Consider the first term in (3.4):

Tl(:El?x?) = i/g(y)Gtﬁ(yaxl)G02(yax2)' (35)

Making use of the Green’s functions’ equations of motion

(Op — MQ)GU(xv?/) = (0, — MZ)GJ(:L',y) = id(x,y),
(Dm - M2)W0(x7 y) = (Dy - Mz)Wg(x,y) = 07 (36)

we may usefully re-write (3.5) as

Tonss) = 3z | 90)] (G (020)Conly 2
_GU1 (yv xl)(DyGﬁz (y? xQ)) - i(S(xl? y>G02 (ya 55'2) + i5($27 y)GUI (y7 5131):|

Goy (21, 72) — g(22)Goy (71, 72)]

ME= 2 [9(x1)

bz [ 900 [ O0G0:2))Gonl:22) = G :2) O, 2) |

(3.7)
Making the simple re-arrangement
9(¥)(AG4, (y,21))Go, (y, 22) = V* [g(y)(V,.Go, (y, 1)) G (3, 2) ]
—(V*'9()(VuGo, (y, 21)) Gy (y, 22)
—9(W)(VuGo, (4, 21)) (V*Go, (y, 2)), (3.8)

we obtain

1
m [g(1)

s | 7 [006e 0.0 F G )

Ty (21, 22) = Go, (71, 72) — g(72)Go, (21, 2)]

+m/(w (v)) [Gal(y,xl)qu@(y,@)}. (3.9)
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One can perform the same manipulations for the second term in (3.4). The only difference
is that the Wightman function satisfies the homogeneous equation of motion, so there are
no analogs of the terms on the top line of (3.9). All together we obtain the expression

(TG, (1) oy (22))y) = m [9(21)G oy (21, 72) — g(72)Goy (21, 72)]

—m /y A [g(y) (Gal(y,wl)?u%(y,xz) - Wal(y,xl)VuW@(y,xg))]

+M/y(vug(y)) |:G0'1 (y,xl)qu@(y,l‘z) - ng (y,xl)?MW@(y,@)] . (310)

In the second line of (3.10) there is an integral of a total derivative. By Stokes’ theorem
this integral can be expressed as an integral over the boundary of the region to the future
of ¥. This boundary is simply the union of ¥ and future infinity I*. Now, the combination
of Green’s functions in the integrand is such that the integrand has support only on the
union of the past light cones of z; and x4, so the integral over It vanishes. Furthermore, the
coupling function g(y) vanishes on X, so the integral over 3 vanishes as well. We conclude
that the integral in the second line of (3.10) is identically zero:

1

(T, (1) b0, (2))y = M2 [9(21)Goy (21, 72) — g(22) G, (w1, 72)]
(9500 [Gor (9.0 7 G 122) = Wor (3:) 7 W32 (310

1

"M -E

We are interested in z1, x5 in the future region J*(R)/R. Since the gradient V#g has
support only in R, we need not allow y in (3.11) to coincide with xq, x5 or to lie in the future
of either point. We may therefore replace G,,,G,, by appropriate Wightman functions in
the integral and write the second line of (3.11) in the form

1
T20'10'2(x17x2) = M2 — M2
1 2

— st { [ W) T W0} (3.12)

Y

AWMMM@MWMme4mmmVMMWM

To keep the computation simple we choose g(y) to be a smooth function of the time coordi-
nate n alone, i.e.,

Vig(y) = =01+ n?)g'(n)dh. (3.13)

By expanding the Wightman functions in Klein-Gordon modes as in (2.11) we compute

T = _ﬂl d 2\(D-1)/2 1 40 <a—>
20102(ZE1,JZ2) - M2 — M2 m 77(1 +n ) g (77) D—1W01<y’x1) nWsz(%xZ)
1 2
_ et (2L + D — 2)Xo0, (L)t (1)l (8) OS2 (7, - )
27TD/2 XUlU? o1 L\'1 oo L\V2 L 1 2 )

L=0

(3.14)
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with

Xoioy (L) = ! ) / dn (1+n?)P=D2¢' () ualL(n)au@,L(n)], (3.15)

(M} — M3
where 0,, denotes a derivative along the unit (future-pointing) timelike normal to the surface
n = const. The integral in (3.15) is guaranteed to be finite for any pair uy,1,(7), us,r(n) as
the harmonics are bounded and ¢'(n) is smooth with compact support. It is also finite in
the limit M3 — M2, as can be seen by using I’'Hopital’s rule.

It remains, however, to determine the convergence of the sum over L in (3.14). This is
governed by the behavior of X,,,,(L) at large L > 1. Since ¢'(n) has compact support it
must vanish for || greater than some |9|pax, and for L(L — D + 2) > 1 + 7?2, we may use
the WKB approximation (2.16). Since the phase Y(n) in (2.16) is highly oscillatory at large
L, we expect Xo,0,(L) to decrease rapidly with L. To verify that this is the case, suppose
that in fact L(L — D + 2) > M?¢*(1 +n?,,,) so that we may also expand the phases Y, (n)
(where we have added the label o to indicated the dependence on mass) as

To=> (LL—D+2)"""2, . (3.16)

n>0

Noting that Ty, is independent of o, we now introduce a new time coordinate 7 defined by 1)
7 is a smooth strictly increasing function of 7, ii) 7 = Y¢, in the region where ¢’(n) # 0, and
iii) 77 = n at large |n|. Then for large L (3.15) becomes (L~! times) the Fourier transform of
a smooth L-independent function of 77 and, as a result, decays faster than any power law in
L. (Here we use the fact that the sub-leading terms in the WKB expansion correct (2.16) by
multiplying (2.16) by functions which become essentially constant at large L for |n| < nmaz-)
For later use we note that for L >> |94, | M ¢ we have shown that |x,, 0, (L)] < 1/L™ and, as
a result, that for all L and n we have a bound

