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Primeval corrections to the CMB anisotropies
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We show that deviations of the quantum state of the inflaton from the thermal vacuum of inflation may leave
an imprint in the CMB anisotropies. The quantum dynamics of the inflaton in such a state produces corrections
to the inflationary fluctuations, which may be observable. Because these effects originate from IR physics
below the Planck scale, they will dominate over any trans-Planckian imprints in any theory which obeys
decoupling. Inflation sweeps away these initial deviations and forces its quantum state closer to the thermal
vacuum. We view this as the quantum version of the cosmic no-hair theorem. Such imprints in the CMB may
be a useful, independent test of the duration of inflation or of significant features in the inflaton potential about
60 e-folds before inflation ended, instead of an unlikely discovery of the signatures of quantum gravity. The
absence of any such substructure would suggest that inflation lasted uninterrupted much lon@g1.6t3n
e-folds.
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Generic models of inflation produce a lot of acceleratedmproved some in the futufé]. Thus it would be interesting
expansion. They far surpass the minimum needed to solvi® consider alternative probes of the length of inflation or of
the horizon and flatness problems, of the ordelef60. For  significant features in the inflaton dynamics.
example, in the case of chaotic inflation driven by a power- In this note we show that substructure in the CMB
law potential A¢"/n, one finds that typicallyN=10?*"  anisotropies could provide us with another probe of inflation
>0(100). This yields perhaps the most robust of all infla-some~ 60 e-folds before the end. If inflation was interrupted
tionary predictions that the Universe should be spatially flat,~-60 e-folds before the exit by environmental conditions,
with Qmaner Qpe=1 [1]. More generally, this is usually induced either by a non-inflationary stage or by a change of
taken to mean that inflation acts as a powerful amnesia tonislow roll parameters, the quantum state of the inflaton during
efficiently relieving the Universe of the memory of its initial the generation of the inflationary fluctuations was not the
state. Having fewee-folds or producing significant changes usual thermal vacuum, but included some deviations from it.
in the inflaton sector midway through inflation requires fine-These effects may resemble classical inhomogeneities, in
tunings of the initial conditions and/or the inflaton sectorthat they can be viewed as lumps of energy on top of the
beyond those which are deemed acceptable by the curregtound state, and can be represented as coherent state exci-
lore [2]. A more optimistic stance could be that any signs oftations of the thermal vacuum. They may also be intrinsically
short inflation or new dynamics during it is an indication of quantum, encoding initial phase correlations arranged by
some as yet unknown new physics, which the inflaton isqjuantum effects before inflation or by the dynamics which
sensitive to. Although such phenomena may appear like finemay have intervened at the onset of the laseg6lds. The
tuning by the current lore, one could hope to identify thelatter effects can be represented as squeezed states, which
underlying physics with a better understanding of inflation.have been prepared by primordial quantum effects preceding
Hence either short inflation or changes of the inflaton dy-inflation?
namics~ 60 e-folds before the exit at this point cannot be  We will demonstrate explicitly how such a squeezed state
taken as a robust predictibbut as an indication of some- arises from the kinks in the inflaton slow roll parameters.
thing special about inflationary dynamics and/or the initialDuring the onset of the final stage of inflation the frequencies
conditions. of the inflaton eigenmodes change in time slightly non-

On the other hand, we can take a bottom-up approach tadiabatically. This induces a Bogoliubov transformation be-
conceptual cosmology, and simply ask if we can measure foween the modes before and after the transition, and therefore
how long the final stage of inflation went on uninterrupted.between their corresponding annihilation and creation opera-
For example, the current cosmological observations are inditors. We will take the initial inflaton state to be the ground
rectly sensitive to short inflation, because it could leave sstate of the theory just before the transition, because the tran-
nonvanishing spatial curvature of the Universe. At presensition takes onlyO(1) Hubble times to complete. Therefore
the observations limit the spatial curvature to be at most ét is basically a sudden transition for modes with horizon-size
few percent of the total), and the bounds are a little bit wavelengths, so that the system remains in the state it occu-
weaker if the curvature is positif8—5]. The bounds will be pied before the transition. Because of the Bogoliubov trans-

formation, this state is a squeezed state on top of the thermal
vacuum defined by the theory after the onset of the final
*Email address: kaloper@physics.ucdavis.edu stage of inflation.
TEmail address: kaplinghat@ucdavis.edu
!possibly excepting anthropic arguments, about which we are ag-
nostic at the moment. 2We thank J. D. Bjorken for a very useful discussion of this issue.
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The intuitive picture of this dynamics is akin to the ready excludes the possibility of detectable imprints of
guantum-mechanical system in a deep potential well, whose-vacua in the CMB25]. A proposal for avoiding this was
depth is suddenly increased. Prior to the change the systeoffered in[17], but it mandates changing, and so the
settles in its ground state, given by the minimum energy stateacuum, in time as a function of the dominant source of
in the well. Because the transition is fast, the system remainsnergy density in the Universe, which is again in conflict
trapped in this state. However, after the transition, this statavith decoupling. Thus it is difficult to regard the results of a
will not be the minimum energy state any more, since thenaive perturbation theory aroundvacua[17,18 as predic-
depth of the well increased. Hence the system will be in ariions for signatures of quantum gravity.
excited state on top of the new ground state. When the infla- Our result differs in crucial ways. We obtain it by com-
ton is quantized in such a state, its deviations from the thefPuting the fluctuations in an excited state on top of the usual
mal vacuum will correct the standard thermal vacuum resultthermal vacuum, generated by the intervening low energy
They may be stronger than the imprints from new physics€volution. The momentunp in it is not some fixed trans-
computable by effective field theofir]. We find that such Plancklan scale, but the phy5|cal momentum of the qu<_:t_ua-
effects contribute a factofL+ A (7y— ey) (H/p)sin(20/H) tions expellgd ogt of the honzon., evalqated at the transition,
+...] to the thermal vacuum result, where ... stand forand so the imprint decreases with their wavelength. Further

