n phpgical  cosmology, cosmic inflation,

cosmological inflation, or just inflation s the
exponential expangion of space itn the early uniberse.
@The inflationary epoch lasted from 10-36 geconds
after the Big WBang to sometime between 10—33 and
10—-32 seconds. Jfollowing the inflationary period, the
@Aniverge continues to expand, but at a [ess accelerated
rate.[1]

@The inflationary bhppothesis twas debeloped in the
1980s by physitists Alan Guth and Andrei Linde.[2]
It explaing the origin of the large-scale structure of
the cosmos. Quantum fluctuations in the microscopic

inflationary region, magnified to cogmic sise, become
the seeds for the grotwth of structure in the Wniverse
(see galaxp formation and ebolution and structure
formation).[3] Many physicists also believe that
inflation explaing why the @niverse appears to be the
game in all divections (isotropic), why the cosmic
microwabe background radiation is distributed evenly,
twhy the @niverse is flat, and why no magnetic
monopoles habe been obgerbed.

Yhile the detailed pacticle phpsics mechanism
respongible for inflation is not Enolwn, the Dbasic
picture makes a number of predictions that habe been
confirmed by obserbation.[4][5] The hypothetical field
thouaht to be rvegpongible for inflation is called the
inflaton.[6]




n expanding universe generally has a

cosmological horizon, which, by analogy with the more
familiar horizon caused by the curbature of the Earth's
surface, marks the boundary of the part of the
@niverse that an obgerber can see. Light (or other
radiation) emitted by objects bepond the cosmological
borizon neber veaches the obserber, because the space
in bettueen the obgerber and the object (s expanding too
rapidly. BHistory of the Universe - grabitational wabes
are hypothesized to arige from cogmic inflation, a
faster -than-light expansion just after the BWig Bang
(17 March 2014).[7][8][9]

@he obserbable universe is one causal pateh of a much
larger unobgerbable uniberse; there are parts of the
@nibverse that cannot communicate with us pet. These

parts of the Aniverge are outside our current
cogmological horison. In the standard hot big bang
model, without inflation, the cosmological horizon
mobes out, bringing netw regions into biet[citation
needed]. Pet as a local obserber sees these regions for
the firgt time, thep look no different from anp other
region of space the local obserber has alveady seen:
they babe a background rvadiation that ig at nearly
exactly the same temperature as the background
radiation of other regions, and their space -time
curbature is ebolbing lock -step with ours. This
presents a mystery: hoto did these netw regions know
twhat temperature and curbature thep were supposed to
have? Thep couldn't have learned it by getting signals,
because thep twere not in communication twith our past
light cone before.[10][11]




nflation angiwers this question by postulating

that all the reqions come from an earlier era with a big
pacuum energyp, or cogsmological constant. @ space with
a cosmological constant is qualitatibely diffevent:
instead of mobing outtward, the cosmological horizon
stapg put. Jfor anp one obserber, the distance to the
cosmological horizon ig constant. Bith exponentially
expanding space, tiwo nearby obserbers ave separated
bery quickly; so much so, that the distance bettoeen
them quickly exceeds the limits of communications.
The gpatial slices are expanding bery fast to cober
huge bolumes. Things are constantly mobing bepond
the cosmological horison, which (s a fixed distance
atvap, and eberpthing becomes homogeneous bery
quickly.

As the inflationary field slowly relaxes to the bacuum,
the cosmological constant qoes to sero, and space

>
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beging to expand normally. The netw regions that come
into biew during the normal expangion phase are
exactly the same reqions that were pushed out of the
borizon during inflation, and so thep are neceggarily at
nearly the same temperature and curbature, because
they come from the same little patch of space.

@he theory of inflation thus explains why the
temperatures and curbatures of different regions are
g0 nearly equal. 3t also predicts that the total
curbature of a space -slice at constant global time s
sern. This prediction implies that the total ordinary
matter, dark matter, and regidual bacuum energy in
the Wniverse have to add up to the critical density, and
the ebidence strongly supports this. More strikingly,
inflation allotws phpsicists to calculate the minute
differences in temperature of different regions from
gquantum fluctuations during the inflationary era, and
many of these quantitatibe predictions babe been
confivmed.[12][13]




pace expands

@o sap that space expands exponentiallp means that tiwo inertial obserbers are mobing farther apart with accelerating
velocity. In stationary coordinates for one obgerver, a pateh of an inflating universe has the following polar

metric:[14][15]

3872 = - (1- \Lambda t2) \, 72 + {1\ober 1 -\Lambda r/2} \, b2 + 72\, B\Omega’2.

This is just like an ingide -out black hole metric—it
bag a sero in the dt component on a fixed radius sphere
called the cosmological horizon. @bjects are drawn
atway from the obgerber at r=0 towards the
cosmological horizon, which they crogs in a finite
proper time. This means that any inhomogeneities are
smoothed out, just as any bumps or matter on the
surface of a black hole horizon are swallowed and
digappear.

Since the space—time metric has no explicit time
dependence, once an obhserber has crossed the
cosmological horizon, obgerbers closer in take its
place. This process of falling outward and replacement
points cloger in are alwaps steadily replacing points
furtber out—an exponential expansion of space—time.