Xoo (L) < Cy (MTg)n (3.17)

for appropriate C,, determined by only ¢g(z) (and in particular, for which the C, do not
depend on M, L).
It follows that the sum over L in (3.14) is absolutely convergent and yields a finite result,

even when x; = x5. To see this, we bound the harmonics |u; (x1)u’;(72)| < |uer(0)]? as in
(2.13), and we bound the Gegenbauer polynomial by it’s value at coincidence:
(D=2)/2/1y _ L+D-2
c (1)_P[L+1,D—2 , (3.18)

(see eq. (44) of [56]). For L > 1 this behaves like L”73. From these bounds it follows that
the summand in (3.14) may be bounded at large L by LP™3x,,4,(L). Since Xo,0,(L) decays
faster than any polynomial as L. — oo, the sum is absolutely convergent.

Furthermore, we can show that when |n|, [12| > |n|?,.. the expression Ty, (71, T2) decays
like (m172)°. For ny, mo in this regime, let us choose some Ly such that min(|ny], |n2]) >
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4L2 > |n|2 .- We then split the sum over L in (3.14) into two parts: One part Ts - (1, x9)
is the finite series containing the terms below L... The other part 15~ (21, x2) is the infinite
series containing the terms with L > L.y. For each term in 75 - (21, x2) we may approximate
wiy (m) and u®, (n2) by the asymptotic expansion (2.14). It follows that each term in the
series Ty (1, x2) decays like (m172)7, and so Tp - (x1, z2) does as well.

On the other hand, we can bound the contribution of the infinite series 75 < (x1, z2) by

T (on,a) < 62202 2. {<2L +D - 2)|X0102(L)HUUL(0)\202D2)/2(1)}(3-19)

2mD/2
L=Lcut

This series converges absolutely and (due to the rapid decay of x,,0,(L)) decreases faster
than any power law as L.y is increased. Thus, as |7, 2| — oo we may increase L., (taking
Leyt to be, e.g., any geometric mean of |9]nq and min(|n|,|n2|)) and the contribution due
to To ~ (x1, x2) becomes negligible. We conclude that the full expression Ts, ,(x1, z2) decays
like (17172)°.

For later use, let us also consider 15, (21, x2) for all Repu < Reo. Of course, the same
argument shows that each 75, ,(z1,22) decays in the same way, and in particular that it is
bounded by C|(m112)?]. Using (3.17) we see that one can choose the constant C' to grow
with o at most as some polynomial whose order depends on D through the power n in (3.17)
required to show convergence of the mode sums.

To summarize, the O(g) correction to the time-ordered 2-point function may be written

(Tho(21) s (22))) = — g2 Go(1, 23) + Taoo(1, T2). (3.20)

The first term is precisely the O(g) correction to the Hartle-Hawking state [31]. At sufficiently
late times |1 2| > 9%, the second term decays like |172|7; i.e., exponentially in the usual
global time coordinate t. Furthermore, the coefficient of the decay term grows at large o no
faster than a power law in o, and similarly for all 75, (21, x2) with Re u < Reo.

3.1.2 The O(g*) correction

Let us now compute the O(g?) correction to the time-ordered 2-point function. Although
it is somewhat tedious, the effort will be worthwhile as we will make use of this result in
studying the 1-loop ¢? correction in the next section. The O(g?) correction is depicted in
Fig. 3 (b) and is given by the expression

(T, (21)60 (2))5
=1 // { Ul(yawl)G@(y?xQ)GUs(yay)_WU1(3/7ml)G@(y?xQ)st(y?g)

+ Wal (y; x1>W02 @7 xQ)GZS <y7 @) - Gal (y; x1>W02 @7 x?)Wog (@7 y)}

(3.21)
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This expression may be organized into two terms, each of which contains the O(g) corrections
to an appropriate 2-point function:

(60 (20)60s(0) = 1 [ 90)Ga(:23) (T, 1)y (D))

> / 9T W (7 2) (B (§) o (1)) (3.22)

The O(g) correction to the time-ordered correlator (first line of (3.22)) was studied in
section 3.1.1 above, and the O(g) correction to the Wightman correlator (second line of
(3.22) can be analyzed similarly. In particular, using manipulations analogous to those that
led to (3.10), one obtains

<¢)01(ZL‘1)¢02($2>>$) = i/g(y) [W01 (x17y)G02(x27y) - G; (yvxl)Waz(%xQﬂ

- m 9(21)Woy (w1, 22) = 9(22)Wo, (21, 22)]

+ m / (V2 90)) [Wor (01,9) ¥ uGi () = G, (9,00) ¥ Vo (3,2) | (3.23)

After inserting (3.11) and (3.23) into (3.22) and rearranging terms one can again recognize
the O(g) corrections which we have already computed:

(T, (1)60 (2))y
= ﬁ {900 (T60,(21) 00, (22)) = (T2, (21)605(22))” }

timim | Ta)] = 10 on @)Y T o)

F Dy (1)) V0 y,xn} (3.24)

Here (Tgbal(xl)qﬁgz(:vg))&,l/) denotes the same integral expression (3.4) as (T'¢,, (1) Ps, (952»51/1)
but with a g(y) replaced by ¢*(y). Once again we may use (3.11) and (3.23) to simplify this
expression. The result may be written

G(rl (I’l,l’g) + GU2<I'1,$2>

(M} — MZ)(MF — M3) (M3 — MP) (M3 — Mg)
GO’3($17‘T2)

(M3 — M?) (M35 — M3)

