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Inflationary initial conditions consistent with causality
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The initial condition problem of inflation is examined from the perspective of both spacetime embedding
and scalar field dynamics. The spacetime embedding problem is solved for arbitrary initial spatial cddvature
which generalizes previous works that primarily treat the flat €asel. Scalar field dynamics that is consis-
tent with the embedding constraints is examined, with the additional treatment of damping effects. The effects
of inhomogeneities on the embedding problem also are considered. A category of initial conditions is identified
that is not acausal and can develop into an inflationary regime.
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[. INTRODUCTION assumed on the Planck scale. To realize the picture of “lo-

Inflation is the foremost idea for explaining the large scalecal” inflation, two requirements must be satisfied. First a
homogeneity and near flatness of the universe, which are thghysically sensible embedding must be demonstrated of the
two main unexplained observational features in the standarihflating patch immersed within a noninflating background
hot big-bang model. The large scale homogeneity or horizofp4—6]. By embedding we mean matching the inflationary
problem amounts to the fact that under hot big-bang evoluspacetime with the background space time at the boundary of
tion, due to a decelerating scale fact0, sufficiently  the patch. Second, it must be shown thattfet; , the patch
separated regions of the present day observable univerée dynamically stable to sustain inflatid7—-13). For ex-
would never have been in causal contact. Nevertheless, @mple, large fluctuations, which conceivably could enter the
appears the universe we observe looks very much the sami@flating patch at a maximum rate limited only by causality,
and in particular very smooth, in all directions. This fact is Should not destroy the inflationary conditions within the
best seen in the cosmic microwave background radiatiopatch.

(CMB) which has temperature fluctuations of only one part R€cently, a convenient methodology has been developed
in 10° when measured from any direction in the g4y. in Refs.[5,6] for analyzing the embedding problem, based

The inflation solution to this horizon problem is to picture on the _nuII Raychaudhuri gqua_mtnﬁM,lSl. In sec. i t_he flat
the universe during an early epoch to undergo an accelerat&pacetime Q=1) formulation in Ref[5] is generalized to
. i L arbitrary spacetime curvature. Then, an alternative solution
expansiona>0. Such expansion can take an initially small {5y Ref. [5] to the embedding problem will be identified,
causally connected patch and enlarge it to a size that comgnich is especially attractive for an inflating patch with an
fortably encompasses our present day observed universgpen geometry. In Sec. lll, initial conditions for scalar field
thereby solving the horizon problem. To realize inflation, thedynamics are presented, which are consistent with causality
equation of state within the inflationary patch must be of agng our embedding solution and which evolve into success-
very special form, possessing negative pressure. The potefy supercooled or warm inflationary regimes. In Sec. IV we
tial energy of a scalar field has an equation of state thagompine the results in Sec. Il and Sec. Ill to evaluate the

satisfies this requirement. This fact has been a key link toaffect of inhomogeneities on the embedding problem. Fi-
wards a dynamical realization of inflation and thereby hasg,g|ly, Sec. V presents our conclusions.

further motivated the inflation solution.
As inflation is meant to solve the horizon problem, it is
important that it do_es not require acausa_l initial condl_tlons. Il. EMBEDDING CONDITIONS
In particular, the picture of inflation considered here is for
the universe to emerge from an initial singularity and then The embedding of an inflationary patch within a back-
enter into a hot big-bang radiation dominated evolution. Atground spacetime generally is regarded as unacceptable if
some timet; after the initial singularity, the conditions ap- there are any negative energy regions. This requirement of-
propriate for inflation should occur within a small patch thatten is referred to as the weak energy condition. The null
is contained within the causal horizon at that time. ChaotidRaychaudhuri equation is a useful diagnostic tool for deter-
inflation[2,3] does not fall into this picture as there inflation mining the validity of this condition. This equation deter-
is thought to start at the Planck epoch with homogeneitymines the evolution of the divergen@e=V“N, of the null
ray vectorN® in a spacetime with an arbitrary, amdt nec-
essarily homogeneougnergy density distribution. In order
*Email address: ab@ph.ed.ac.uk for the weak energy condition to be valid, this equation im-
"Email address: christopher.gordon@port.ac.uk plies that for a null geodesic the conditif,15]
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mu"st bedsaFisfied, whergis an affine parameter along the Substituting Eqs(3) and (4) into Eq. (5) gives
null geodesic.