This steady -state exponentially expanding spacetime
is ralled a de Sitter space, and to sustain it there must
be a cosmological constant, a bacuum energy
proportional to \Lambda eberpwbhere. In this case, the
equation of state i \! p=-\rbo. The phpsical
conditions from one moment to the next are stable: the
rate of expansion, called the Bubble parameter, is
nearly constant, and the scale factor of the Eniverse is
proportional to e~ {Bt}. Inflation is often called a

period of accelevated expansion becauge the distance
bettueen tivo fixed obserbers is increasing
exponentially (i.e. at an accelerating vate as they mobe
apart), while \Lambda can stap approximately
constant (see deceleration parameter).

Afetw inhomogeneities remain

Cosmological inflation bas the important effect of
smoothing out inhomogeneities, anisotropies and the
curbature of space. This pushes the Universe into a
bery simple state, in which it is completely dominated
by the inflaton field, the source of the cogsmological
congtant, and the only significant inhomogeneities are
the tiny quantum fluctuations in the inflaton. Inflation
algo dilutes exotic heaby particles, such as the
magnetic monopoles predicted by many extensions to
the Standard Model of particle physics. If the
@niverse was only hot enough to form such particles
before a period of inflation, they would not be obgerbed
in nature, as they would be go vave that it {s quite
likelp that there are none in the obserbable unibverse.
@ogether, these effects are called the inflationary "no-
hair theorem"[16] by analogy iwith the no hair theorem
for black holes.




be "no-hair" theorem works essentially

because the cosmological horizon is no different from a
black -hole horison, except for philogophical
disagreements about what is on the other sidve. The
interpretation of the no-bair theorem (s that the
@niverse (obgerbable and unobgerbable) expands by
an enormous factor during inflation. In an expanding
uniberge, energy dengities generally fall, or get
diluted, as the bolume of the niverse increases. For
example, the density of ordinary "cold" matter (dust)
aoes doton as the inberge of the bolume: when linear
dimensions double, the energy density goes doton by a
factor of eight; the radiation energy density qoes dotun
eben more rapidly as the Aniberse expands since the
twabvelength of each photon is stretched (vedshifted), in
abdition to the photons being dispersed by the
expansion. When linear dimensions are doubled, the
energy dengity in vadiation falls by a factor of sixteen

(gee the solution of the energy density continuity
equation for an ultra-rvelativistic fluid). BDuring
inflation, the energy densgity in the inflaton field is
roughly constant. Hotwever, the energy density in
eberpthing elge, including inhomogeneities, curbature,
anigotropies, exotic particles, and standard -model
particles is falling, and through sufficient inflation
thege all become negligible. This (eabes the niverse
flat and spmmetric, and (apart from the homogeneous
inflaton field) mostly empty, at the moment inflation
ends and rebeating begins.[17]

Kep requirement

4 kep requirement is that inflation must continue long
enough to produce the present obgerbable universe
from a gingle, small inflationary Bubble bolume. This
is necessary to ensure that the @niverse appears flat,
bomogeneous and isotropic at the laraest sbhserbable
srales. This requirement is generally thought to be
satigfied if the Aniverse expanded by a factor of at
[east 1026 during inflation.[18]




eheating

Inflation is a period of supercooled expansion, when
the temperature drops by a factor of 100,000 or so.
(The exact drop is model dependent, but in the first
models it was typically from 10273 doton to
1022%.[19]) This relatively low temperature is
maintained during the inflationary phase. When
inflation ends the temperature veturns to the pre-
inflationary temperature; this is called rebeating or
thermalization becausge the large potential enevqy of the
inflaton field decaps into particles and fills the
@niverse with Standard MHodel particles, including
electromagnetic radiation, starting the radiation
dominated phase of the Universe. Because the nature
of the inflation is not knoton, this process is still

poorly understood, although it is beliebed to take place
through a parametric resonance.[20][21]

otibations

Inflation resolbes several problems in the Big Bang
cosmology that were discobered in the 1970s.[22]
Inflation was first digcobered by Guth while
inbestigating the problem of twhy no magnetic
monopoles are seen today; he found that a positive -
enerqay falge bacuum would, according to general
relatibity, generate an exponential expansgion of space.
It was very quickly vealised that such an expangion
would resolbe many other long -standing problems.
These problems avige from the obgerbation that to look
like it does today, the Aniverse would habe to habe
started from bery finelp tuned, or "gpecial" initial




onditions at the Wig Wang. Inflation attempts to

resolbe these problems by probiding a

dynamical mechanism that drives the Aniverse to this
sperial state, thus making a universe like ours much
more [ikelp in the context of the Big Wang theory.

orizon problem

Main article: BHorizon problem

The horizon problem is the problem of determining
why the Aniverse appears statistically homogeneous
and isotropic in accordance with the cosmological
principle.[23][24][25] Ffor example, molecules in a
canister of gag ave digtributed homogeneously and

isotropically because thepy ave in thermal equilibrium:
aas throughout the canister has had enough time to
interact to diggipate inhomogeneities and anisotropies.
@The situation is quite different in the big bang model
without inflation, because grabitational expansion does
not give the early uniberse enough time to equilibrate.
In a big bang with only the matter and radiation
knoton in the Standard Model, two widely separated
regiong of the obgerbable uniberse cannot habe
equilibrated because they mobe apart from each other
faster than the speed of light—thus habe neber come
into causal contact: in the history of the Aniverse, back
to the earliest times, it bas not been possible to send a
light signal bettween the tiwo regions. WBecause they




abe no intevaction, it ig difficult to explain why

they babe the same temperature (are thermally
uniberge expands much more quickly than physgical
[enaths and so points that are out of communication
are coming into communication. Historicallp, two
proposed solutions twere the Phoenix universe of
Georges Lemaitre[26] and the velated oscillatory
universe of Richard Chage Tolman,[27] and the
Mixmaster universe of Charles Misner.[24][28]
Pemaitre and Tolman proposed that a universe
undergoing a number of cpcles of contraction and
expansion could come into thermal equilibrium. Their
models failed, hotweber, because of the buildup of
entropy over several cpcles. Misner mabde the
(ultimately incorvect) conjecture that the Mixmaster
mechanism, twhich made the niverse more chaotir,
could [ead to statistical homogeneity and isotropy.