(Tho, (21)00y(22))) = g3

+ +T3O’10’20’3<x17x2>7 (325)

with T35 0004 (21, ) the collection of integration terms

T3 610905 (71, T2) = (Vg terms) + (VgVg terms), (3.26)
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where

(Vg terms) := —z/
v

GU3 (y’ xl)?MGUz (?/, 332) - Woa <y7 ml)?llw@ (y’ l‘g)]
(M3 — M3)

+ (V*¢*(y))

G (5, 01) V 4Gy (4, 72) = W (3, 20) VW (3, m]
(MZ — M)

+ (V*g(y))g(y)

Gy (5,01) V 4Gy (4, 72) = W, (3, 20) VWi (3, m)]
(MZ — M)

+ (V'g(y))g(2) (V2= 12)

GUI (ya x1>?uG03 (y7 x2> — W01 <y7 xl)?NWUS (y7 xZ)] }

(3.27)

(Vo¥y tems) = g | [(9aw)(7@)

{Wer10) 9,6 1.0) F o)
W (21,9) VW, (7.9) ¥ oWy (7. 22)
= Wy, 20) VW (4.5) VoW (22,7)
W00 9,62, 00) F oo 2) (3.25)

Let us simplify the lengthy expressions (3.27) and (3.28). The terms in (3.27) are of the

same form as T5,,4,(21,x2) above; indeed, after a few simple manipulations we may write
(3.27) as

9r
(M} — M3)
(M + M3 — 2M;)
2(M3 — M3)(M? — M3)

9y
(ng terms) = TQO—B’O—Q (Jfl, .TQ) + MTQUL% (Il, Z’g)

T2’0'10'2(x1ax2)- (329)

Here Ty ,,0,(71,22) denotes the same integral expression (3.12) as T 4,4, (21, 22) but with
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g*(y) in place of g(y). The (VgVg terms) may be decomposed into the sum of the two terms
TW 109,05 (T1,T2) := 2
’ (M} — M3) (M3 — M;)
re { [ [ o@ W10 W r) TVl | 330
o 2
(M} — M3)(M3 — Mg)

Re { / / (T AT oDV 010) T G 70) TV onlam) ). (330)

TGO‘10’2,0‘3 (371, 272) =

Expanding the Green’s functions in modes, one easily obtains

TW0'102,0'3 (:L‘h xQ)

I (2=2 b - > =
= 62_D 2(7TD2/2> Re {2(211 +D — 2)X:;103 (L)Xa302 (L>u01L<7]1>u:2L<7]2>C£D 2)/2(.I1 ’ l’g)} :

L=0

(3.32)

This leaves only T¢ s, 0405 (21, T2), which one may treat similarly using G,(y,y) = 0(7 —
MWe(y,y) +0(n —n)W2(y,y) and the mode sum (2.11). One finds

TG010'2,O'3 (3317 x2)

- F(E) - D—-2)/2, 5 =
- g e B At

x o < [0 )P @)t )5 ) G () + (5 02)> }
(3.33)

where

o) = gz [, 10+ ) [0 D )] (330

Note that the integral in (3.34) converges since the integrand is smooth and ¢'(n) has compact
support. Using (2.16), we see that the large L limit of (3.34) is a smooth function of 7 which
is in fact independent of L, M, M5. As a result, the 7 integral in (3.33) once again gives a
function of L which decreases faster than any power of L. In particular, as with x4, (L),
for any p > 0 it may be bounded by C, (01, 03)L~? where C,(0y, 03) is a polynomial in o4, o3
whose order and coefficients are determined by p.

It is clear that (3.32) and (3.33) are similar in form to (3.12). As aresult, Tw o, 5905 (71, T2)
and T¢ oy 0905 (%1, 2) can be shown to decay like 7'n7? via arguments analogous to those used
for Ty 4,0, (21, 22). Furthermore, just as with T4, 4, (21, z2), we find that these functions are
in fact bounded by C|(n1){(n1)3]| for some polynomial function C(oy, 03).
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03

01 02
€1 X2

Figure 3: The O(g*(z)) correction to the time-ordered 2-point function (T'¢(x1)d(x2)),, in
a theory with an g(z)¢*(x) interaction. Once again we label each leg of the diagram by a
distinct mass parameter o;.

Collecting our results, we conclude that the O(g?) correction to the time-ordered 2-point
function is

(Tho, (11) G0y (12)) 5

= Go (21, 22) i Go, (1, 72) X Gy (1, 72)
TLOME = M) (M7 — M) (M5 — MP) (M3 — M3) (M3 — M?)(M;3 — M)
gf gr
— T s , —— T, ,
T e T T

(M + M3 — 2M)
2(M3 — M3)(M} — M)

T2’ 0109 (xlv 1/'2) + TW0'10'2,O'3 (xh 1‘2) + TG0'10'2,0'3 (l‘h 'CCZ)'
(3.35)

We remind the reader that 54,4, (21, 22) is defined in (3.12), Ty 5,0, (71, 22) is (3.12) with
g*(y) in place of g(y), Tw oy09.05 (1, T2) is defined in (3.30), and Tg »y0y.05 (21, 2) is defined in
(3.31). In (3.35), the term in square brackets is the O(g?) correction to the Hartle-Hawking
state. The remaining terms are bounded for all x1, x, € J*(R)/R and in particular are finite
at coincidence (x; = x2). In addition, these terms all decay like n7'n5* when |91.2] > 7] max-
One may readily verify that the full expression (3.35) is regular in the limit of coincident

masses. In this limit, and at late times, we obtain
1
(T60 ()60 (2)2) = 50303 Colr, 22) + O ()" (3.36)

3.2 Example: ¢*(x) interaction

In this section we consider a cubic self-interaction

g(x)

Lint[¢] = —7453(95), (3.37)
and compute the O(g?) correction to the time-ordered 2-point function. The relevant Feyn-
man diagram is shown in Fig. 3. In spacetime dimension DD > 4 this correction contains
ultraviolet divergences, so we will need to regulate our computation and renormalize the
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theory. We restrict attention to D < 6 for which ¢3-theory is power-counting normalizable;
for these dimensions, and to O(g?) the counterterms needed for renormalization are

£ald) = ~ 2=y oot -

(Zy(x) — 1) M?
2

*(z), (3.38)

with Z(z) and Zy(z) given by Z; = 1+0(g?). The renormalization coefficients are position-
dependant as a result of our position-dependant coupling g(z). However, no renormalization
is required for D = 2, 3.