For application of Eq(1) to the inflation embedding prob- 2
lem, the concept of antitrapped and normal regions should be 0=~
understood. Consider a sphere centered on a comoving ob-
server. If the space time were not expanding, photons emit- . -
ted from the surface of the sphere, radially towards the ob\—NIth H=ala the Hubble parameter. The above recovers Eq.
server, would converge at the observer. However, thélo) of Ref. [.5] for. x=0. o
expansion tends to work against the bundle of rays converg- The physical distance is given by
ing to a point. If the expansion is rapid enough, the bundle of
rays will have diverging trajectories and then the spherical xzaJ dr(1—«r?)~%2 (7
surface from which the rays originated is said to beaati-
trappedsurface 15]. The spherical surface with a radigg,s
is known as thaninimally antitrapped surfacéMAS) if any
sphere with a larger radius is antitrapped. For inwardly di- . . . .
rected null rays, the divergenag will be positive in anti- The MAS comoving distanc@mas, must give a zero diver-

trappedregions of space. On the other hand@ifs negative gence and so from Ed6) with, for example«=—1

o r2\1/2
H-— M) (6)

ar

=aarcsintir), forxk=-1. (8)

for inwardly directed null rays and positive for outwardly (1+r1,,2)2
directed null rays, the region is callemrmal H———M7 _, (9)
These definitions are convenient when analyzing the weak Al mas

energy condition based on E@l). For example, one can
immediately concludg5] that if an outer normal region
bounds an inner antitrapped region in a not necessarily ho-
mogeneous, spherically symmetric space time, the weak en-
ergy condition would be violated, thus implying negative
energy is required at the boundary of such a configuration.
For the inflation problem, the inner region is modeled as

the putative inflation patciNF) and it is immersed within a H232= K ) (12)
outer backgroundBG) expanding spacetime region. As a Q-1

first approximation, both the INF and BG regions are char- o _ ) )
acterized by FRW metrics of the form Substituting Eq(11) into Eq.(10) gives the solution fok,s
as a function of)<1. A similar equation can be derived for

the closed case & <2) where an upper limit is needed
+r2d92), (20 on ) to ensure that H is smaller than the radius of the
Universe. Therefore, the general MAS size is given by

where x=—1 for an open geometry, O for a flat geometry ( 1 1-Q
and 1 for a closed geometry. The effect of inhomogeneities —Uzarcsim{ \/T), 0<Q<1
in the BG will be considered in Sec. IV. The INF patch 1 (1-Q)
should be homogeneous. In what follov#sand X, will be Xmad 1) =4 1, 0=1
computed for a spacetime characterized by the metric Eq. H
(2). The results below are applicable for both the INF and 1 arcsir( \ /Q_1> 1<O<2.
BG regions, given that the appropriate parameters are used in L (Q— 1)2 Q)
Eq. (2) for the two different spacetime regions. (12
Proceeding with this calculation, the determinant of the A plot of Eq. (12) is given in Fig. 1. As can be seen, the
metric Eq.(2) is size of the MAS becomes arbitrarily large relative to the
) Hubble radius a$)—0.
g=|detg,,)|=a°r*(1-«r?) ~sirty, () The results for the,,sderived above are valid for either

] ) o the INF or BG region. In Ref[5], the caseQ)=1 was
wherey is the polar angle. An incoming light rapull vec-  reated, and our calculation above is consistent with them in

from which we get, using Eq8),
Xmas= a arcsinti(H2a2—1)~%2], (10)

From the Friedman equation

2

dg?= —di?+a? ——

1—kr

tor) is given by this limit. Before proceeding with our analysis for gene®al

1 let us review the results of Ref5] for =1. The back-
a_Trsa_-lcq_  2\12ea ground spacetime in their work is pictured, as for us, as

N a[50 a (1= wr) o], @ evolving in a hot big bang regime. Fét=1 and standard

forms of matter, e.g., radiation, nonrelativistic matter, etc.,
with the divergence of the null rays being the Hubble horizon sets the the scale on which causal pro-
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FIG. 3. A Penrose diagram for local inflation with an embedding
that does not violate the weak energy condition and is not acausal.

region. Based on Ed1) this leads to a violation of the weak

energy condition. Because of this fact, in R&f] they con-

clude that the only way to avoid this violation is to have

xg‘f> 1/H,4 which may be impossible or at least very difficult

o ) to come about through causal processes.