equilibrated). This is because the Bubble radius in a
radiation or matter -dDominated

[atness problem

Another problem is the flatness problem (which is
sometimes called one of the Dicke coincidences, with
the other being the cosmological constant
problem).[29][30] Ft had been knotun in the 1960s that
the dengity of matter in the Aniverse was comparable
to the critical dengity necessary for a flat universe (that
is, a uniberse whoge large scale geometry is the usual
Cuclidean geometry, rather than a non-Cuclidean
hyperbolic or spherical geometry).[31]:61




berefore, regardless of the shape of the universe

the contribution of gpatial curbature to the expangion of
the Aniverse could not be much greater than the
contribution of matter. But as the Aniberse expands,
the curbature redshifts atvapy more slowly than matter
and radiation. Extrapolated into the past, this presents
a fine -tuning problem becauge the contribution of
curbature to the Aniberse must be exponentially small
(sixteen orders of magnitude less than the density of
radiation at big bang nucleosynthesis, for example).
@his problem is exacerbated by recent obserbations of
the cosmic microwabe background that habe
demonstrated that the Aniverse is flat to the accuracy
of a fetw percent.[32]

agnetic-monopole problem

@he magnetic monopole problem (sometimes called the
exotic-relics problem) saps that if the early uniberse
fwere bery hot, a lavge number of bery heaby[twhy?],
stable magnetic monopoles would be produced. This is
a problem with Grand Tnified Theories, which
proposges that at high temperatures (such as in the
early universe) the electromagnetic force, strong, and
tweak nuclear forces are not actually fundamental
forces but arige due to spontaneous symmetry
breaking from a single gauge theory.[33] These
theories predict a number of heaby, stable pacticles that
babe not pet been obgerbed in nature. The most
notorious is the magnetic monopole, a kind of stable,
heatp "knot" in the magnetic field.[34][35] Monopoles
are expected to be copiously produced in Grand Unified
Theories at high temperature,[36][37] and they should
babe persisted to the present dap, to such an extent that
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bep twould become the primary constituent of the

@niverse.[38][39] Mot onlp is that not the case, but
all searches for them habe failed, placing stringent
[imitg on the dengity of velic magnetic monopoles in the
@niverse.[40] & period of inflation that occurs belotv
the temperature where magnetic monopoles can be
produced would offer a possible resolution of this

Bigtory

In the early daps of General Relativity, Albert
Eingtein introduced the cosmological constant to allotw
a static solution, which was a three -dDimensgional
sphere with a uniform density of matter. & little later,
Willem de Sitter found a highly spmmetric inflating

vy Yk

SURIAT SN
problem: monopoles would be geparvated from each
other ag the @Aniverse around them expandsg,
potentially lotwering their obgerbed density by many
orders of magnitude. Though, as cosmologist Martin
Rees has written, " Skeptics about exotic physics
might not be hugely impressed by a theovetical
argument to explain the abgence of particles that are
themselves only hppothetical. Preventive medicine can

readily seem 100 percent effective against a disease
that doesn't exist!"[41]

recursors

unibverse, Wwhich degcribed a uniberse with a
cosmological congtant that is otherwise emptp.[42] It
twas discobered that Einstein's solution is unstable,
and if there are small fluctuations, it ebentually either
collapses or turns into de Sitter's.




n the earlp 1970s Zelbobich noticed the serious

flatness and horison problems of big bang cosmoloqy;
before bhis work, cosmology was presumed to be
spmmetrical on purely philogophical grounds.[citation
needed| In the Soviet Union, this and other
considerations [ed Belingki and Kpalatnikob to
analpse the chaotic BRL singularity in General
Relativity. Misner's Mixmaster universe attempted
to uge this chaotic behabior to solbe the cogsmological
problems, with limited success.

In the late 19703, Sidnep Coleman applied the
ingtanton technigques developed by Alexander
Polpakob and collaborators to studp the fate of the
falge bacuum in quantum field theory. Like a
metagtable phase in statistical mechanics—water
belotw the freesing temperature or abobe the boiling

point—a quantum field would need to nucleate a large
enough bubble of the netw bacuum, the netw phase, in
order to make a trangition. Coleman found the most
likely decap pathtwap for bacuum decap and calculated
the inverse lifetime per unit bolume. He eventually
noted that grabitational effects would be siqnificant,
but he did not calculate these effects and did not apply
the regults to cosmology.

n the Sobiet Union, Alexei Starobinsky noted

that quantum corrections to general velatibity should be
important in the early universe. These generically lead
to curbature -squared corrections to the Einstein—
Bilbert action and a form of {(B) modified grabity.
@he solution to Einstein's equations in the presence of
curbature squared terms, when the




urbatures are large, leads to an effectibe

cosmological constant. Therefore, he proposed that the
early uniberse went through a de Sitter phase, an
inflationary era.[43] This resolbed the problems of
cosmologp, and [ed to gpecific predictions for the
corrections to the microwabe background vadiation,
corrections that were calculated in detail shortly
aftertoards.

arly inflationary models

Aecording to Andrei Linde, the earliest theory of
inflation was proposed by Erast Gliner (1965) but the
theorpy was not taken seriously except by Andrei

In 1978, Zelvobich noted the monopole problem, twhich
was an unambiguous quantitative bergion of the
borizon problem, this time in a faghionable subfield of
particle phpsics, tobich [ed to seberal speculatibe
attempts to resolbe it. In 1980, working in the west,
Alan Guth vealized that false bacuum decap in the early
universe would solbe the problem, leading him to
propoge scalar driven inflation. Starobingky's and
Guth's scenariog both predicted an initial deSitter
phase, differing only in the details of the mechanism.