To regulate our computation of the diagram (Fig. 3) we replace the internal Green’s
functions with Pauli-Villars regulated Green’s functions. Thus the full O(g?) correction is
given schematically by

(TG, (21) b0y (22))§) = (diag) + (c.t.), (3.39)

where (diag) is the regulated Feynman diagram given by the expression
ing) = [ [ ot Goson. )G 2205512 G 12
— Wo, (Y1, 21) G oy (Y2, T2) Wost (Y1, y2) W5 (1, 42)
+ Wo, (Y1, 1) W, (42, 22) Gt ™ (Y1, Y2) Gt " (Y1, y2)

— Goy (Y1, 01)Wor (Y2, 12) W8 (y2, y1 )W, 8 (92, 1) } (3.40)

and (c.t.) are the counterterms generated by (3.38):

(ct.) = = (Zy(xe) — 1)Gy, (21, 22)
+ZM22 / (Z¢(y) + ZM(y) - 2) [Go'l (y7$1)GU2 (yvaj?) - WJl (y7$1)W02 (y7 xQ)] (341)

At the end of our computation we will set the masses to be equal.
A useful way to proceed is to make use of the linearization formulae for Bunch-Davies
Green’s functions:

HES () S5z, ) = / F () H (). (3.42)

Here H,(x,y) and H8(x,y) may be taken to be any Bunch-Davies Green’s function (e.g.,
time-ordered, Wightman, etc.). In addition to p, the function f(u) implicitly depends upon
o1, 09, and the spacetime dimension, as well as the collection of Pauli-Villars masses for
the two Green’s functions. To derive an expression for the function f(u) it is sufficient
to construct the linearization formula for the Euclidean Green’s function A, (z,y). Since
the Bunch-Davies Green’s functions are given by the FEuclidean Green’s function with an
appropriately chosen prescription for avoiding the cut in the complex Z plane, the extension
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of the linearization formula to these Green’s functions follows immediately. We derive the
linearization formulae in Appendix C following [39]; here we will simply state the results.
For the time-ordered Green’s function we have

G (a,y) G () = P / (Fonoa(12) + (1)) G, ). (D =2,3)
I

Gt (,y) Gt (v, y) = 27 / (Foa(i2) + 1™ (1)) G, ) — i0Ped(z,y), (D =4,5)
o

G (2, y) G5(z, y) = (2P / o 12) + £7"(12)) Gl )
—il* " Peyd(x,y) — ilPe 06 (2, y), (D =6,7). (3.43)

where f, 5, (1) depends only on 01,09 and is independent of the regulator masses. In the
complex p plane the function (f,,0, (1) + ¥ (1)) decays exponentially away from the real
axis and is analytic in the strip Re (01 + 02) < Re . The contours of integration (3.43) and
(3.44) lie within the strip Re (o7 + 03) < Rep < 0.

The coefficients ¢y and ¢; in (3.43) are real functions of the Pauli-Villars masses but do
not depend on x,y or the integration variable . These expressions have been organized to
make it easy to take the limit of large Pauli-Villars regulator masses. As discussed in the
Appendix, in this limit the function f,,,,(x) remains, f**"(u) vanishes, and ¢y and ¢; diverge.
The explicit expressions for f,,,, (1), ¥ (1), co and ¢; can be found in the Appendix, but
we will not need them here. For the Wightman Green’s function we have

Wos (@, y) Wk (z,y) = 77 / (Joron (1) + (1)) Wou(z, y), - (all D). (3.44)

This expression is finite when the Pauli-Villars masses are taken to infinity. This reflects that
fact that the product of such Wightman functions W, (x,y) - - - W,, (z,y) is positive/negative
frequency with respect to z/y.

Let us start with the simple D = 2,3 where there are no ultraviolet divergences at this
order. In this case we may set Zy = Zy = 1 + O(g*) and immediately take the limit of
large regulator masses® (which sends f¥" (1) to zero) in the linearization formulae (3.43) and
(3.44). The full correction to the 2-point function (3.39) then becomes

(Ton ()0} = 272 [ fa3a4(u){
'iQ/ / 9(y1)9(y2) {Gal(yuxl)Gag(yz,xz)Gu(yl,yz)—Wal(yl,fcl)GUQ(yz,fcz)Wu(yl,yz)

+ Wo, (1, 21) W, (Y2, 22) G (Y1, Y2) — Goy (Y1, 21)Wor (Y2, 22) Wi (Y2, y1)] }

(3.45)

2We could also have done the full computation without ever involving regulators. The unregulated Green’s
functions for D = 2, 3 satisfy the analogues of (3.43), (3.44) with fve" = 0.
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The astute reader will recognize the term in braces as the expression for the O(g?) correction
to the 2-point function in the ¢*-theory discussed in §3.1. Inserting our final expression (3.35)
for that correction we obtain