cesses can take place. For definiteness, if we take the back- Although this analysis assumed a homogeneous back-

ground causal horizon size a§’=1/Hyq, then by Eq.(12  ground, the general result of RéE] was that if the infla-

for 0=1, ng:XbmgaS' tionary patch contained a MAS then it must be larger than
Figure 2 shows a Penrose diagram for an embedding thahe background MAS. One of the main aims of this article is

violates the weak energy condition. Here, at the beginning ofo further examine the implications this has for a causal em-

inflation, x',;‘f is represented by line OQ and". is repre- bedding of an inflationary patch.

sented by line OP. An inflating patch is pictured to develop Our first observation is that there is an embedding consis-

within some region inside the backgroufblygon OQRS tent with both causality and the weak energy condition, in

in Fig. 2). In the inflationary patch, they assume a differentparticular

Hubble paramete;,; and assume the size of this patch must , A

bex',?f> 1/H;q¢. This assumption can be justified by requiring XEQ,XLﬂfagxt,“f. (13

the patch to be stable against perturbations and will be dis-_ o ) b e )

cussed further in the next section. By Eg)2) it also implies ~ Sincexy" in Eq. (13) is smaller than?, it implies consis-

x" = 1/H;¢ for Q=1. If the patch is to be set up by causal t€ncy with causality. A region which is smaller than its MAS

processes then we would expect it to be smaller than th@ill have no antitrapped surfaces. Thus in our proposed em-

background Hubble horizor)'<1/H,,. These conditions bedding Eq(13), the INF-BG _t)ou?n?ary is between two nor-

inf ' As such the region mal regions. As such, provided™] o ndary iS sufficiently

combined implyx?%,= 1/Hpg> x> Xt N sutnciently
by inf ; : - smaller thang"’] ,,,nqary, the weak energy condition is satis-
betweerxsandxy” is normal with respect to the BG region fied. One interesting feature of the embedding E®) is

; inf inf : ; g
and the region b.etweext, aNdXpgsis antitrapped with re- that for Q;y<1 it is acceptable fox™>1/H,;.
spect to the inflating patch. Thus an in-going null ray will go As inflation proceeds(), 1 angj sox™ —1/H... One
from a negative divergence region to a positive divergence inflation p vinf— = Al Xmas—* H/Mlint -
of the main features of inflation is that modes of a matter

perturbation become larger than the Hubble radius as the

FIG. 1. A plot of MAS size as function of the density.

B 9 % Universe expands. It follows that eventuabf™>1/H .,
Inflating b X will need to occur. This will not cause violation of the
o weak energy condition provided thef'>xqlat that time.
0 P Q . Figure 3 shows a Penrose diagram of the proposed em-
& bedding. At pointT in the fig;ure,x',;”:xﬁ?aIS and at pointP,

xi‘;‘f=xms. As can be seen the antitrapped region develops in
the patch only after the patch has become greater than the

background MAS.

= There is another embedding which does not violate the
weak energy condition, in this case Q5> 1, but it proves
P B not to be as useful,
FIG. 2. A Penrose diagram for local inflatiéadapted from Ref. X o Xpd < Xi;?f< 1/Hyg. (14

[5]). The arrow(ab) denotes a radially directed null geodesic going _ ) _ _ o
from the normal background space time to the antitrapped spackhis solution is restricted by the upper limit diyy that
time inside the patch. Shading represents antitrapped regions.  gives a lower limit[from Eq. (12)] of xbmgas~0.8/1-|bg for Q)
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=2. As the causal scalggg can be only of the order of the ensemble average of the quantum and/or thermal fluctua-