additional slow roll and adiabatic corrections. Hétas the :]higec'zg]eégg” ?rgHm) ;L;pfgesﬁ'Z?égggﬁ)\?vu:ﬁggzgifgggle
Hubble scale during inflatiorp=H is the physical momen- pietely pny '

. - As long as quantum gravity yields the usual effective quan-
tum of the fluctuation at the moment of transitios, tum field theory below the Planck scale obeying decoupling,

= ¢?/[2mzH?] and 7=~ $/[H¢] are the slow roll pa-  which we assume here, these IR effects provide the dominant
rametersA( 7y — ey) is the change of their difference at the influence on the CMB, irrespective of the details of short
transition between two stageg, is the inflaton vacuum ex- distance dynamics. Inflation pushes the Universe into the
pectation value, overdot is a derivative with respect to thehermal vacuum; the longer the inflationary stage, the closer
comoving timet, and m%sz/GN is the reduced Planck to the thermal vacuum were the state during which the ob-
mass. We note that in long inflation with very kinky structure servable fluctuations in the CMB background were pro-
in the inflaton potential a large change éy would have duced. This is the quantum-mechanical version ofcib&mic
even more dramatic consequences already in the leading ano-hair theorem. It implies that the signatures of quantum
der density contradi8,9], rendering the subleading correc- deviations from the thermal vacuum could be very sensitive
tions irrelevant. This can be seen by rewritidp/p as to the duration of inflation. Our results provide a very
SplpcHI[ Jeysmp], and noting that it would change a lot if simple, yet general, demonstration of this, complementing
€4 jumped whileH stayed fixed. Since we are interested in[19].
the subleading corrections on top of the standard result, we The main implication of our analysis for observations is
will ignore long inflation which had such a strong jumpen ~ that if for any reasony,— ey changed significantly-60
midcourse. However our treatment gives a way of distin-e-folds before the end of inflation, the effects of such a
guishing the models with a milder variation ef,, but a change in the CMB may be visible in the horizon-scale fluc-
large change iy, that would not affect so strongly the tuations today. If inflation were short, and the Universe had a
leading order result. We will also comment on the possibilityspatial curvature close to observability, with, of few per-
of softer features in the inflaton potential which could mimic cent, the effects we consider should be within observer’s
the effects we consider already at the leading order. reach. We specifically note that such effects may lead to the
Our signal might remind one of the effects recentlyreduction of power in the low CMB multipoles in some
claimed to arise from the trans-Planckian physics during inmodels of inflation. Conversely, the absence of any such sub-
flation (for various approaches and discussions see, e.gsfructure would strongly suggest that inflation lasted uninter-
Refs.[10—18, and references therein, and for other ways torupted much more than the minimum @dolds. A long in-
get similar signals sefl9,20). A simple framework for the flation would wipe out any spatial curvature and produce
formulation of such effects is provided by taevacua[16—  Qmatert pe=1. The memory of the quantum correlations
18]. However the short-distance behavior of quantum fieldn the initial state of the Universe would be deeply buried in
theory ina-vacua forces one to abandon locality and decouvery small effects which would be extremely efficiently ob-
pling in order to regulate the theory in the UV, once interac-scured by post-inflationary nonlinear dynamics.
tions are included21—24. This means that the theory can-  We now turn to our setup. We will use a very simple toy
not be kept under full calculational control as an interactingmodel, where we imagine that the Universe can be described
quantum field theory,conflicting with the usual notion of for the most part by dspatially flaj Friedman-Robertson-
decoupling. Further problems arise from considering the difWalker (FRW) line element, perturbed by initial inhomoge-
fuse gamma-ray background measured by EGRET which aReities and later by inflationary fluctuations. We confine our
analysis to the regime where the perturbations are small,
oplp<<1. We further imagine that some agent altered infla-
3The cosmological constant problem is, in our opinion, still too tionary dynamics- 60 e-folds before the end. Either inflation
much of a mystery to be taken as a clear-cut directive for abandoriwas short, following an epoch of decelerated expansion, such
ing decoupling in hope that this would simultaneously fix all the as, €.g., a brief radiation era after the primordial singularity,
problems witha-vacua. or the inflaton went over a potential bump which changed the
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slow roll parameters. The differences in the quantum dynamWe restrict our attention to the scalar perturbations in longi-
ics of the inflaton before and after this transition are capturedudinal gauge which is sufficient for our purposes. Once the
by the time variation of the frequencies of the inflaton eigensesults are expressed in terms of the gauge-invariant vari-
modes. Before and after inflation, their form is controlled byables, one can change the gauge at will anyway. Thus the
different backgrounds. The rapid change of the backgroundine element is

environment during the transition will induce a slightly non- . L
adiabatic contribution to the frequencies. Thus the eigen- ds?=a%(7)[ —{1+2W¥(7,x)}d7*+{1+2®D(5,x)}dx?].
modes will also be modified non-adiabatically. This will 1)
change the Hilbert spatef the theory by inducing a Bogo-

liubov rotation of the annihilation and creation operators.The conformal timey is related to the usual comoving FRW
The quick onset of the last stage of inflation enables us téimet by dt=ady. In the longitudinal gauge, the two metric
treat the transition at the quantum level as basically a suddeperturbations¥,® coincide with gauge-invariant potentials
transition, where the quantum system remains in the statér the perturbations. In general, they are not independent.
which it occupied just before the transition. If we take the However, their detailed relationship depends on the matter
quantum state of the inflaton just before the transition to bé&ontents of the Universe that sets the background of Bq.