(Tho, (11) 60y (12))§) =

Go’1 (xlaxQ) Go’z(ajlalé) Gu(mlalé)

+

lemwﬁﬁbﬁ%@W%M@WW—WM@wm (3 — M2 —

+ T30102,u<x17 x2>}

_ G, (z1,72) T3 0 (71, T2) 156, (71, 72)
262 D/fgg(ﬂ){g2 12 ) +g no2 3 g o1p )
LTI (MR = M) (M2 - M) T (M M) (Mg - M)

+ TWcrlag,u(xb $2) + TGcrlog,u(xlu .1’2)},

for x;y € JT(R)/R. To obtain the second line we have inserted the definition of
T3 5105u(71, 22) and noted that terms in the integrand of (3.46) whose only dependence upon
p is a factor of 1/(M? — M?) make no contribution to the integral over . This is because
1/(M7? — M?) contributes only poles to the left of the integration contour. For these terms
the integration contour may be closed to the right. But there are no poles contained in the
right half-plane, so these integrals vanish.

In higher dimensions the only additional complication is that we must take care to cancel
the ultraviolet divergences contained in (3.40) with our available counterterms. Our use of
Pauli-Villars regularization as well as our linearization formulae make this procedure quite
transparent. Consider first the case of D = 4,5. After utilizing our linearization formulae
(3.43) and (3.44) the divergent terms in (T'¢,, (71)bs, (x2)>g) are

+ 60647DZ’ /92(y) [GUI (y7 xl)GUz (y7 :UQ) - WUl (y7 $1>W02 (y7 xQ)] . (348)

Y

Comparing this expression to our counterterms (3.41) we see that these terms are cancelled
by setting
o 647D

@ (x)+0(g"), Zyx)=1+0(g"), (D=4,5). (3.49)

In D = 6 dimensions the divergent terms are

- Clg?Gm (3717 1'2) + (COE_Q + ClMQQ) 7’/92(?/) [Gm (ya xl)Gaz (y7 372) - ch (y7 xl)WO'Q (y, 1‘2)] )

y
(3.50)
which may be canceled by setting

ZM@zl—(i%+q)f@+O@% Zy@)=1—c1gi+0(g"). (D =6). (351)

M)

(3.46)

(3.47)
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With all divergent terms cancelled by the counterterms we may take the Pauli-Villars masses
to infinity, so that f¥*(u) — 0, and then proceed as for D = 2,3 above. For all2 < D <6
we find

Gy($1,$2) T2ua($1,l’2) T2au($17$2)

<T¢a<xl)¢a(fc2)>$) = EQD/fM(IL‘){QJQ‘ (M2 — M2)? +9r (M2 — M2) 95 (M2 — M?2)

+TWUU,M($17x2) +TGU0,M(x17$2)}7 (352)

where we have now taken the limit in which all masses become equal. Note that the
units are correct: mass® has units £72, ¢%(z) has units (=5 and G, (z1,72), Tho,0, (71, T2)
TW o1000(T1, ¥2), TG oyoou (1, 22) each has units (277,

The first term in (3.52) gives precisely (T'¢, (:pl)(bg(m))g}{ 4, the associated correction to
the correlator in the Hartle-Hawking vacuum of the theory with g = gy = const. for all time.
Each of the remaining terms inside the braces was analyzed in detail in section 3.1. Choosing
the p contour to satisfy Re u < Reo, we see that each such term is bounded by C'(u)|m172]°.
Recalling that C' depends at most polynomially on p while f,, decays exponentially at large
imaginary u we see that the integral of these terms over p is bounded by C' |mne|? for some
constant C’; ie.,

_ Gu(zy,x "
(600w = 307 [ Lol TAZL 40 (). (35
I (M,u - Mcr)
where the first term is precisely the one-loop correction [39] <T¢J(x1)¢g(x2))(§},’gf to the

Hartle-Hawking vacuum of the theory with constant g = gy .

We emphasize that the O ((m172)7) term is finite at coincidence (z; = z3). It follows
immediately that the one point function of the composite operator ¢*(z;) in our state can
again be written as the sum of two terms, the first being its (finite) value in the Hartle-
Hawking state for constant g and the other decaying like ?°. In particular, defining ¢?(x;)
via any de Sitter-invariant regulator gives a result of the form

<¢(2,(x1)>$) = const. + O(()*). (3.54)

4 Discussion

We have shown that, in the time-dependent model of section 3, the two-point function at
one-loop level approaches that of the constant coupling Hartle-Hawking state in the limit
where its arguments are evaluated at late times 7;,72. A key feature of this model is a
time-dependent cubic coupling g(x)¢* which vanishes before some fixed initial (global) time
which we may call n9. We also chose g(x) to be a constant (gr) to the future some Cauchy
surface. The state was taken to coincide with the (free) Bunch-Davies vacuum in the region
where g(x) = 0, so that the state in the region with g = g is determined by the particular
way in which the coupling turns on. Since we required only that g(x) be smooth in this



21

transition region, this scenario describes a wide range of possible states. Our results were
established by working entirely in Lorentz signature and in global coordinates.

Our main result is that the difference between our two-point function and that of the
g = g5 Hartle-Hawking state is negligible for ny,m2 > |no|. In other words, while the
discrepancy may be significant (and perhaps even large!) for some period of time, it decreases
rapidly once the universe enters its expanding phase and the size of the spheres becomes
significantly larger than they were when the coupling turned on. This is precisely what one
would expect based on the free theory in which perturbations rapidly disperse as, after this
time, their effect on local correlators decays rapidly. This behavior was shown in [38, 39] to
hold to all orders in perturbation theory for a dense set of states; our results here indicate
that this dense domain allows for physically interesting initial conditions.