1H,g, such a large inflationary patch may still be acausal. tions. In supercooled inflation, it is assumed the inflaton is
Additional information about embedding constraints caniSolated, in which casé&=0. Thus no radiation is produced
be obtained through the Israel junction conditidds]. In during inflation and the universe inflates in a supercooled
Refs.[17,18 conditions were derived for the embedding of State. On the other hand, in warm inflation the inflaton inter-
one FRW spacetime within another. The Israel junction conacts with other fields, and thé¢ term is the simplest rep-
ditions require the extrinsic curvature on the background sidéesentation of their effect on the evolution of the inflaton,
of the boundary to be smaller than the extrinsic curvature owvith generallyI’>H. Due to these interactions, radiation is
the patch side of the boundary if the boundary surface energgissipated from the inflaton system into the universe
density is to be positive. It can then be sho\i@,18 that if  throughout the inflation period. In generdl,can vary as a
the energy density of the backgroupgl, is greater than that function of the inflaton field mode to which it is associated,
of the patchp;, the Israel junction conditions can be satis- but herel is treated as a constant.
fied for an inflationary patch of arbitrary size and geometry There are two types of potentidl(¢) in Eq. (15 that
with any background geometry. They also show fay typically are treated in inflationary cosmology, a purely con-
<pins» an embedding consistent with the Israel junction concave potential of the generic fori~m’¢+\¢* and a
ditions andx'< 1/H,, requires the background geometry to double well potential such &g~ (¢?—m?)2. Our discussion

be closed with the geometry of the inflationary patch arbi-to follow will focus of the former type of potential and at the
trary. end we will comment on the case of the double well poten-

tial. Furthermore, for most of our discussion it will be ad-
equate to consider the simplest case of a quadratic potential,
V=3m?¢2. In this case, going to Fourier space where we

An immediate concern with the proposed embedding Eqput the universe in a box
(13) regards the size of the inflationary patch. As far as the
embeQding conditions .are_con.cerned, the.patch size simply (ﬁ(x,t)zz b (e, (16)
must lie below thex,ssline in Fig. 1. In particular, fol);y K
>1 the inflationary patch size must bel/H;,;. However,
for Q,y<1, the inflationary patch size can bel/H;. The  Ed.(15 becomes
primary question which remains is what the minimal initial . . oo 5
inflation patch size can be in order to be dynamically stable kT [3H+ T (t) +a "k (t) + m ¢y (1) =0, (17)
for inflation to commence. For example, if the initial patch is AR .
too small, then large fluctuations initially outside the patchWherek = k| W'th k thg comoving wave vector arida(t)
could enter inside at a rate sufficiently fast to destroy thethe corresponding physical wave vector at titne

inflationary conditions. In this section, the dynamic condi- A necesssry condlt]lf(_)n forl |n|flat|on 'Sdtlhat the £€ero r(r;ode
tions necessary for inflation will be examined for both the $k=0. Must have a sufficiently large and long-sustained am-

scalar field and a background radiation component. plitude so that the potential energy=zm"¢; dominates the
equation of state of the universe, thereby driving inflation.

_ This leads to the familiar slow-roll conditions, which require
A. Scalar field the curvature of the potential to be sufficiently flat so that Eq.
For scalar field driven inflation, the general dynamical(17) for the zero mode becomes first order in time

conditions necessary for a finite spatial patch to initiate and
sustain inflation have been considered in RETs:12] and a _ dV(¢)/dgo
comprehensive review has been given in R&8]. Here the 0 3H+T
requirements addressed in these works, primarily the review
[13], will be systematically examined with emphasis on de- The dynamic initial condition problem is that the above
termining their implications for the minimal initial inflation- requirements should not be too special and in particular
ary pa‘[ch size. Our considerations of scalar field dynamic§hOU|d not violate causality. The most acute initial condition
will generalize those in the above stated works, which fo-Problem discussed in RefL3] and related works is that gen-
cused on supercooled inflationary dynaniit8,20,4, in that  erally the initial inflaton field configuration will be very in-

[ll. DYNAMIC CONDITIONS

(18

here warm inflation dynamid®1] also will be treated. homogeneous, thus considerable contribution of gradient en-
The classical evolution equation for the scalar inflatonergy [(V¢)®] should be present. In its own right, the
field has the general form gradient term for comoving mode has energy densityy
= (k?/2a%) ¢ and equation of statpy=— py/3. From the

oN($) scale factor equation

Sp(x,t)
(15

(X, ) +[BH+T]d(x,t)—a 2V2p(x,t)+

a_ 4mG 2 1
5——T(P+ p), (19

whereI" is a dissipative coefficient, which represents the
effective interaction of the inflaton with other fields. Here the effect of the gradient energy vanishes on the right hand
and belowg(x,t) is a classical real number which contains side. As such, any additional contribution from vacuum en-