the vacuum of the theory then, this state will be a squeezed During inflation, the dominant source of the stress energy
state on top of the thermal vacuum after the transitionin the Einstein’s equations is the inflaton field. The inflaton
Therefore the inflaton state from which the inflationary fluc-field sector can be written as

tuations originate is populated with long-wavelength quanta

of the inflaton with quantum correlations prearranged by the d(7,X)=d(7)+ p(7,X). 2
preceding evolution. This is of course an idealized choice; in

reality the inflaton state at this instant may be an excitatiorThe independent background equations are, using conformal
of the vacuum, which may contain inhomogeneties etc. Suckime variables,

a general state can be viewed as a coherent state on top of

our initial vacuum. Since our purpose here is to explore the 5 (¢")?

quantum correlations in the initial vacuum itself, we will 3mpH2=T+aZV(¢),

ignore the excitations of this state because they behave like

localized inhomogeneities in the inflating patch, which will

get inflated away as usual. This simplified analysis is suffi- ¢”+2H¢’+a2ﬂ=0 3)
cient to illustrate our main points. We expect that a more g

detailed analysis will share the qualitative features of our

main results as long as inflation is short. where the prime denotes the derivative with respect to the

The effective field theory description of the quantum fluc-conformal time and{=a’/a. A detailed analysis of the per-
tuations of the inflaton, which we rely on, will break down at turbations yields¥ = —®. Moreover, the potentia® and
the cutoff, say at the string scale, but because of decouplinthe inflaton perturbatiod¢ are related by momentum con-
this does not produce significant effects on the horizorservation as
scales, where the initial correlations dominate. This is re-
flected in our calculation by the fact that the correlations are @' 6p=—2m3(D' +HD). (4
suppressed by a power of the momentum, and so drop off at
short distances. This in turn means that the initial state i$jence during inflation only one of the perturbatichsd¢ is
regulated in the UV in the usual way, and is not subject to thgndependent. One chooses it such that it has the canonical
maladies plaguingr-vacua discussed in Reff21-24. In commutation relations. The quantum mechanical calculation
the limit of eternal de Sitter space, these correlations woulghen links® to the properties of the inflaton effective action
completely disappear and the initial state becomes precisebind the quantum state of the inflaton during the period of
the usual thermal vacuum, instead of one of éheacua. A inflation when the fluctuations are produd&i,32.
consequence of this is that as inflation proceeds, shorter To determine the effect of the perturbations in an all-
wavelength modes are expelled out of the apparent horizofwclusive way, summing all the contributions to the ripples in
These modes encode progressively less information abogie spacetime caused by the inflaton fluctuations, one per-
the initial quantum deviations. Hence the state of the inflaforms an infinitesimal diffeomorphisris= 8p/p’ = S/ ¢’
tionary Universe when these fluctuations are frozen appeaf37] because during inflatiop=V(¢), Sp=034,V5, and
closer to the thermal vacuum. We view this as a quantump’ =4 v ¢’ to the leading order in the slow roll parameters.
mechanical version of the cosmic no-hair theorem. In this new gauge, the curvature perturbation is the total
We first briefly review the gauge-invariant perturbation pertyrbation of the;= const hypersurfaces, and it is given in
theory for inflation[30—33. Much of the useful formalism terms  of another gauge-invariant  potentia® = @

of the evolution of fluctuations is also exhibited[i84—36. —(HI¢') 8¢ as

4 , . . OR3 1 . -

Here we will not dwell on the conceptual problems involved in A V20( 7,X), (5)
defining the Hilbert space of the inflaton in the first pla26—29. R 3a%H?
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whereH =a/a="/a is the comoving Hubble parameter and The Fourier modes ofy obey the field equation[31,33
V denotes derivatives with respect to the spatial coordinate@vherek=|k])

x. The canonically normalized scalar field corresponding to
this perturbation, which is to be promoted into the quantum <p'|z’+(k2— —) 0g=0. (11)
inflaton field, is z

"

The mode expansion of the fiele 7,x) is

ag’
p=adp— ——d=—Z20, (6)

H d°k

@(ﬂ,i)zf (ZT):glz[b(lz)Uk(n)eik-x+bT(E)uE(n)efik.X]'
which is clearly gauge invariant, being defined in terms of (12)

®. Following the common practice we have definéd where the annihilation and creation operatm(sﬁ),b’r(ﬁ)

:a¢l/H:a(;ZS/H [31,33 Because the Unperturbed back- Satisfy the usual Operator a|gebra
ground is spatially flat, we can expand all the fields in Fou-

rier modes, fi(7)=/(d3x/(2m)%)f(7,x)e" "X Then [b(k),bf(@)]=6®(k—q),
(6R3/R) (k)= (k?/3a?H?)®(7), and the definition of the o ) )

power spectrumP(k) (k- q) = (K*/272)(Ox(n) O (7)) [b(k),b(q)]=[b'(k),b"(q)]=0. (13)
gives

