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Fig. 18. A compilation of recent CMB angular power spectrum measurements from which most cosmological inferences are drawn.
The upper panel shows the power spectra of the temperature and E-mode and B-mode polarization signals, the next panel the
cross-correlation spectrum between 7' and E, while the lower panel shows the lensing deflection power spectrum. Different colours
correspond to different experiments, each retaining its original binning. Note that for Planck, ACTPol, and SPTpol, the EE points
with large error bars are not plotted (to avoid clutter). The dashed line shows the best-fit ACDM model to the Planck temperature,
polarization, and lensing data. See text for details and references.
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Fic. 1.—The Higgs potential for different temperature regimes

DYNAMICS OF THE UNIVERSE AND SPONTANEOUS SYMMETRY BREAKING

DEMOSTHENES KAzaNAas!

NASA Goddard Space Flight Center, Laboratory for High Energy Astrophysics
Received 1950 May 5; accepted 1980 July 3

ABSTRACT

It is shown that the presence of a phase transition early in the history of the universe, associated
with spontaneous symmetry breaking (believed to take place at very high temperatures at which
the various fundamental interactions unify), significantly modifies its dynamics and evolution.
This is due to the energy “pumping” during the phase transition from the vacuum to the substance,
rather than the gravitating effects of the vacuum. The expansion law of the universe then differs
substantially from the R « {!/2 relation considered so far for the very early time expansion. In
particular it is shown that under certain conditions this expansion law is exponential. It is further
argued that under reasonable assumptions for the mass of the associated Higgs boson this expan-
sion stage could last long enough to potentially account for the observed isotropy of the universe.

Subject heading: cosmology 18




PHYSICAL REVIEW D VOLUME 23, NUMBER 2 15 JANUARY 1981

Inflationary universe: A possible solution to the horizon and flatness problems

Alan H. Guth*
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 11 August 1980)

The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)
The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
accuracy to produce a universe as flat (i.e., near critical mass density) as the one we see today (flatness problem).
These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders
of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result
from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
Unfortunately, the scenario seems to lead to some unacceptable consequences, so modifications must be sought.

19



Mon. Not. R. astr. Soc. (1981) 195, 467-479

First-order phase transition of a vacuum and the
expansion of the Universe

Katsuhiko Sato wvordita, Blegdamsvej 17, DK-2100 Copenhagen @, Denmark*
and Department of Physics, Kyoto University, Kyoto, Japant

Received 1980 September 9; in original form 1980 February 21

Summary. The progress of a first-order phase transition of a vacuum in the
expanding Universe is investigated. The expansion of bubbles of a stable
vacuum is calculated simultaneously with the cosmic expansion with the aid
of the following two simplified nucleation rates of bubbles p: (i) p =pt T,
8(T-T,) in the hot Universe models, (ii) p =0 for n>n. and p =pq for
n<n. in the cold Universe models, where T is the cosmic temperature, T
the critical temperature, n the cosmic number density of the fermions coupled
to the order parameter of the vacuum, n. the critical density, and py and pq
are parameters.
The following results are obtained: (1) If the nucleation rates are small and
the vacuum stays at the metastable state for a long time, the Universe begins
—to expand expanentially. As a result, the progress of the phase transition is
delayed more and more by the rapid cosmic expansion. In particular, in
model (i), if py is less than a critical value, the phase transition never finishes.
(2) The lower limits of the nucleation parameter pt and pq are obtained
from observation of the number ratio of photons to baryons in the present
Universe. (3) If the phase transition of the vacuum in SU(5) GUT is of first
order or if there exists a hypothetical first-order phase transition of the
vacuum in the very early stage in which baryon number is not conserved, the
density and the velocity fluctuations created by the phase transition may
account for the origin of galaxies.

T>T.(n>ng)

T=T.(n=nJ)

T=0(n=0)

¢

Figure 1. The schematic diagram of the effective potential of the vacuum energy density.
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Volume 108B, number 6 PHYSICS LETTERS 4 February 1982

A NEW INFLATIONARY UNIVERSE SCENARIO: A POSSIBLE SOLUTION
OF THE HORIZON, FLATNESS, HOMOGENEITY, ISOTROPY AND
PRIMORDIAL MONOPOLE PROBLEMS

A.D. LINDE
Lebedev Physical Institute, Moscow 117924, USSR

Received 29 October 1981
A new inflationary universe scenario is suggested, which is free of the shortcomings of the previous one and provides a

possible solution of the horizon, flatness, homogeneity and isotropy problems in cosmology, and also a solution of the pri-
mordial monopole problem in grand unified theories.

\

Fig. 1. Effective potential in the Coleman—Weinberg theory
for T < gp. The arrow indicates the direction of the tunnel-
ing with bubble formation.
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VOLUME 48, NUMBER 17 PHYSICAL REVIEW LETTERS 26 APRIL 1982

Cosmology for Grand Unified Theories with Radiatively Induced Symmetry Breaking

Andreas Albrecht and Paul J. Steinhardt
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19104
(Received 25 January 1982)

The treatment of first-order phase transitions for standard grand unified theories is
shown to break down for models with radiatively induced spontaneous symmetry breaking.
It is argued that proper analysis of these transitions which would take place in the early

history of the universe can lead to an explanation of the cosmological homogeneity, flat-
ness, and monopole puzzles.