063505-4



INFLATIONARY INITIAL CONDITIONS CONSISTENT . .. PHYSICAL REVIEW D 63 063505

ergy still should drive inflation. However, excited modes fective density approximation. Instead, the simulations find
with k/a>3H + 1" not only will possess gradient energy, but that once modes witk/a>H are sufficiently excited, infla-
based on Eq(17) are underdamped. As such, they also haveion generally does not occur or is highly suppressed. Al-
a kinetic energy contributiop;,~ ¢7 , which has an equation though the final conclusion of the effective density approxi-
of statep,,=p,,. If the kinetic energy components of these mation was incorrect, it at least indicated that there is
modes dominates the energy density in the universe, thefontrivial interplay between the inflaton and metric evolution
from Eq. (19) inflation will cease to occur. equations once significant short distance inhomogeneities are
For the case of supercooled inflation, sifite 0, the sim- ~ Present in the inflaton field.
plest way to avoid this problem is to require that modes with [N contrast to the supercooled case, oficeH, the effec-
k/a=H initially should not be excited. In other words, the tivé density approximation indicates that for modes wiith
inflaton field initially should be smooth up to physical scales™k/@>H, there is almost no feedback between the inflaton
larger than~1/H. However, under general conditions, the @nd Friedmann equations. The evolution equation for these
causal size of the preinflation patch also will be of order thénflaton modes is
Hubble radius 1. As such this homogeneity requirement
on the initial inflaton field impinges on being acausal, since .
this condition essentially requires initially smooth conditions Ly (t)=
up to the causal scale.

To treat excited modes witk/a>H in the supercooled

inflation case, the initial condition dynamics are much more2nd in particular is independent Bt This in turn implies all
complicated. A simple analytical method applied to this situ-N€S€ modes are overdamped. As such, they only contribute

ation is the effective density approximation presented jrdradient energy to the equation of state of the universe,
Refs.[7,11] and reviewed in Sec. VII B of Ref13]. In this which alone is ineffective in preventing inflation. Thus up to

approach, the inhomogeneities of the inflaton are treated if'€ Predictions of the effective density approximation, in

determining its evolution, but the effect of these inhomoge_contrast to the supercooled case, in this warm inflation case

neities on the metric is only treated in the Friedmann equaModes withk/a<l1" show little coupling between the inflaton

tion through homogeneous terms that represent the effectiv@d Friedmann equations. It is evident that dynamics with a
gradient and kinetic energy densities as I' ¢ damping term should have qualitative differences for the
initial condition problem compared to the case wiitk- 0. In

2
2
—+m
a2

éw(1), (21)

22 8+G [ 1 1 1 particular, modes of physical wavelength smaller that the
_) =H2=——{ -2+ -mPp2+ = Hubble radius M but larger than 17 could still be substan-
a 3 |2 2 2 tially excited without destroying entrance into inflation. This

implies inflationary patch sizes smaller than the Hubble ra-
n ]_ K dius may be dynamically stable in sustaining inflation and
Pr a2’ based on the results of Sec. Il, they also provide consistent
spacetime embeddings, especially fof;<1. Furthermore,
(200 studies of warm inflatiof21-23, including the first prin-
ciples quantum field theory modg24], generally find that to
For initial field configurations with sufficiently excitekla  obtain adequate inflationany folds, N.=60, it requiresl’
>H modes so that their gradient energies dominate the equas N.m?/H with m=H so thatl' =NH and thus I <1/H.
tion of state of the universe, the effective density approximaas such, for warm inflationary conditions this simple analy-
tion indicates the Friedmann and inflaton evolution equationsis suggests that the smoothness requirement on the initial
are highly coupled. In particular, the Hubble parameter willinflationary patch is at scales much smaller than the Hubble
be dominated by the gradient energy term and this will actadjus 1H, which therefore imposes no violation of causal-
back on the inflaton evolution through théi® term. Fur- ity.
thermore, the initially large gradient terms also can in turn These considerations can be extended to the more com-
induce large kinetic energy in the modes. The outcome founglicated situation where the inflaton evolution equation has
in [7,11,13 (see also Refl9]) for this case is that the uni- nonlinear terms, such as th# interaction term. For super-
verse expansion is noninflationary. On the other hand, for theooled inflation, the effect of such interactions has been con-
excitedk/a>H modes with smaller amplitudes, their evolu- sidered from the perspective of mode mixing for some spe-
tion will be oscillatory and once again the universe expan<ial cases in Ref§8,9] and through computer simulations of
sion is noninflationary. For either of these two possibilities,scalar fields in one spatial dimension in R¢fs0,11. Up to
this approximation method finds that after an initial period ofthe scope of these works, their analysis concludes that non-
detaining the universe in a noninflationary regime, the effectinear interactions do not present any additional complica-
of these higher modes becomes negligible. At this point thdions to the initial condition problem. For the warm inflation
remaining vacuum energy dominates and eventually inflatiorwase, this conclusion can be stated in more general terms. In
proceeds. particular, the dissipative coefficieRtcompletely damps the
Numerical simulation$10,11] which exactly treat the ef- evolution, thus suppressing mode mixing, of all modes with
fects on the metric due to the inhomogeneities in the inflatork/a<I'. As such, initially excited modes witk/a<I" will
field, in fact, do not support this final conclusion of the ef- evolve independently within the time scales relevant to the