The orthogonal eigenmodes,u; of Eqg. (11) are easy to
construct in the slow roll approximation, whery
o's = ¢?/2m3H? and 7= — ¢p/H ¢ are small,e , 7y<1. Dur-
?>' (7 ing slow roll inflation, to O(ey,7y), we have (tey)n
=—1/aH and so Z"/Z=(2—3n4+6€y)/5°>. Then the
mode equatior{ll) becomeg39]
where(O) stands for the quantum expectation value of the
2-point operatoiO in the quantum state of inflation.
The scalar field(6) is the properly defined, gauge-
invariant small fluctuation of the inflaton. In perturbation

theory its dynamics is governed by the quadratic action  The standard choick81,37 of the eigenmodes ,u} is to

_ . K ([H\?
k)3 (k—q)=—| —
P(k)5°(k—q) 2W2(¢><

|8

2_377H+66H

7

U+ | k2 u=0. (14)

take
1 N N Z/I
S :_f d77d3x((go’)z—(V(p)z-i-—qJ2 . (8) NT
2 zZ Uk(n)=—TH(V Y(kn),
To quantize.the theory, we use the field and its conjugate w . Nm7q (+)
momentum in the momentum picture: U (7)== ——H,"(kn), (15
d3x _— - _ _ . .
ou(n)= —3,2<P( n,x)e KX It is easy to find the asymptotic behavior of the solutions of Eq.
(2m) (11) in the general case. To the leading order, in the short wave-

length limit, k?> 2"/ Z, one findse— Acoskzn+ 6,), while in the
limit of long wavelengths, where&k?<2"/Z, the result is ¢j

d3x - ik —BZ+CZfdn/ Z?. From Eq.(6) the curvature perturbation is
T = | g, m(mx)e © 31
(2m) H\A,
(g);COikrﬁ- 0 if k?7?>2
Note that<pE=cp_|;, szw_g. From Eq.(8) we haver Op=— g
. . , n .
=¢', which using Eq.9) translates tomg(7)=¢:(7) for Bk+Ckf P if k*p?<2.

the Fourier transforms. One can check that the canonicaTIh c de in the latt < the d . hor

- : v N1 BT i e «C, mode in the latter case is the decaying superhorizon
commljtatlonT relatf)h%g(?,xl,w(n,y)]—l_6( (?( Y) 'm mode. From this it is clear that any short wavelength, oscillatory
ply [ek(7),74(n)]=16"(k—q). The Hamiltonian is mode excited inside the apparent horizén* will end up expelled
out of it by inflationary stretching, where it will freeze-out retaining
a nearly constant amplitud®,, producing a nearly scale invariant
Z'\ spectrum of perturbatiorf81,32. Thermodynamics of this process
k?— g) W‘PE)- (10 of modes leaking out of the apparent horizon during inflation,

which resembles a leaky can, has been discussgsBin

1 »
H¢=§f d3k< meTRt
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as the positive and negative frequency modes, respectively, Let us now define the initial state of the inflaton. As we
where v=3/2— 5, +2€y [39]. The normalization ofu, is  said above, we take the initial state of the la€i0 e-folds of
chosen such that E¢14) follows from the canonical com- inflation to be the instantaneous vacuum just before the onset
mutation relations ¢(7,X),7(7,y)1=i5%(x—y). Substitut-  Of this stage. This state is annihilated by the Heisenberg pic-
ing UK,U: in Eq (12) amounts to Choosing the thermal ture annihilation Opel’ator at the t|rﬁﬁ; y which denotes the
vacuum|0) as the ground state of the theory, because it ignstant just before the transition. The Heisenberg picture an-
annihilated by the operators corresponding to the positiv@ihilation and creation operators obey the canonical

frequency modes in Eq15): commutation  relations [b(k,7),b'(q,7)]=6®(k—q),
. [b(K, ), b(d,7)]1=[b"(K,7),b"(d,7)1=0, and can be de-
b(q)[0)=0. (16)  fined in terms of the fields and their conjugate momenta.

) i o i They are[ 35,36
Using |0) as the state of the inflaton during inflation and

ignoring the slow roll corrections, in which case the eigen- R 1 \/_ i
modes(15) reduce to b(k,n)=—| Vkei(n)+ —=mi(7n) |,
(k,7 2 ek( 7 K k(7
uk:i(l_i_)e_ikﬂ 1 |
V2k!\ ™ k7 ' b'(K, ) =—=| Vkel(n)——=m(n)|. 19
k=" Vkeg(n) W (19
1 i : _
Ug = \/ﬁ 1+ ek, (17)  Thus the instantaneous vacul@) of the theory just before
K the last stage of inflation obeys
) T _ 2/1,3 N e
Ieaids .to .<0|((pk/a)(qo ¢/a)[0)y=(27*/K’) (H/2m)* 6% (k b(K, 75 )[8)=0. (20)
—q), yielding the standard result for the power spectrum
5 ) We note here that we are interested only in the leading order
_[H H contributions from the non-thermal effects induced by the
Pk)= E o2 (18) sharp transition. We will see that the slow roll corrections,

the contributions from initial quantum correlations, and the
The corrections from slow roll effects, new physics and ini-corrections from adiabatic evolution come with their own