T T T
14
5 - A—T=2x10 GeV>TGUT
< T=14x10"GeV » Tgy7—
>
O
3 4
2 SU(5) 14
T=1.2x10" Gev<T,
x o _| T=45x10%Gev vy
o
_5 — )5_ —
3o )\ SU(3)xSU2)xU(1)
13x10% Gev
L L 1
15 3.0 45
¢ x 10" (GeV)

FIG. 1. Effective potential vs ¢ for various values
of T.

22



Volume 129B, number 3,4 PHYSICS LETTERS 22 September 1983
CHAOTIC INFLATION

A.D. LINDE
Lebedev Physical Institute, Moscow 117924, USSR

Received 6 June 1983

A new scenario of the very early stages of the evolution of the universe is suggested. According to this scenario, infla-
tion is a natural (and may be even inevitable) consequence of chaotic initial conditions in the early universe,
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A NEW TYPE OF ISOTROPIC COSMOLOGICAL MODELS WITHOUT SINGULARITY

A.A. STAROBINSKY
Department of Applied Mathematics and Theoretical Physics, Cambridge University, Cambridge, England 1
and The Landau Institute for Theoretical Physics, The Academy of Sciences, Moscow, 117334, USSR 2

Received 11 January 1980

The Einstein equations with quantum one-loop contributions of conformally covariant matter fields are shown to admit
a class of nonsingular isotropic homogeneous solutions that correspond to a picture of the Universe being initially in the

most symmetric (de Sitter) state.
S = fd4x\/—gf(R) s FLAIZIX, chaotic inflation &5

« B IEEEETAHETHOIHAIZ de Sitter
o BRI TR HAGE B S O ARTE
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Quantum fluctuations and a nonsingular universe

V. F. Mukhanov and G. V. Chibisov
P. N. Lebedev Physics Institute, Academy of Sciences of the USSR, Moscow

(Submitted 26 February 1981; resubmitted 15 April 1981)
Pis’ma Zh. Eksp. Teor. Fiz. 33, No. 10, 549-553 (20 May 1981)

Over a finite time, quantum fluctuations of the curvature disrupt the
nonsingular cosmological solution corresponding to a universe with a polarized
vacuum. If this solution held as an intermediate stage in the evolution of the
universe, then the spectrum of produced fluctuations could have led to the
formation of galaxies and galactic clusters.
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Volume 115B, number 4 PHYSICS LETTERS 9 September 1982

THE DEVELOPMENT OF IRREGULARITIES
IN A SINGLE BUBBLE INFLATIONARY UNIVERSE

S.W. HAWKING
University of Cambridge, DAMTP, Silver Street, Cambridge, UK

Received 25 June 1982

The horizon, flatness and monopole problems can be solved if the universe underwent an exponentially expanding stage
which ended with a Higgs scalar field running slowly down an effective potential. In the downhill phase irregularities would
develop in the scalar field. These would lead to fluctuations in the rate of expansion which would have the right spectrum

to account for the existence of galaxies. However the amplitude would be too high to be consistent with observations of the
isotropy of the microwave background unless the effective coupling constant of the Higgs scalar was very small,
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VoLuME 49, NUMBER 15 PHYSICAL REVIEW LETTERS 11 OcTOBER 1982

Fluctuations in the New Inflationary Universe

Alan H. Guth

Center for Theoretical Physics, Labovatory for Nuclear Science and Department of Physics,
Massachusetts Instilute of Technology, Cambridge, Massachusetts 02139

and

So-Young Pi‘®

Lyman Laboratory of Physics, Havvayd University, Cambridge, Massachusetts 02138, and Research
Laboratory of Mechanics, University of New Hampshive, Duvham, New Hampshire 03824
(Received 9 August 1982)

The spectrum of density perturbations is calculated in the new~-inflationary-universe
scenario, The main source is the quantum fluctuations of the Higgs field, which lead to
fluctuations in the time at which the false vacuum energy is released. The value of ép/p
on any given length scale /, at the time when the Hubble radius >>7, is estimated, This
quantity is nearly scale invariant (as desired), but is unfortunately about 10° times too
large.

PACS numbers: 98,80,Bp, 12,10.En, 98,50.Eb, 98.80.Dr
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Volume 117B, number 3 4 PHYSICS LETTERS 11 November 1982

DYNAMICS OF PHASE TRANSITION IN THE NEW INFLATIONARY UNIVERSE SCENARIO
AND GENERATION OF PERTURBATIONS

A.A. STAROBINSKY
The Landau Institute for Theoretical Physics, The Academy of Sciences, Moscow, 117334, USSR

Received 13 July 1982
Dynamics of non-equilibrium phase transition in the early universe is investigated. The transition is triggered by vacuum
fluctuations of a Higgs scalar field which determine the duration of an intermediate inflationary stage and the amplitude of

adiabatic perturbations. This amplitude ranges from g% to one and more depending on scale that presents a serious problem
for the inflationary scenario.
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BICEP2 B-mode signal
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In 1900, Lord Kelvin gave a lecture
“Nineteenth-Century Clouds over the
Dynamical Theory of Heat and

Light.”

""Beauty and clearness of theory" was
overshadowed by "two clouds ”, the null
result of the Michelson-Morley
experiment

and the problems of blackbody
radiation.”
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