42 2| 42
it | 5t m" | Py

3

k2
a?
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initial period when inflation begins. The only effect of ex- figuration is reasonably smooth and is sustaining a sizable
cited modes withk/a<T is to contribute gradient energy to vacuum energy of magnitude

the equation of state of the universe, and this alone is inef- by

fective in suppressing inflation. Therefore, provided the in- Po=Pr”- (22)
flaton field also initially maintains some vacuum energy, no

aspect of the inflaton’s dynamics in the early period acts tQ > = ) : . L .
P y yPp tains itself, inflation will begin in the patch. However at this

circumvent entrance into the inflation phase. moment, there could be large energy fluctuations in the ra-
Although the above discussion addressed the main im- ' 9 gy

pediment in scalar field dynamics that can prevent inflationdlatlon bath or other fields that are just outside the putative

L Inflationary patch. One would like to understand how prob-
there are a few smaller concerns worth mentioning here. Ong

; . o I . . ble it is for such a situation to curtail the inflation that had
detail treated in Ref[13] is inflaton initial conditions with

L o . started in the patch.
large kinetic energy. For =0, it is shown in Ref[13] that To answer this question based solely on causality consid-

this problem is self-correcting, and so should not pose a Masrations, one should consider the case of a perturbation start-
jor barrier in entering into the inflation phase. AorH, the ing on the patch boundary and moving across the patch at the
severity of this problem diminishes further since this damp-speeq of light, and make the extreme assumption that as the
ing term is an additional effect that helps suppress the initiahertyrbation overruns regions of the inflation patch, those
kinetic energy. Another secondary detail is that above Wgegions convert back to being noninflating. The question is
only tréeatecg goncave potentials. For double well potentialsynhat minimal initial inflationary patch size is needed so that
V~(¢°—m)*, as in the case of new inflatig@0], inflation  jt5 expansion under inflation is faster than its contraction due
requires the field to be well localized at the top of the potenyg the impinging perturbations. For the case of flat geometry
tial hill =0 and almost at rest. These requirements arg)—1 this question was addressed in REf3] and they
necessary, otherwise as found in various Stufigs, the  concluded that the patch size should be at least 3 times the
field can easily break up into several small domains withyypble radius in order for inflation to succeed in enlarging
randomly varying signs of the amplitude. For the superhe patch. For a generél, we can address this question by
cooled case, new inflation, the basic conclusion about thgyajyating the maximum distance a perturbation can travel in

initial conditions required for inflation has been that they arey,o patch between the initig] and finalt; time of inflation
not very robust[25,26,13. The inclusion of a dissipative

term I'>H will not necessarily improve this situation. On t¢

the one hand, such a term helps considerably to damp kinetic Xpert= a(t)J a 'dt. (23
energy, thus allowing the inflaton to remain at the top of the f

hill longer and drive inflation. On the other hand, if SUCh.aNote that sincex is growing rapidly, there is negligible error

damping term arises too early before inflation is to begln,in taking t;— which impliesx,e, essentially is the event

since it freezes the evolution of excited inflaton modes, ithorizon We have examined E(@3) for a variety of super-

could prevent the initial inflaton field configuration from . : )
equilibriating to=0. cooled and warm inflation models and generally fid,

Finally in the above discussiofif#0 generally repre- = Xmas-

: ) : Thus in the most ideal case, an inflationary patch smaller
sented warm inflation dynamics, although even for super: . .
. o A . than the event horizon cannot be stable. Here an important
cooled inflation, if radiation is present at the onset of infla-