tial quantum correlations come in the form of multiplicative Small 2parameters: powers @f;, 7 ; A(7y—en)H/p; and
factors which can be calculated within a given theory. (H/p)?, respectively. Therefore in computing the leading or-
In what follows we will focus on the corrections from der form of each one we can ignore the others. This allows
quantum correlations and slow roll effects. In short inflationUs to use the massless eigenmodes in place of the exact Han-
the evolution did not have enough time to prepare the systede! functions in Eq.(15) when computing the corrections
in the thermal vacuum. One could instead take the instantd!0M adiabatic evolution and initial correlations, and only
neous vacuum defined by the Heisenberg operatordse the slow roll-improved eigenmodesh) when consider-
b(K, 70),b"(K, 7) at the time when inflation begaf83)] ing the slow roll corrections. We will include these slow roll
This v(\J/c;uId r’eporoduce the thermal vacuum in the "m.é corrections because they may be numerically significant by
. However as we have explained above, there are ads_lmply incorporating the known result for the slow roll cor-
ditiona{I effects coming from the background e\}olution. Dur- _rections from( 39). A more general cglcu!ation accounting for
ing the transition the functio®”/ 2 in the mode equation interference terms may be interesting in order to get a more

. . . e suitable framework for data fits, but is beyond the scope of
(12) changes rapidly, inducing modifications of the frequen-,[he present work.

cies of the |_nflaf[0n elge_nmodes. This rgsults n a Bogoliubov To determine the effects of the transition on the Hilbert
transformation in the Hilbert space which also includes non- - ~ )
adiabatic contributions. The net effect is that because tha&Pace, and specifically on the stgd¢ (20), we consider the
transition is quick the inflaton is trapped in the state it occufi€ld €quation(11) in a general environment. One can show
pied just before the onset of the last stage of inflation, whicihat in general

is now a squeezed state on top of the inflaton thermal
vacuum because of the transition-induced Bogoliubov trans- Z 24
formation. Below we will compute the corrections from the Z a 2
guantum correlations in this state. We will also include the

slow roll corrections, computed f89], and the corrections To find the effects of the sudden transition on the Hilbert
from the adiabatic evolution of the vacuum, because theyppace, we need to evolve the Heisenberg operators of the
may be numerically significant. We will ignore possible con-theory through the transition using the field equatidd)
tributions from the initial inhomogeneities, because whilewith the general form of2”/Z included Indeed, from in-
they will typically be important at shorter scales, they arespecting Eq.(21), it is clear that the contribution t&"/Z
quickly inflated away. Thus they should not affect the fluc-coming from3 (e//e,)’ experiences a jump. Becausg/ ey
tuations at horizon crossing after a fefolds. is linear iney , 7y, the difference of;,/ €, before and after

e\?
€HH+Z a) . (22)

! ! !
eH) €y 1

€H
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the transition will be of the same order as the quantity itselfpotential is small compared to the Hubble sca%Vs HZ,
T e e or-adaballe YL Sfane S he, nfaton 1als Sowy ey= 42" <L
them during the transition. To determine the transformation, ¢/H¢<_1 du.nn.g |nflat|0n_, zth"ey will satisfyey <17,

we can treat the problem as a Safirmer problem with a <1 before it. This is because<, ¢ hardly changed at all,

piecewise smooth potential: andH?= p/3m3 was bigger before. In the case of long infla-
tion such a change can arise from bumps in the inflaton po-
<p'k1+ [k2—V(7)]eg=0, (220  tential or enhanced interactions with matter sector for special
values of the inflaton. However we bear in mind that
where should not have changed by too much since that would have
o o produced a large variation of the leading order result, that
_a’ 1(6H> €H 1 ( €H> would render the subleading corrections which we are con-
V(ing)=—+5|—| +—H+-|—]| . (23 o = SU
a 2\ey e 4ley sidering essentially irrelevant.

_ _ Using EQs.(19) and (26) we can write the Bogoliubov
The problem of matching the operators is completely analotransformation of the annihilation and creation operators in-
gous to the quantum mechanical problem of a particle scajuced by the transition. Denoting those just before the tran-

tering on a potential bump. Rather than looking at the spesition by their argumenty, and those after by, , the Bo-
cifics of an explicit construction of the modes for any given yoliubov transformation is

environment before the last60 e-folds of inflation, we take

the shortcut and find the effect of the transition directly on ( b(|2,776) )

the field operators. To do this, we impose the continuity of

¢ across the transition in the usual way, and determine the

jump Of(p{z as dictated by (¢/,/ey)’ in the Gaussian pillbox

integration of Eq.(22). Denoting the quantities slightly be- 1+iA(py—€n)
fore the transition by the argumenf, and those slightly
after by the argumenty , the integration yields

b'(—K,70)

Ho iA Ho
2k 1A( 7y EH)Zk

_ Ho _ H
—IA (= ez 1A= e

! —+ ! — 6;, E;,
<P|;(7lo):¢’|;(”lo)+E@Q(ﬂo)__,#’ﬁ(??o)- (29) ( b(K, n) )
H

2e;; o 27)
b'(—K,7g)

The slow roll parameteey obeyse/,/ey=—2H( 74— €n)-
This gives the jump conditions We can now rewrite our initial inflaton stat@0) as

ei(m0)= ¢l ), L Ho L
o b(K,79)[0)=—1A(7n—en) 5 b'(—Kimg)[0) (28)
®(19)= (19 ) —A(nn— €q) Hopi( 70),