Sakbarob, 'twho made an attempt to calculate density
perturbations produced in this scenario." [44]
Fnvependently, inflation was proposed in January
1980 by Alan Guth as a mechanism to explain the




onexistence of magnetic monopoles;[45][46] it was

Guth twho coined the term "inflation".[2] At the same
time, Starobinsky argued that quantum corrections to
grabity twould replace the initial singulavity of the
@nibverse with an exponentially expanding deSitter
phase.[47] In October 1980, Bemosthenes Kazanas
sugaested that exponential expansgion could eliminate
the particle horizon and perbaps solve the horizon

The phpsical size of the Bubble radius (solid line) as a

function of the linear expansion (scale factor) of the

uniberse. During cosmological inflation, the Bubble
radiug is constant. The physical wavelenath of a

problem,[48] while Sato suggested that an exponential
expangion could eliminate domain walls (another kind
of exotic relic).[49] In 1981 Einhorn and Sato[50]
published a model similar to Guth's and showed that it
twould resolbe the pussle of the magnetic monopole
abundance in Grand Unified Theories. Like Guth,
they concluded that such a model not only required fine
tuning of the cosmological constant, but also would
bery likelp lead to a much too granular uniberse, i.e.,
to lavge density bariations resulting from bubble wall
colligions.

perturbation mode (dashed line) is also shotwn. The
plot illustrates howo the perturbation mode grotws
[avger than the horizon during cosmological
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Inﬂatinn before coming back ingide the horizon, which

arows rapidly during radiation domination. If
cogsmological inflation had neber happened, and
radiation domination continued back until a
arabitational singularity, then the mode twould neber
babe been outside the horison in the bery early
uniberge, and no causal mechanism could habe ensured
that the uniberse was homogeneous on the scale of the
perturbation mobde.

Guth proposed that as the early uniberse cooled, it was
trapped in a false bacuum twith a high energy density,
which is much like a cogmological congtant. As the

bery early uniberse cooled it was trapped in a
metastable state (it was supercooled), twbhich it could
only decay out of throuah the process of bubble
nucleation bia quantum tunneling. Bubbles of true
bacuum spontaneously form in the sea of false bacuum
and rapidly begin expanding at the speed of light. Guth
recognised that this model twas problematic because the
model did not veheat properly: when the bubbles
nucleated, they did not generate any radiation.
Raviation could only be generated in collisions
between bubble walls. But if inflation lasted long
enough to solve the initial conditions problems,
colligionsg betiween bubbles became exceedingly rarve.
In anp one causal patch it is likelp that only one
bubble will nucleate.




[otw -voll inflation

The bubble colligion problem was solved by Andrei
Linde[51] and independently by Andreas Albrecht and
Paul Steinhardt[52] in a model named new inflation
ot slotw-roll inflation (Guth's model then became
knoton as old inflation). In this model, instead of
tunneling out of a false bacuum state, inflation
occurred by a scalar field volling down a potential
energy hill. Phen the field rolls very slowly compared
to the expansion of the @niverse, inflation orcurs.
Hotweber, when the hill becomes steeper, inflation ends
and rebeating can occur.

Cffects of aspmmetries

Ohbgerbational statug

Chentuallp, it was shoton that netw inflation does not
produce a perfectly spmmetric uniberge, but that tiny
quantum fluctuations in the inflaton are created. These
tiny fluctuations form the primordial seeds for all
structure created in the later uniberse.[53] These
fluctuations were first calculated by Piatcheslab
Mukbhanoh and &. Y. Chibisob in the Soviet Union
in analysing Starobingky's similar model.[54][55][56]
In the context of inflation, thep were worked out
independently of the work of Mukbanob and Chibisob
at the three -week 1982 RNuffield Workshop on the
Yery Carly Aniverse at Cambridae Unibversity.[57]
@The fluctuations were calculated by four groups
tworking separately ober the course of the tworkshop:
Stephen Hatwking;[58] Starobinsky;[59] Guth and
So-Boung Pi;[60] and Fames M. Bardeen, Paul
Steinhardt and Michael Turner.[61]




nflation is a mechanism for vealising the

cosmological principle, which is the bagis of the
standard model of physical cogsmology: it accounts for
the bomogeneity and igsotropy of the obgerbable
universe. In addition, it accounts for the observed
flatness and abgence of magnetic monopoles. Since
In adbdition, inflation predicts that the structures
pigible in the niberse todapy formed through the
grabitational collapge of perturbations that twere
formed ag quantum mechanical fluctuations in the
inflationary epoch. The detailed form of the spectrum
of perturbations called a nearly -scale -inbariant
Gausgian random field (or Barvison—Zel'dobich
spectrum) (s bery specific and has only two free
parameters, the amplitude of the spectrum and the
gpectral index, which measures the slight debiation
from scale inbariance predicted by inflation (perfect
seale inbaviance corvesponds to the idealized de Sitter