. ; . : point of syntax should be noted, that the generic size here is
t|<_)n, such as in t_he nev[/20_] and the_rmal[27] inflation the event horizon and not the Hubble radius, although for the
pictures, the effective evolution of the inflaton could have

) . - . aflat casef{)=1, both are of the same order. The above is the
damping term of the fornl"¢. Since our focus is on the

N X A . ideal bound based on causality. However, realistic dynamics
initial phase at the onset of inflation, it is possible the effectyiso must be considered.

of such damping terms also may be applicable to the initial  one case which corresponds to external perturbations en-

condition problem in some supercooled inflation models.  tering into an initially inflating patch is the case treated in
Sec. Il A of the mixing of high wave number modes. For the
inflaton field interacting with itself or with other fields, we

argued above that if a dissipative term of the fthEj) is
So far we only considered the inflaton field system, but inpresent in the inflaton effective evolution equation, then
addition the universe could possess some background corfnode mixing up to wave numbeilga<T' will not occur
ponent of radiation energy densipf®. To realize inflation,  within the time scale relevant to the initial condition prob-
minimally it requires the vacuum energy dengityto domi-  lem.
nate in the patclp?g<pv. If initially p?g is larger thanp,, In terms of the radiation bath, suppose a small vacuum
expansion of the universe will redshift the radiation. Thusdominated inflationary regime emerges, which is immersed
provided the vacuum energy sustains itself during this earlynside a larger region containing radiation and gradient en-
period, inflation eventually will start. This is the standard ergy density. Since the inflationary patch has negative pres-
new and warm inflation pictures. sure, the surrounding radiation will flow into it. The degree
One could imagine that in some small patch inside ao which the pressure differences are significant to this pro-
larger causally created spatial region, the inflaton field coneess depends on the magnitudes of the radiation, gradient

s the universe expandz%’g decreases and provideq sus-

B. Radiation component
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and vacuum energies in both regions as well as detailed dyellows that if the background is gradient dominated our
namical considerationgl7,28.1 Nevertheless, suppose the causal embedding scheme will be viable, whereas our
radiation tries to become uniform over the entire region, in-scheme fails if the kinetic term dominates. However, the ki-
cluding the patch. Since the patch started to inflate, it meametic energy of the scalar field will be suppressed if the dis-
that initially pUZp?g. As time commences, provideg, re-  sipative coefficienl” of Sec. Il is sufficiently large. This is
mains constant, since expansion of the background will dealready required inside the putative inflation patch in order to
creasep™, it means the amount of radiation that flows into realize inflation. Thus, it is not unreasonable to exgedn

the inflationary patch will be less than . Thus irrespective the background region to be of the same magnitude.

of whether the inflaton dynamics is supercooled or warm, the

patch should sustain a type of warm inflation due to this V. CONCLUSION

influx of radiation from the regions that surround it. i ) ) L .
A thorough understanding of the initial condition dynam- This paper has investigated the initial condition problem

ics in the presence of a background radiation component g inflation from the perspective both of spacetime embed-

complicated. To our knowledge, no quantitative analysis hading and inflaton dynamics. Our study has highlighted two

been done along these lines. The rev[@®] only illustrated attributes of th_ls problem which havge not been qddressed in
the problem with the example quoted above Ex) based ofuher works. First, from the perspective of spacetime embed-
on causality considerations but offered no dynamical exding, we have observed that the global geometry can play an
amples with respect to a background radiation componen{mporta”t role in determining the size of the initial inflation-

Here we have offered one scenario where the backgroundy patch that is consistent with the weak energy condition.

radiation component should not prevent inflation from occur->€¢ond, from the perspective of inflaton dynamics, we have

ring. In particular, this example demonstrates that causalitpoted that d"¢ damping term could alleviate several prob-
bounds on the rate at which radiation or other energy fluclems which traditionally have led to large scale homogeneity
tuations enter the patch are not the only aspect of this progequirements before inflation.
lem. In addition, the magnitude of the entering radiation The purpose of this paper was to note for both these at-
must be adequately large to overwhelm the vacuum energytibutes, their salient features with respect to the initial con-
We have offered arguments above that indicate this lattedlition problem. In the wake of this, several details emerge
requirement is not generic. that must be understood. Below, we will review the main
result we found for both attributes and then discuss the ques-
tions that must be addressed in future work.
For a causally generated patch a successful embedding
As discussed in Sec. Il, a causally favorable embeddingan be achieved if the patch does not contain an antitrapped
requires the inflationary patch to start smaller than the backregion. We have shown that the MAS size can be arbitrarily
ground MAS and then grow larger than it. A minimum con- larger than the Hubble scale providddl is made small
dition for this to happen is that the particle horizon of theenough. So if the patch Hubble horizon is taken as the mini-
background eventually becomes greater than the backgroumdum stable patch size, then the patch does not have to con-