(29 retaining only the terms of the orderO(A(7y

where e, and 7, are evaluated during inflation. Here —€n)Ho/K,1K"7p), in accordance with our approxima-
A(??H—€H)=(77§—€§)—(77§—6|§) is the change of the tions. We stress the key properties of this state. The &8je

differences of the slow roll parameters after and before théS @ direct and inevitable consequence of evolution. It con-
transition. We note that away from the transition, by the formtains the contributions both from non-adiabatic effects during

: o the transition to the last stage of inflation and from the adia-
of the action(8), we always havemri=¢;. Thus we can . . N -
ite the i diti h k hi diti batic dynamics during it. It is different from the thermal
;eWI’}!]teft_ (ledjumpdc?]n itiong25) as the matching conditions acyym, albeit by terms which vanish in either of the limits
or the fields and the momenta at the transition: €4—0, 79— — o andk— . This means that in the limit of
pure de Sitter space and also at very short distances the quan-

tum correlations irif)) rapidly disappear. Hence the theory
defined by Eqs(27) and(28) is consistent with decoupling.
Although this comes from the suppressions byk?1/
This makes the effect of the sudden transition very clear: it= — 1/V2, which resembles a non-local term, it is automati-
enforces a canonical transformation on the variakdgsmi cally induced by the backreaction, and is perfectly well be-
describing the inflaton dynamics after the evolution has behaved at short distances, where the theory may be cutoff in
gun. This in turn induces a Bogoliubov transformation be-the usual way in order to regulate its UV behavior.

tween the annihilation and creation operators. The Bogoliu- \we can now compute the imprints [&) on the inflation-
bov transformation is proportional to the changernn— ey ; . o N "
during the transition. If inflation was short, such a change®” quctuatli)ns. using m= ey, ¢i(m) =u(7)b(k)
arises because of the very nature of the slow roll regime: Uk (7)b'(—k) and the eigenmoded5) we can solve for

Namely, because during inflation the curvature of the inflatorthe evolution of the Heisenberg operatdrgk, 77),b'(k, )

e(18)=¢i(ng),

mi(19)=mi(70) — A(mn— en) Hopi(mo).  (26)
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from the transition onwards. In terms of the Satinger op- (1) oK 7)
erators defined in Eq12), they are @ RS “C T 6)
a a

b(k, 7)=fi(7)b(K)+g(7)bT(—K),

K= {|U (7, 70) + Vi (17, 70) |2

P - 2ka?
b'(=k,7)=f (mb'(=K)+gi (7)b(k),
+ AL U7, 70) + Vic (1, 70) 17
k i * *
fk(n)=‘\/;uk(n)+-véiuﬁ(n), + AL [UR (97, 70) + Vi 7, 70) 1%, (33
where
( )=\/Eu*( )+i_u*f( ) (29) Ak:_iA(ﬁH_eH)E- (34)
gkl 7 2k 7 \/ﬂ k \17). 2k

. % . . These expressions however still contain higher powers of
The functionsfy gy obey i Ty~ gi 9= 1* /by \{lrt*ue Of the e slow roll parameters andt f,) ! than is allowed by our
Wronskian relanon_ of the elgeanQGng — Ul =1, and approximations. Therefore we need to organize the result
so Eq.(29) in fact is the evolution-induced adiabatic Bogo- (33) a5 a consistent perturbative expansion. Our organizing
liubov rotation betweerb(k),b'(k) and b(k,7),b'(k,%).  principle is to view the result33) as the standard 2-point
Using this general form of the solutions, it is straightforwardfunction of the inflaton in the thermal vacuum, plus small
to obtain the evolution of the Heisenberg operators from theorrections coming from slow roll corrections and from the

time 74 to 7. One finds(dropping the superscript 4" on initial correlations encoded in the definition of the initial

770 for notational simplicity state of inflation(28). This is a direct consequence of our
assumption that the inflaton state in which the fluctuations
b(K, 7)=Uw( 7, 70)b(K, 70) + Vi( 7, 70)bT(— K, 70), are produced was the adiabatic vacuum just before the tran-

sition. The symmetries of the approximate de Sitter space
- - - used to define this vacuum then guarantee that the effects of
b*(—k, 7)=Ug (7, 70)b" (=K, 70) + Vi (7, 70) b(K, 70), the transition can be organized aqs a perturbation series. The
(30) small dimensionless numbers which characterize the correc-
tions are the following: the slow roll parametees, 7y
alone, which account for the fact that the apparent horizon is
slowly growing during inflation, the even powers ®fy/k

where

Ui, 70) = Fil ) & (370) = Qi ) G (70). =—1/kn, controlling the adiabatic evolution and(7y
—ey) Ho/k controlling the magnitude of the initial quantum
Vi(1,170) = 9k 7) Fi( 170) = Fi(7) i 70) - - correlations in[0) in Eq. (28). Because we are interested

here only in comparing these effects in the leading order, we
) i . will ignore the interference between them. By our choice of
These functions satisfy Ui (7,70)Uk(7:70)  the inflaton state, which implicitly rests on the validity of the
= Vi (7, 10)Vi(17,m0) =1 because fy—gigx=1, and S0  slow roll approximation, these terms will be subleading. If
they indeed also comprise a time-dependent Bogoliubovhe slow roll conditions are strongly violated, the interfer-
transformation. Now using Eq(30) we can finally write  ence terms may become larger, but the leading order effects
down the solution for the field modeg(7)=(1/V2k)  will be even more important. Having assumed the validity of
X[b,(K,7)+bl(—k,7)] in terms of the Heisenberg opera- perturbation theory, we can ignore this regime altogether.
tors bz(k,ﬂo),bz(k,ﬂo), To get the slow roll corrections on top of thg t.hermal
vacuum result accounted for, we can take the limit of the
2-point function(33) where the stat€28) reduces to the ther-
mal vacuum. This amounts to takin@(ey) terms in Egs.
(39) to zero, and takind (7,) — 1, gk(70)—0. Using Eq.
(290 and (31 it is easy to verify that in this limit
U(7,70) + Vi (7,70)— V2ku (7). Hence the 2-point
function indeed reduces to the thermal vacuum result,