Guth's early work, each of these obserbations has
receibed further confivmation, most impressively by the
detailed obserbations of the cogmic microwabe
background made by the Wilkingon Microwabe
Anigotropy Probe PMAP) spacecraft.[12] This
analpsis shows that the Aniverse is flat to an accuracy
of at [east a fetw percent, and that it is homogeneous
and igotropic to a part in 100,000.

universe).[62] Inflation predicts that the obserbed
perturbations should be in thermal equilibrium with
each other (these ave called adiabatic or isentropic
perturbations). This structure for the perturbations
has been confirmed by the WMAP spacecraft and
other cosmic microtvabe background experiments,[12]
and galaxy surbeps, especially the ongoing Sloan
Digital Sky Survey.[63] These experiments have
shoton that the one part in 100,000 inhomogeneities
obgerbed habe exactly the form predicted by theorp.
Moreober, there is ebidence for a slight debiation from




cale inbariance. The spectral index, ns is equal to

one for a gcale-inbariant spectrum. The simplest
models of

inflation predict that this quantity is bettween 0.92 and
0.98.[64][65][66][67] FFrom the data taken by the
WMAP spacecraft it can be inferred that ng = 0.963
+ 0.012,[68] implying that it differs from one at the
[etrel of ttuo standard debiations (20). This is
congidered an important confirmation of the theory of
inflation.[12]

A number of theories of inflation have been proposed
that make vadically different predictions, but they
aenerally babe much more fine tuning than is
necegsary.[64][65] ds a physical model, hotveber,
inflation is mogt baluable in that it vobustly predicts
the initial conditions of the niverse based on onlp tivo
avdjustable parameters: the spectral index (that can only

change in a small vange) and the amplitude of the
perturbations. Except in contrived models, this is true
regardless of hoto inflation is realised in particle
phpsirs.

Occagionally, effects are obgerved that appear to
contravict the simplest models of inflation. The first -
pear WMHAP data suggested that the spectrum might
not be nearly scale -inbariant, but might instead habe a
slight curbature.[69] PBotweber, the third -pear data
rebealed that the effect was a statistical anomaly.[12]
Another effect has been remarked upon since the first
togmic microtwabe background satellite, the Cosmic
Wackground Explorer: the amplitude of the quadrupole
moment of the cogmic microwabe background is




nexpected(y lotw and the other ol multipoles

appear to be preferentially aliqned with the ecliptic
contradicts the simplest models of inflation. Others
babe suggested that the effect may be due to other netw
physics, foreqround contamination, or eben publication
biag.[70]

An experimental program is underway to further test
inflation with more precise meagsurements of the cosmic
microwabe background. In particular, high precision
meagurements of the so-called "8 -modes' of the
polarization of the background radiation could probide
ebidence of the grabitational vadiation produced by
inflation, and could also shotw twhether the enerqy scale
of inflation predicted by the simplest models (1015-
1016 GeY) is correct.[65][66] In March 2014, it was
announced that 73 -mode polarization of the background
radiation consistent with that predicted from inflation
had been demonstrated by a South Pole experiment, a
collaboration led by four principal inbestigators from

plane. Some have claimed that this is a signature of
non-Gaussianity and thus

he California Institute of Technologp, Harbard

@Aniversity, Stanford University, and the University
of Minnesota BICEP2.[7][8][9][71][72][73]
Hotweber, on 19 June 2014, lowered confidence in
confivming the findings was reported;[72][74][75] on
19 September 2014, a further reduction in confidence
was reported[76][77] and, on 30 Fanuary 2015, eben
[ess confidence pet was reported.[78][79]

Other potentially corroborating measurements are
expected to be performed by the Planck spacecraft,
although it is unclear if the signal will be bisible, or if
contamination from foreground sources twill interfere
tith these measurements.[80] Gther forthroming
measurements, such as those of 21 centimeter
radiation (vadiation emitted and absorbed from neutral




pdrogen before the first stars turned on), may

meagure the potwer spectrum with eben greater

regolution than the cogmic microwabe background and
aalaxy surbeps, althouah it is not knoton if thege
meagurements will be posgible or if interference with
radio sources on Earth and in the galaxy will be too
areat.[81]

Dark enerqy is broadly similar to inflation, and is
thouaht to be causing the expangion of the present-day
uniberse to accelerate. Hotweber, the enerap scale of
dark energy is much lotwer, 10—12 &e¥, roughly 27
orders of magnitude less than the scale of inflation.

beoretical status

List of ungolved problems in phpsics

s the theorp of cosmological inflation correct, and if
g0, what are the details of this epoch? What is the
hypothetical inflaton field gibing rise to inflation?

In the early proposal of Guth, it was thought that the
inflaton was the Bigas field, the field that explains the
mass of the elementary particles.[46] It is notw




eliebed by some that the inflaton cannot be the

Bigas field[82] although the

recent discobery of the Biggs boson bas increased the
number of works congidering the Wigas field ag
inflaton.[83] ©ne problem of this identification is the
current tengion with experimental data at the
electrotveak scale,[84] which is curvently under study
at the Large Badron Colliver (LB C). Other models
of inflation velied on the properties of qrand unified
theories.[52] Since the simplest models of grand
unification habe failed, it is now thought by many
physicists that inflation will be included in a
supersymmetric theory like string theory or a
supergpmmetric grand unified theory. At present,
tobile inflation is understood principally by its detailed
predictions of the initial conditions for the hot early

uniberse, the particle physics is largely ad hoc
modelling. @s such, though predictions of inflation
babe been congistent with the results of obserbational
tests, there are manp open questions about the theory.