IV. DYNAMICAL EFFECTS ON EMBEDDING

MAS. tain an antitrapped region ;:<1. This generalizes the
For p=wp, the particle horizon is given bj29] analysis of Ref[5] which was only forQQ=1. However,
without the effects of damping, it appears that the event ho-
1 (1 dx rizon, not the Hubble horizon, is the minimum stable patch
d(t)= ﬁf 5 Erwry (24 size. For the de Sitter case one can see analytically that the
0 {XT1-Q(t)]+O(t)x } event horizon is equal to the MAS size regardles$loand

numerical calculations suggest the same is true for power
Comparing this equation with E(L2) it can be seen that the law inflation. However, radiation damping of perturbations
particle horizon will only become greater than the MAS if could stabilize a patch smaller than the event horizon. In this
w<1/3. This condition was also noted in R¢80] from a  case an open geometry for the patch would allow the patch
slightly different perspective. There the patch was taken tgot to contain an antitrapped region and thus allow a causal
start larger than the background MAS. embedding in an expanding background which does not vio-
It follows that our proposed embedding will not work for |ate the weak energy condition. Eventually the patch should
a pure radiation background which has-1/3. However, in  develop a MAS within it, but by then it could have expanded
general the background will consist of radiation and an in+o be larger than the background MAS.
homogeneous scalar field. As discussed in Sec. lll, the gra- For the dynamics problem, with respect to the scalar field

dient energy of the scalar field has= —1/3 and the poten-  he pew consideration was the effect of & damping term.
tial energy has»=—1 while the kinetic energy has=1.1t  \ye found that such a term could suppress many of the ef-
fects from initial inhomogeneities of the inflaton, which in
studies traditionally done without this term lead to important
IThe dynamics involves viscosity effects at the interface betweedmpediments to entering the inflation regime. It appears evi-
the inflation and background regions. This viscosity is unrelated tglent that inclusion of such a damping term will lead to quali-
the dissipative coefficienf in Sec. Ill A, which represents the tative differences in the initial condition problem. The most
damping of the scalar field amplitude within the inflationary patch.interesting outcome is initial inflationary patches smaller
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than the Hubble radius B/ may be able to inflate. merged inside a larger radiation dominated spatial region.

This paper examined the consequences of damping tern@@ur main observation has been that the minimal condition
but did not delve into their fundamental origin. For the cos-for the patch to inflate is that its vacuum energy density must
mological setting, such damping terms are typically associbe larger than the background radiation energy density. Pro-
ated with systems involving a scalar field interacting withvided the vacuum energy sustains itself, since expansion of
fields of a radiation bath. In this case, such damping termghe universe will dilute the radiation energy density, it is not
have been found in first principles calculations for certainclear cut that the external radiation energy can act with suf-
warm inflation modelg24], although more work is needed ficient magnitude to impede inflation inside the patch.
along these lines. It is worth noting here that in the early We have shown that the gradient terms, due to the inho-
stages of certain supercooled inflaton scenarios where radiaogeneous scalar field in the background spacetime, make it
tion is present, in particular nef20] and therma[27] infla-  possible for the patch boundary to overtake the background
tion, a careful examination of the dynamics may revealMAS. However, the kinetic energy of the scalar field must
damping terms similar to this. Since the initial stages are th@ot be dominant for this to happen. This can be ensured by
crucial period for the initial condition problem, if further including a damping term in the scalar field equation.
study supports the importance of such damping terms, it may
be useful to better understand damping effects also in such
scenarios.

Since the most suggestive situation for the damping terms We thank Robert Brandenberger, David Hochberg, and
is where in addition a radiation component is present in th&fanmay Vachaspati for helpful discussions. C.G. also would
universe, in Sec. llIB we also studied the effects of thislike to thank his colleagues in the Relativity and Cosmology
component on the initial condition problem. Specifically we Group for helpful discussions and in particular Roy Maartens
studied the case most suggestive for the initial stages of nefor detailed comments and he acknowledges the support of
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