1 R
ei(n)= ﬁ[Uk(n, 70) + Vi (17, 10) 1ba(K, 770)

1 .
+ﬁ[u:w,no)wk(n,no>]b£<—k,no>.

32
&3 ¢ﬂn)¢5n)

ei(n) ‘P;‘( 7)
a a

260

(0

|0)

It is now straightforward albeit tedious to compute the

2-point function of the operataf32) in the initial state|0) | 2
defined in Eq.(28). Expanding the initial state to the first :Mgw)(ﬁ_ q). (35)
order inA(#ny— €y) as given in Eq(28), the result is a®
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The slow roll corrections to the leading order have beerin this parameterization, the unity corresponds to the thermal

computed i 39] by expanding the Hankel functiori$5) to

vacuum result, the second tefproportional toO((H/p)?)]

the leading order in the slow roll parameters at horizon crossto the adiabatic evolution of the vacuum, and the third term
ing. We can simply take their result, which with our conven-[proportional toO(A( 74— e€y)(H/p))] to the effects of the

tions is

ei(n) SD(T;( 7)
a a

2

[14+2(2—IN2— Yer)

(ol - 2”2( "

|>Fﬂ

X(2en— nn) — 26418 (k—0q),
(36)

wherey.,=0.57722 . .. is theEuler-Mascheroni constant.

Now we turn to the effects arising from the deviation of
the statg28) from the thermal vacuum. From the discussion

above, it is clear that they are encased in the factor
F= ———{|U(7,70) + Vi (7, 70)|?
2k|u(m)|?
+ ALU (7, 70) + Vi (17,70)]?
+A:[U’kc(77!7]0)+Vk(7]17]0)]2}5 (37)

which should be evaluated in the limit—0 using the rela-
tivistic modes(17) in the definitions off,, g, U, andV,
above. Hence

eik‘r]

fk(ﬂ):(l )e_ik”, a(n)=

_G_ 2k?5? 2k29?

(39)

To simplify the calculation, note that 3= —"H,. After the
eviction from the horizonu,— — (i/2kkn)e ™" Thus,
fo+ 0y = V2ku— — (i/kn)e ", Therefore

[Uw(72,70) + Vi (7, 10) |y <1

k  2k2

2 2
Ho) e ik/Ho 4 Hzeiklﬁo

(39

Substituting this inF in Eq. (37), we find[keeping only the
terms up toO(A (7 — €4) Ho /K, H 5/K?)]

Ho Ho

OME 2k Ho_ [ 2K
‘7:_1+FCO — +A(77H_€H)Tsm —. (40

In this expressionHy/k=H/p=<1, where we have defined

the physical momentum of the moge-k/a, at the moment
of the transition to the last-60 e-folds of inflation. This is

simply the statement that the fluctuations are produced insid
the inflating Hubble patch, meaning that their wavelength i
originally inside the apparent horizon. We can rewrite th

form factor F in terms of these variables as

H2 [2p H (2p
F=1+—cog | +A(npy—eq)—sin —|. (41
p p\H

H

quantum correlations encoded in the stiig (28) by the
transition to the final stage of inflation.

To see the total effect on the density fluctuations, we fold
Eq. (41) with the slow roll-corrected 2-point function in the
thermal vacuum. Again expanding to the linear order in all
corrections, we obtain the full 2-point function at horizon
crossing:

.
cpg; 7) @a; ”) )

2
[1+D(p,H,en, m1)]163(k—q),

(©l

_2772 H
SRV

(42)
where

D(p,H,en,m1)=2(2—IN2— yer) (2€4— 71) — 2€y

H?2 E<2p
+ —Co§ —
pz \H

H [2p
+A(gy— EH)ESIn(W)'
(43

Substituting this into the formula for the power spectr(fn
yields for modes withk,=p/H>1, which were expelled
out of the horizon,

HZ
6

which is our main result.

This shows that if there is a sudden changeyjn— ey,
either because inflation is short, lasting not much more than
the minimum 60e-folds, or becauseyy jumps ~ 60 e-folds
before the end of long inflation while, remains roughly
constant, which would keep the leading order result un-
changed and confine the interesting effects in the corrections
we derive the imprints of this change in the inflationary fluc-
tuations could be at a level that may affect the observations.
The perturbations from the modes which are expelled out of
the horizon just after this transition may receive important
contributions from the quantum correlations inside the inflat-
ing patch, which would be comparable with the slow roll and
adiabatic effects. As inflation progresses and shorter and
shorter wavelength modes are expelled out of the horizon,
these corrections will rapidly diminish below the observable
fevel. That is clear from Eqg43) and(44) because the con-

P(k)=

H 2
Z) [1+D(p!H!EH177H)]1 (44)