ine -tuning problem

One of the most severe challenges for inflation arises
from the need for fine tuning in inflationary theories.
In new inflation, the slotw-roll tonditions must be
satisfied for inflation to occur. The slotw -roll
conditions sap that the inflaton potential must be flat




ompared to the large bacuum energy) and that the

inflaton particles must have a small mass[clarification
successful, therefore, it seemed that the Aniverse must
babe a gealar field with an egpecially flat potential and
special initial conditions. Howeber, there are waps to
explain these fine -tunings. For example, claggically
scale inbaviant field theories, where scale inbariance is
broken by quantum effects, probide an explanation of
the flatness of inflationary potentialg, as long as the
theorp can be studied through perturbation theory.[86]

Anbrei Linde

Andrei Linde proposed a theorp knoton as chaotic
inflation in Wwhich he sugaested that the conditions for
inflation are actually satisfied quite generically and

needed].[85] In order for the new inflation theory of
Linde, Albrecht and Steinhardt to be

inflation will occur in virtually any uniberse that
beqinsg in a chaotic, high enerqy state and has a scalar
field with unbounded potential energy.[87] Boweber,
in hig model the inflaton field neceggarily takes balueg
larger than one Planck unit: for this reason, thege are
often called large field models and the competing new
inflation mobdels are called small field models. In this
gituation, the predictions of effectibe field theory ave
thouaht to be inbalid, as renormalization should cause
large corrections that could prevent inflation.[88] This
problem has not pet been regsolbed and some
cosmologists arque that the small field models, in
twhich tnflation can occur




at a much lower enerqy scale, ave better models of

inflation.[89] While inflation depends on gquantum
field theory (and the semiclasgical approximation to
guantum grabity) in an important tway, it has not been
completely reconciled with these theories.

Robert Wrandenberger hag commented on fine -tuning
in another situation.[90] The amplitude of the
primordial inhomogeneities produced in inflation is
divectly tied to the energy scale of inflation. There are
strong sugaestions that this scale (s around 1016
GeY or 10-3 times the Planck energp. The natural
scale is natvelp the Planck scale so this small balue
state cannot continue foreber into the past.[93][94][95]
@he inflationary spacetime, which is similar to de
Sitter space, is incomplete without a contracting
region. BHotweber, unlike de Sitter space, fluctuations
in a contracting inflationary space will collapse to form
a grabvitational singularity, a point where densities
become infinite. Therefore, it is necessary to have a
theory for the Aniverse's initial conditions. Linde,
hotweber, beliebes inflation may be past eternal.[96]

could be seen as another form of fine -tuning (called a
bierarchy problem): the energy density given by the
sealar potential {8 dolon by 10—12 compared to the
Planck dengity. This is not usually congidered to be a
critical problem, hotweber, because the scale of inflation
corresponds naturally to the scale of gauge unification.

ternal inflation

Main article: Eternal inflation

In manpy models of inflation, the inflationary phase of
the Aniverse's expangion lasts forever in at [east
some regions of the niberse. This occurs because
inflating regiong expand bery rapidly, reproducing
themselves. Anless the rate of decap to the non-
inflating phasge is sufficiently fast, netw inflating
regionsg are produced more rapidly than non -inflating
regions. In such models most of the volume of the
@Aniberse at anp given time is inflating. A models of
eternal inflation produce an infinite multiberse,
typically a fractal.

Although new inflation is clagsically rolling doton the
potential, quantum fluctuations can sometimes bring it
back up to previous lebels. These regions in which the
inflaton fluctuates uptwards expand much faster than
regions in which the inflaton has a lower potential
enerqy, and tend to dominate in terms of physical
bolume. This steady state, which first developed by
Yilenkin,[91] is called "eternal inflation”. It has been
shoton that any inflationary theory with an unbounded
potential ig eternal.[92][not in citation given] It (5 a
popular conclusion among physicists that this steady

In eternal inflation, regions with inflation habe an
exponentially arowing bolume, while reqions that are
not inflating don't. This sugnests that the bolume of
the inflating part of the Aniverse in the global picture
is aliwaps unimaginably larger than the part that bas
stopped inflating, eben though inflation ebentually
ends as seen by anp single pre -inflationary obgerber.
Scientists disagree about how to assign a probability
digtribution to this hypothetical anthropic




Ianhstape. ¥t the probability of different regions is

counted by bolume, one should expert that inflation toill
neber end, or applying boundary conditions that a local
obserber exists to obgerbe it, that inflation will end as
late as possible. Some phpsicists beliebe this paradox
can be resolbed by weighting obgerbers by their pre-
inflationary bolume.

Fnitial conditions

Some phpsicists have tried to aboid the initial
conditions problem by proposing models for an
eternally inflating uniberse with no
origin.[97][98][99][100] These models propose that

twhile the Aniverse, on the largest scales, expands
exponentially it as, is and alwaps will be, spatially
infinite and hag existed, and will exist, foreber.