The above model was recently considered by Krotov and Polyakov [10]. While they
characterized the model as “unstable,” we remind the reader that their technical results
are completely consistent with ours. As stated in their paper (below their equation (17)),
their analysis applies in the regime 7y < —|n:|, —|n2| (our notation); i.e., in precisely the
complimentary regime to that studied here. As noted in the introduction, the divergence
they find as 179 — —o0o is not only consistent with, but in fact is naturally expected from,
the results found here and in [38, 39].

Despite various technical features of our analysis, we see that the approach to the Hartle-
Hawking state at late times followed from a few simple ingredients. First, for quadratic
perturbations g(z)¢?, one can write the full two-point function at each order as a sum of
the Hartle-Hawking two-point function and a ‘boundary term’ associated with the transition
region (see (3.9), (3.24)). These manipulations involve only integrations by parts and will
clearly hold in a general spacetime which is asymptotically de Sitter to the future. The rapid
expansion of the universe at late times then i) causes any given mode to decay as a power
law in 7 and ii) implies that the modes which have not yet decayed at some late time 7
correspond to very high L. As a result, at the early time 79 when g(z) was time dependent,
these high L modes were very high frequency. Since quadratic perturbations do not lead to
loops, the Green’s functions that appear in this boundary term are all positive frequency, at
least at the key step (see the discussion of T g,0y.04 (%1, Z2) surrounding (3.33)). As a result,
in the boundary term these modes appear with coefficients involving what is effectively the
Fourier transform of ¢g(z) at large momentum, which vanishes rapidly since ¢g(z) is smooth.
Thus the effect of the boundary term decays with time, leaving only the Hartle-Hawking
term in the two-point function.

For the cubic perturbation g(z)¢?, we used the linearization formulae (3.42) to make
renormalization straightforward and to reduce the one-loop calculation to the quadratic-
perturbation calculation described above. It is clear that analogous results follow immedi-
ately in any context where similar linearization formulae hold for the associated free Green’s
functions. While such formulae are not obvious for general fields in general spacetimes, they
must hold for conformally coupled free fields in general spherically symmetric spacetimes
(which are necessarily conformal to dS), at least after inserting powers of the appropriate
conformal factor €(z). Note that this argument requires conformal invariance only for the
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free theory about which we perturb® and that there is no restriction on the interaction. The
only impact of these extra factors of {)(x) is to provide what is in effect an extra time-
dependence in the coupling. Thus, to the extent that one can study a theory of general
spacetime-dependent mass m?(x) by perturbing the free conformally coupled theory by a
quadratic perturbation g(z)¢(z)?, our cubic results extend for all M? > 0 to any spherically
symmetric spacetime which is asymptotically de Sitter in the far future.

It is useful to comment on the special case where the spacetime is taken to be the Einstein
Static Universe (ESU) S x R to the past of some S®. Since the ESU is static and spatially
compact, we can take a limit where the coupling g(x) is turned on adiabatically slowly (after
which it is ¢ = gy = const.) and in the distant past. We are then guaranteed that, in
the ESU region, the state is given by the interacting ESU vacuum. As a result, subject to
the same qualifiers as above we may consider the theory with g = gy = const. for all time.
Taking the state to be the (interacting) ESU vacuum at early times, we see that at late times
correlators again approach those of the de Sitter Hartle-Hawking vacuum. This result can
then be further generalized to either n—particle or thermal states in the ESU, all of which
approach the same de Sitter Hartle-Hawking vacuum at late times.

In summary, we have shown at the one-loop level that a wide class of physically-motivated
initial conditions lead to two-point functions which approach that of the Hartle-Hawking
state at late times. This suggests that states defined by general physical initial conditions
lie in the dense set of states where the cosmic quantum no hair theorems of [33, 39] apply.
We expect that this can be explicitly checked by extending the calculations reported here
to all orders in perturbation theory. After all, the techniques used above were essentially
Lorentz-signature versions of the Euclidean methods applied in [34, 39]. So by adapting
further such techniques to Lorentz signature we expect to obtain all-orders results analogous
to those found in [38, 39].

Some readers may feel a lingering uneasiness with these results due to the well-established
infrared divergences (see e.g. [63, 26, 32, 30]) associated with in-out perturbation theory in
global de Sitter. In particular, as noted in e.g. [31], at sufficient loop orders such divergences
occur in the future expanding region even for very large masses. This certainly indicates
that some quantity is becoming large in the infrared. However, the key point to realize is
that the quantity need not be local. In particular, we suggest that it is merely the operator
relating the (free) Bunch-Davies vacuum |0) to the interacting Hartle-Hawking state |H H)
which becomes large at late times. This operator involves integrals over an entire S? at each
time and can become large as the S® grows in size. In Minkowski space, a corresponding
IR divergence is forbidden due to the exponential decay of massive propagators at large
spacelike separations. But since the volume element also grows exponentially in dS, such
IR divergences can occur. Indeed, the operator relating |0) and |HH) is closely related to
the vacuum to n-particle amplitudes of in-out perturbation theory noted to diverge above.
This stands in sharp contrast to the good IR behavior of (unintegrated) n-point functions
as established here and in [34, 38, 39].