:tributions from these correlations are suppressediby as

the momentum increases. We interpret this as the quantum
version of the cosmic no-hair theorem: as inflation proceeds
the quantum state of the inflaton, out of which the fluctua-

tions emerge, is less and less different from the thermal
vacuum. We stress again that while the effect in Hg8),

123522-8



PRIMEVAL CORRECTIONS TO THE CMB ANISOTROPIES PHYSICAL REVIEW B8, 123522 (2003

(44) might be vaguely reminiscent of the corrections claimedshort inflation, the reduced amplitude of the Iévmultipoles

to arise in thea-vacua[17], they really are completely dif- in the CMB anisotropy arises from combinirig4) for p
ferent. Our signal explicitly depends on the physical momen=>H and (45) for p<H.

tum p or the wavelength of the perturbatiohs- 1/p, rather One may correctly warn that the trigonometric modula-
than on some fixed trans-Planckian cutoff. Further, we findion present in Eqs(43), (44) need not be an unambiguous
that there is a suppression by the change of the difference a@fdication of the presence of short inflation or long inflation
the slow roll parameterd (7, — ey). Thus our effects only with a jump inny— €y . For example, one may try to rede-
appear in the long wavelength perturbations, and rapidlfine the background of the theory by redefining the infla-
vanish in the UV. In this way, our results are fully consistenttionary potentialV(¢)—W(¢) by solving the differential
with the conventional lore of effective field theory, becauseequation

decoupling of the UV physics is guaranteed. I W 9.V
Nevertheless, the resu#43), (44) has interesting implica- ¢—=L[1+D(p,H,eH )] Y2 (46)
tions for observational cosmology. At present, the case for We2 32

inflation is growing stronger as more data are accumulated ) o ) )
[3-5]. However it is difficult to use observations to place Thus our effects might be mimicked by a different potential,

bounds on the duration of inflation or the properties of theVhere they would be confined in the leading order result.
inflationary potential. Our result may serve as an additional1OWeVer if the effects we are discussing are quantitatively
probe of the inflationary dynamics. While somewhat modelSignificant, this redefinition of the potential would nit-
dependent, our result suggests that in the case of either shaRovethe question; it would merelghangeit. One would
inflation or longer inflation with a larga (7, — €,1) the den- still be forced to ask “What produced such features in the

sity spectrum, and therefore the CMB, may retain some ininflaton potential~60 e-folds before the end of inflation,
formation about the initial quantum correlations at the instantVhich gave rise to such signals?” regardless of the root cause

when this stage began. There may be models where sudf the signal itself. Hence the presence of such effects would

terms could be at the level of few percents, and thereforéndicat_e int_eres_ting'physics either way. Thei_r detection would
observable. Because the effects in EdS), (44) come with be a win-win situation. On the other hand, if no such effects
a distinct trigonometric modulation at the largest scales, thi€'€ ever seen, it would be natural to argue that inflation went
might help in the search for them. Note that at shorter scale€n uninterrupted for significantly more than the bare mini-
as the momentum increases, the modulation essentially di§?um of~60e-folds. This would bury any information in the
appears: the statistical sampling of the data tells us that W@flatlon_ary perturbations ab_out the |n|t|_al state below the
must average the trigonometric functions over several peridiscernible level. However, in such an instance one could
ods. This would render the modulation at short scales impogRlausibly argue that the curvature of the spatial sections is
sible to detect, and therefore completely irrelevant. very tiny, and therefore that the density of dark energy plus
In some models, the effects leading to E@3) and (44) dark matter is practically indistinguishable from unity.

may even suppress power on large scales, reducing thé low N summary, we have shown how quantum correlations in
multipoles in the CMB anisotropy. These multipoles are senlhe guantum state of the inflaton _affect the_ density perturba-
sitive to scales of the order of the horizon today and largertions and the CMB. Our calculations are in full agreement
and so in short inflation they could be affected by the superith the usual effective field theory and decoupling, and are
horizon modes at the onset of inflation, obeykg,= p/H performed in the controllable regime of perturbation theory,
<1. Although one does not have firm control over the fluc-Where the Universe can be treated as a weakly perturbed
tuations on scalep/H<1 because they would be strongly FRW cosmology. The effects of these correlations are sup-
affected by any initial inhomogeneities outside the inflatingP"€SS€d by a power of the momentum, and vanish in the UV.

patch, we can at least estimate how much power would pive find that if inflation did not last much longer than the
transferred to these modes by inflationary dynamics if thé'€c€ssary minimum of 60 or se-folds, or if 7y—ey
initial inhomogeneities were negligible. In this regime we c_hanged S|gn|f|ca_ntly gt that time, the |n|t|_al correlations may
can neglect slow roll corrections and th&(A (7, — en)) yield observable imprints. Thus the amplitude of the correc-
term encoding initial quantum correlations. Then using thdions from these quantum correlations may be a sensitive
result for the power spectrum including adiabatic correcProbe of the inflationary dynamics &160 e-folds before the
tons. valid on all scales P(k)z(H/Zw)Z(H/(b)Z{l end. Viewing the issue of the inflationary dynamics during

T HZI2p%+ (H/p?— H42p%)cos (IH) — (H/p)sin(2uH)), the final stage as a purely observational matter, we feel that

find the leadi d ¢ for th h .the prospective searches for such effects would be a worthy
We Tind the leading order power spectrum for the super O.r"enterprise, since they could shed light on the darkness from
zon modes at the onset of inflation by taking the limit

DIH<1, which our Universe emerged.
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