Other proposgals attempt to describe the ex nibilo
creation of the @niberse based on quantum cosmology
and the follotwing inflation. Pilenkin put forth one such
seenario.[91] Bartle and Batwking offered the no-
boundary proposal for the initial creation of the
@niverse in which inflation comes about
naturallp.[101]

QAlan Guth has described the inflationary universe as
the "ultimate free [unch™:[102][103] netw uniberses,
similar to our oton, are continually produced in a bast
inflating background. Grabvitational interactions, in
this cage, civcumbent (but do not biolate) the first latw




f thermodpnamics (energy congerbation) and the

gecond [atw of thermodpnamics (entropy and the arrolw

Donald Page was an outspoken critic of inflation
because of this anomalp.[104] He stressed that the
thermodpnamic arvotw of time necessgitates (o entropy
initial conditions, which would be highly unlikely.
According to them, rather than solbing this problem,
the inflation theory further aggrabates it — the
rebeating at the end of the inflation era increases
entropp, making it necegsary for the initial state of the
®niverse to be even more orderly than in other Wig
Wang theories with no inflation phase.

of time problem). Botweber, while there is congensus
that this solbeg the initial conditions problem, some
babe disputed this, ag it is much more [ikely that the
@Aniberse came about by a quantum fluctuation.

Bawking and Page later found ambiguous results
twhen thep attempted to compute the probability of
inflation in the Bartle -Batwking initial state.[103]
Other authors habe argued that, since inflation is
eternal, the probability doesn't matter ag long asg it is
not preciselp sero: once it startg, inflation perpetuates
itgelf and quickly dominates the
Eniberse.[106][107]:223-225 THotveber, Albrecht and
P orenso Sorbo have argued that the probability of an




nflationary cosmos, congistent with todap's

obgerbations, emerging by a random fluctuation from
some pre-existent state, compared with a non-
inflationary cogmos obertwhelmingly fabours the
inflationary scenario, simply because the "seed"
amount of non-grabitational energy required for the
inflationary cogmog is so much less than any required
for a non-inflationary alternative, which outtweighs
anp entropic considerations.[108]

Another problem that has occagionally been mentioned
i the trans -Planckian problem or trans -Planckian
effects.[109] Since the enerqy scale of inflation and the
Planck scale are relativelp close, some of the quantum
inflation:

fluctuations that habe made up the structure in our
universe were smaller than the Planck length before
inflation. Therefore, there ought to be corrections from
Planck -scale physics, in particular the unknotwn
guantum theory of grabity. There has been some
digagreement about the magnitude of this effect: about
whether it (s just on the threshold of detectability or
completely undetectable.[110]

BHybrid inflation

Another kind of inflation, called hpbrid inflation, is an
extension of new inflation. It introduces additional
scalar fields, so that while one of the scalar fields is
responsgible for normal slotw voll inflation, another
trigaers the end of




ben inflation bas continued for sufficiently long,

it becomes faborable to the second field to decay into a
much lotwer enerqy state.[111]

In hpbrid inflation, one of the scalar fields is
regponsgible for most of the energy density (thus
determining the vate of expansgion), while the other is
responsible for the slotw roll (thus determining the
period of inflation and itg termination). Thus
fluctuations in the former inflaton would not affect
inflation termination, while fluctuations in the latter
twould not affect the vate of expansion. Therefore
hybrid inflation is not eternal.[112][113] ¥hen the
second (slotw -rolling) inflaton reaches the bottom of its

@he effects of generalized uncertainty principle
(GWP) on the inflationary dpnamics and the
thermodpnamics of the early Wniverse are

studied.[116] Wsing the BUI approach, Tatwfik et al.

ebaluated the tengorial and scalar dengity fluctuations
in the inflation era and compared them with the
standard case. Thep found a good agreement with the
Pilkinson Microtwabve Anisotropy Probe data.
Agsuming that a quantum gag of scalar particles is

potential, it changes the location of the minimum of the
first inflaton's potential, which leads to a fast roll of
the inflaton doton its potential, [eading to termination
of inflation.

nflation and string cosmology

@The digcobery of flux compactifications habe opened the
wap for reconciling inflation and string theory.[114] &
netn theory, called brane inflation suggests that
inflation avises from the motion of B -branes[115] in
the compactified geometry, usually towards a stack of
anti-B -branes. This theorp, goberned by the Dirac-
Worn-Infeld action, is very different from ordinary
inflation. The dynamics are not completely understood.
It appears that special conditions are necessary since
inflation occurs in tunneling between two bacua in the
string landgcape. The process of tunneling betiween
ttwo bacua is a form of old inflation, but netw inflation
must then occur by some other mechanism.

Inflation and loop quantum grabity

When investigating the effects the theory of loop
quantum grabity would have on cosmology, a loop
guantum cosmology model has ebolved that probides a
possgible mechanism for cosmological inflation. Loop
quantum grabitp agsumes a quantized spacetime. If
the enerqy density is lavger than can be held by the
quantised spacetime, it is thought to bounce back.

nflation and generalized uncertainty principle

(6Up)

confined within a thin laper near the apparent horizon
of the Friedmann-Lemaitre -Robertson -Walker
@Aniverse that satisfies the boundary condition,
Tatofik et al. calculated the number and entropy
dengities and the free energy ariging from the quantum
states using the ®@IP approach. Furthermore, a
qualitative estimation for effects of the guantum
arabity on all these thermodpnamic quantities was
introduced.