3Recall that conformally coupled free fields correspond to o = —(D — 2)/2 in de Sitter.
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A Asymptotic expansion of Klein-Gordon modes

One way to derive (2.14) is to use a standard Laurent expansion for the Gauss hypergeometric
function. Recall that F,.(n) is a Gauss hypergeometric function

D D D 1—1in
E, = O F —1—-0c——; L+ —; : Al
£(n) 21[0+2 o- ikt 21 (A.1)
For |(1 —in)/2| < 1 this hypergeometric function has the power series expansion:
_ L+2 - a—l—%—i—n,l—a—%jLn 1—in\"
F”L(m_F{a—l—é,l—a—%};r{l—i—n,lz—i—g—i—n 2 ’
1
for 2“7 <1, (A.2)

while for |(1 —in)/2| > 1 it has the Laurent expansion:

L+22+D—-1 2—D—20
For(n) = F{g_Fé?L—i—a—i-D—l] F[l—a—%,Q—L—U—D]

y ”7_1 0+(D—2)/2ir 1—U—§+n,2—L—U—D+TL 9 n
2 ‘ 14n,2—D—20+n 1—1n

1 —1in
2

+(c—=—(c+D-1)), for > 1. (A.3)

The asymptotic expansion of F,(n) for large |n| > 1 with o, D, and L fixed is given by
(A.3); the leading terms are

_rlL+520+D-1 R D —2\] (m\o+P=2/2
For(n) =T g+%,L+U+D—1}eXp[25(U+ 2 <§)

+(c—=—(c+D—-1))+.... (A.4)

Sub-leading terms in the Laurant expansion (those with n > 0 in (A.3)) are negligible when
In] > 1 and |n| > (L — o). In this limit

(1 + n2>7(D72)/4 _ nf(D72)/2 + O(’r]il),

. 1 (L+(D-2)/2)/2
1— D -2
[ “7} = exp [Zg <L + —)} ; (A.5)

1+ 2
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and so the full mode functions have the asymptotic expansion
Uy (n) = Nor, L+§,20+D—1 ox [zz
oLV = 9o+ 022 " |L+o+D—1,0+2] P2
+(c = —(c+D—-1)), for|n|>1, |n|>L-o.

(L+J+D—2)} (n)° {1+O( L

B WKB approximation of Klein-Gordon modes

In this appendix we derive the WKB approximations to the Klein-Gordon modes (2.16).
The d’Alembertian in the coordinates (2.1) is

1
€2|:| = —(1 + 772)62 — l)?’]877 + WV%D,M (Bl)

where V%,,_, is the scalar Laplacian on SP~! with unit radius. Expanding the mode functions
as ¢, 7 (x) = (PP 2u,p ()Y (T) gives

(L+n*)ul,(n) + Dnul(n) + f(n)usr(n) =0, (B.2)

where primes denote derivatives with respect to n and

L(L+ D -2) 9 9
= — 2+ M. B.3
We now insert the ansatz
o () = KeA®, (B4)

and anticipate that A(n) = Ao(n) + A1(n) +. .., with successive terms suppressed by a large
parameter. Inserting (B.4) into (B.2) we obtain

(1+n%) [A"(n) + (A'(0)*] + DnA'(n) + f() = 0. (B.5)
At lowest order in the WKB approximation we keep only the term (Af(n))?; this yields
/ o fm) 1
A =4 . B.
o) =i | 1 (B.6)

We see that the large parameter in this WKB expansion is 1/ f(7), and that we have just
solved for the O(f(n)) part of (B.2). To obtain the sub-leading term A;(n) we solve the

O(+/ f(n)) part of (B.2):
(1+ %) [AG(n) 4 245(n) A7 (n)] + DnAg(n) = 0, (B.7)

from which we obtain

M) = =5 |5+ 500 = Lhoe [Pl (B
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We note that

Ai(m)| _ Awo(n)
A0l = Vi ()
where”, b ;
Aio(n) = ETT]Q (B.10)

is independent of L, M. This (and similar results at higher order) shows that our WKB
expansion is uniformly valid at large f(n).
Collecting our results we have

tor(n) %(1 ) AP [ f()] A T, (B.11)

with T(n) the anti-derivative of [f(n)/(1 + 772)]1/ ?. The normalization is easily obtained by
computmg the Klein-Gordon norm (2.6) of (B.11). The higher order terms give corrections
to (B.11) that are much smaller than (B.11) in the limit of large f.

C Linearization formulae

In this appendix we construct linearization formulae for the Bunch-Davies 2-point functions;
these formulae follow immediately from the linearization formula of the Euclidean Green’s
function. To construct the linearization formula for Euclidean Green’s function we must
recall some facts about the Euclidean Green’s function A,(z,y) = A,(Z), where Z :=
Z(x,y) is the SO(D + 1)-invariant distance between = and y. This information is presented

in more detail in [39]. Recall that A,(Z) may be written as a Mellin-Barnes integral
1-7
7) = - D/% ( ) , (C.1)
2
with . )
o —o+v,0o+2a+v,;—a—v
wa(V)— (47T)a+1/2 |:%—}-a—|—g’%—a—o- :| (02)

Here fy ... denotes a contour integral in the complex v plane traversed from —ioco to +ioo
within the strip 0 < Rev < 0. The measure dv/(2mi) is assumed. Because the sphere radius
¢ enters only as a multiplicative constant we will set /£ = 1 for now and restore it at the
end of the appendix. It is convenient to use a := (D — 1)/2 to keep track of the spacetime
dimension. In Pauli-Villars regularization we subtract from the unregulated Green’s function
a linear combination of Green’s functions organized such that all UV divergences cancel. We
may write the regulated Green’s function as

[D/2]

A'8(Z) = )+ Z CiA,, /Vw;;eg(u)r(—y) (%) (C.3)

4Here we used |F + g7| <|F|+ |g7\ <|F|+ %(1 +n?) for F(n) = 1{2:;72'
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with
[D/2]
UrEW) =1, (V) + Y Cithy, (1), (C.4)
i=1

Here the p; are mass parameters corresponding to the PV masses M?. The values of the
coefficients C; are not unique, though their values are constrained such that the desired
cancellations occur, and they are bounded in the limit M? — oo [(4]. For finite PV masses
the function 2% (v) is analytic in v in the strip Reo < Rev < 3 in all dimensions. At large
M? > 1 the function 1, () has the asymptotic behavior

Yo(v) =
it follows that in the limit M? — oo the regulated Green’s function reduces to the unregulated
Green’s function at finite separations. Further details may be found in §3.1-2 of [39].

The product of two regulated Euclidean Green’s functions is given by

1—7 v1+rv2
Areg Areg / / wreg reg ) T [_Vh _VQ] (T) . (C6)

One can easily invert (C.1) to find

1-Z V_ a+1/2 %+04+V7M—V
(T) = 2(4m) #F {42+ i+ v,—v (1 +a)A,(Z). (C.7)

Combining (C.6) and (C.7) we immediately obtain the expression

AXE(Z) A5 (Z / Flu (C.8)

with f(u) given by

1
_ a+1/2 reg reg _Vlv_y27§+a+y1+y27lu’_yl_y2
sy =20 era) [ [ wzeno; (V2)F{_yl—y2,1+20z+u+1/1+1/2
(C9)

In the complex p plane the function f(u) decays exponentially away from the real axis, and
is analytic in the strip Re (o1 + 02) < Rep. The contour of integration in (C.8) lies within
the strip Re (o1 + 02) < Rep < 0.

Next we perform some simple manipulations, the utility of which will become clear later.
Let us denote the Pauli-Villars parameters associated with Areg( ) by Ci;, 121, and pq;
respectively, and likewise those parameters associated with A8(Z) by Cyj, 22] and po;.
Let us further define

1
— a+1/2 —UV, —lVo, 5 tQ+ UV +Vy [l — V] — Uy
i) =200 2 i) [ [ v )| T T TS L

(C.10)
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(this is just (C.9) with unregulated 1, () functions). By expanding the 1;*8(1;) as in (C.4)
we may write

(D/2] (D/2] (D/2] [D/2]
f(p“) = foi00 (M) + Z ClifpliUQ (:U“) + Z Cijtflﬂzz + Z Z ClZCQJfPung M)' (C'll)
i=1 j=1 i=1 j=1

Consider the terms f,,,,; (1) in the last sum of this equation. In these terms we would like
to move the contours of integration into the region Rev; < % —a, Revy < % —«a. For D >4
we can only do so at the cost of encountering poles. Performing this manipulation yields

e I+a+pu+n
n=0 ’

Here hy,,p,, (1) is just f,,,p,, (1) with the contours satisfying Revy < & —a, Revy < 5 —a as
desired, and the sum is due to the residues of the poles encountered for D > 4. The cl
are coefficients that do not depend upon pu:

P1iP2;

czlmj = (47r)a+1/2 /¢pu(y)¢p2]. <—% —a—v— n) r |:—l/, % +a+v+ n} ) (C.13)

Defining yet another quantity,

[D/2] [D/2] [D/2][D/2]
A Z Chifonioa (1) + Y Cojforpai () + D D CriClihpn,pm, (1), (C.14)
j=1 i=1 j=1

we may write f(u) as

f(1) = foron () + 7" (1

[(D—4)/2] |[D/2][D/2]

1
stat+pu+n
. AT 2
+ Z ZZC“C?JCPUPQj Fl%+a+n,%+a+“_n}2(u+a>'

i=1 j=1

(C.15)

None of these manipulations have altered any of the salient features of f(u).
The purpose of these manipulations has been to isolate the part of f(x) which diverges
in the limit where the Pauli-Villars regulator masses ij — 00. In this limit:

1. the function f,,,, (1), which is independent of the regulator masses, survives unaltered,

2. every term in f¥**(u) decays like a negative power of at least one regulator mass, and
so it vanishes in the limit,

3. the terms in the sum on the last line of (C.15) diverge like positive power of a regulator
mass.
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In particular, for the spacetime dimensions of interest for our computation we may write
these divergences explicitly:

F() = foroa(p) + /7" (1), (D =2,3)
f() = foroa(p) + [ (1) + co2(p + o), (D =4,5)
F() = Joroa () + (1) + co2(p + @) + er2(p + a)[=p(p + 20)], (D = 6). (C.16)
Here ¢y and ¢; are coefficients that diverge with a Pauli-Villars mass like ¢y ~ log M in
D=4,¢~MinD =5, and ¢g ~ M?logM and ¢; ~ log M in D = 6. We have not yet
taken the M — oo limit, but we have organized f(u) so that this limit will be quite easy.
We are almost done. Noting the relations

/MQ(“M)A“(Z) _ % (C.17)
[ 2+ @t 282 = 0 | 2720 €19

and restoring the radius ¢, we may finally record the linearization formulas for the dimensions
of interest:

AIE(Z)ATS(Z) = (2P / Fononi2) + P (1)) A0(2), (D=23)
AT Z)ATHZ) = 7 L<f0102 (1) + £ () D(2) + Py (1—5_(222_)‘11—)1/2’ (D=45
AIE(Z)AT(Z) = (2P / Foa12) + £ (1) AW(2)

+£2D—4c0% + *P~2¢,0 {(1(5_(22—2_);_)1/2} , (D=6). (C.19)

The linearization formulae for Lorentzian Green’s functions may be found by the usual
analytic continuation. For the time-ordered Green’s functions we analytically continue
Z — Z + ie. The resulting linearization formulae are given in (3.43). To obtain the lin-
earization formulae for the Wightman Green’s function we analytically continue with the cut
prescription Z — Z + s(x1, x2)ie, where s(z1,x3) = +(—) if 21 is in the future (past) of .
This cut prescription removes contact terms, so the result is the simple expression (3.44).
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