[ternatibes to inflation

@The flatness and horizon problems are naturally
solbed in the Einstein-Cartan-Sciama-Kibble theory
of grabity, without needing an exotic form of matter
and introducing free parameters.[117][118] This
theory extends general velatibity by remobing a
congtraint of the symmetry of the affine connection and
regarding its antispmmetric part, the torgion tensor,
as a dpnamical variable. The minimal coupling
betiveen torgion and Birac spinors generates a spin-
gpin interaction that is significant in fermionic matter
at extremely bigh densities. Such an interaction aberts
the unphpsical Big Bang singularity, replacing it with
a cusp-like bounce at a finite minimum scale factor,
before which the Aniverse was contracting. The rapid

expangion immediately after the Big Bounce explaing
twhp the pregent Wniverse at largest scales appears
spatially flat, homogeneous and isotropic. ds the
densgity of the Aniverse decreages, the effects of torsion
tweaken and the Universe smoothlpy enters the
rabiation-dominated era.

bere are models that explain some of the

obserbations explained by inflation. Howeber none of
these "alternatives" has the same breadth of
explanation ag inflation, and still require inflation for
a more complete fit with obgerbation; they should
therefore be reqarded as adjuncts to inflation, rather
than as alternatives.




tring theory vequirves that, in addition to the

three obgerbable gpatial dimensions, there exist
additional dimengions that are curled up or
compactified (see also Kalusa—Klein theorp). Extra
dimengions appear as a frequent component of
supergrabity models and other approaches to quantum
arabity. This raised the contingent question of Wwhy
four space -time dimengions became lavge and the rest
became unobservably small. An attempt to address this
question, called string gas cosmology, Wwas propoged
by Robert Brandenberger and Cumrun Pafa.[119]
@This model focuses on the dynamics of the early
uniberge congidered as a hot gas of strings.
Brandenberger and Pafa show that a dimensgion of
gpacetime can only expand if the strings that wind
around it can efficiently annibilate each other. Each
string ig a one -dimensional object, and the largest

Another adjunct, the barping speed of light model has
also been theorized by Jean-Pierre Petit in 1988,
Fobn Moffat in 1992 ag well Andreas Albrecht and
Jodo Magueijo in 1999, instead of superluminal

number of dimengions in which two strings will
aenerically intersect (and, presumably, annibilate) is
three. Therefore, one argues that the most likely
number of non-compact (lavge) spatial dimensions is
three. Current work on this model centers on whether
it can succeed in stabilising the size of the compartified
dimengions and produce the correct spectrum of
primordial density perturbations. Jfor a recent rebiety,
see[120] The authors admits that their model "does
not solbe the entropy and flatness problems of
standard cosmology and e can probide no
explanation for why the current universe is so cloge to
being spatially flat".[121]

be ekpprotic and cpclic models are also

congidered adjuncts to inflation. These models solbe
the horison problem through an expanding epoch well
before the Big Bang, and then generate the required
gpectrum of primordial dengity perturbations during a
contracting phase leading to a Big Crunch. The
@Anibverse passes through the Big Crunch and emerges

in a hot Wig Wang phase. In this senge thep are
reminiscent of the ogcillatory universe proposed by
Richard Chace Tolman: howeber in Tolman's model
the total age of the @Aniverse is necegsarily finite,
fwhile in thege models this is not necegsarily so.
Whether the correct spectrum of dengity fluctuations
can be produced, and whether the Aniverse can
successfullp navigate the Big Bang/Big Crunch
trangition, remaing a topic of controbersy and current
research. Ekpprotic models aboid the magnetic
monopole problem as long as the temperature at the
Big Crunch/BWig Bang trangition remains belotw the
Grand Unified Scale, as this is the temperature
required to produce magnetic monopoles in the first
place. ds things stand, there is no evidence of any
'slowing doton' of the expangion, but this is not
surprising ag each cpcle is expected to last on the order
of a trillion pears.

expansion the speed of light was 60 orders of
magnitude faster than itg current balue solbing the
borizon and homogeneity problems in the early
uniberse.




riticisms

Since itg introduction by Alan Guth in 1980, the
inflationary paradigm bhas become twidely accepted.
Pevertheless, many phpsicists, mathematicians, and
philogophers of science habe boiced criticisms, clatming
untestable predictions and a lack of serious empivical
support.[106] In 1999, Fohn Earman and Jesis
Mosterin published a thorough critical rebietw of
inflationary cogsmologp, concluding, "we Do not think
that there are, as yet, good qrounds for admitting any
of the models of inflation into the standard core of
tosmology.'"[122]

In order to work, and as pointed out by Roger
Penrose from 1986 on, inflation requires extremely
gpecific tnitial conditions of its oton, so that the
problem (or pseudo -problem) of initial conditions is
not solved: " There is something fundamentally
misconceibed about trying to explain the uniformity of
the early uniberse as regulting from a thermalization

process. [...] For, if the thermalization is actually
doing anpthing [...] then it represents a definite
increaging of the entropy. Thus, the universe would
babe been eben more special before the thermalization
than after."[123] The problem of specific or "fine-
tuned" initial conditions would not habe been solbed; it
fwould habe gotten worge.

vecurrent criticism of inflation is that the

inboked inflation field does not corregpond to any
knoton phpsical field, and that its potential energy
curbe seems to be an ad hoc contribance to
accommodate almost anp data obtainable. Paul J.
Steinbardt, one of the founding fathers of inflationary
cosmologp, bas recently become one of its sharpest
critics. e calls 'bad inflation' a period of accelerated
expansion twhose outcome conflicts with obgerbations,
and 'good inflation' one compatible with them: "' ot
only is bad inflation more [ikelp than good inflation,
but no inflation i more likelp




ban either.... Roger Penroge considered all the

possible configurations of the inflaton and
arabitational fields. Some of these configurations lead
to inflation ... @ther configurations lead to a uniform,
flat universe dirvectly — without inflation. Obtaining a
flat universe is unlikelp oberall. Penrose's shocking
conclusion, though, was that obtaining a flat uniberse
without inflation (s much more likely than twith
inflation — by a factor of 10 to the googol (10 to the
100) potwer!"[106][107]
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