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Quantum infra-red effects in de Sitter space
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RMXABEDES

In cosmic inflation at the early universe and dark energy at the present universe, our universe is
exponentially expanding with the respective cosmological constants. To investigate the quantum
effects on these universes, we need to understand the quantum field theory in de Sitter (dS) space.
Exploring the quantum infra-red (IR) effects specific to dS space, we may better understand inflation
and dark energy.

In order to investigate the interacting field theories in a time dependent background like dS
space, we need to employ the Schwinger-Keldysh formalism. Nonequilibrium physic may play
an important role in this regard. In investigating the quantum effects in dS space, we divide the
momentum scale into the two regions, inside the cosmological horizon and outside the cosmological
horizon.

Well inside the cosmological horizon, we have derived a Boltzmann equation in dS space from a
Schwinger-Dyson equation, which is a standard tool in nonequilibrium physics. The local physics
probed by the Boltzmann equation respects the dS symmetry since the degrees of freedom inside the
‘cosmological horizon are time independent.

On the other hand, the degrees of freedom outside the cosmological horizon increase with cosmic
expansion. This increase gives rise a growing time dependence to the propagator for a massless and
minimally coupled scalar field and gravitational field. It is a direct consequence of their scale
invariant fluctuation spectrum. In some field theoretic models on dS space, the dS symmetry is
dynamically broken and physical quantities acquire time dependences through such a quantum
IR effect. In particular, this IR effect may be relevant to resolve the cosmological constant
problem.

In the Schwinger-Keldysh perturbation theory, the IR effects at each loop level manifest as a
polynomial in the logarithm of the scale factor of the universe. At late times, the leading IR effect
comes from the leading logarithm at each loop level. Their growing time dependences mean that the
perturbation theory eventually breaks down after a large enough cosmic expansion. In order to
understand such a situation, we have to investigate the IR effect nonperturbatively.

Remarkably in the models with interaction potentials, the leading IR effects can be evaluated
nonperturbatively by the stochastic approach. Furthermore it has been found that the equilibrium
solution in the stochastic approach can be rederived in an Euclidean field theory on a 4-dimensional
sphere. However in a generél model with derivative interactions, we still don't know how to evaluate
the nonperturbative IR effects. Especially such a tool is required to understand the quantum IR
effects of gravity. It is because the gravitational field contains massless and minimally coupled
modes with derivative interactions.

As a simple model with derivative interactions, we have investigated the non-linear sigma model.
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The global symmetry guarantees that it contains massless minimally coupled scalar fields. In
addition, we can perform some nonperturbative investigations as it is exactly solvable in the large
N limit on an N-sphere. Another point is that there is some similarity to the Einstein action as it
consists of the derivative interactions of the metric tensor field. Here we have investigated the

_contribution to the cosmological constant by evaluating the expectation value of - the
energy-momentum tensor.

From the perturbative investigation, we have found that the coupling constant of the non-linear
sigma model becomes time dependent at the one loop level in agreement with power counting of the
IR logarithms. In contrast, the leading IR effects to the cosmological constant cancel out each other
at the two loop level beyond the power counting. Furthermore, we have shown that the cancellation
of the leading IR effects works to all orders on an arbitrary target space. In fact even if we consider
the full IR effects, the effective cosmological constant is time independent in the large N limit on an
N-sphere. Although the sub-leading IR effects could arise at the three loop level in a géneric
non-linear sigma model, we have shown that there is a renormalization scheme to cancel it.

In this thesis, I summarize the quantum IR effects due to the degrees of freedom at the two regions,

inside the cosmological horizon and outside the cosmological horizon.
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BrmiXoEEHEOES

RFE. BRI AET Bde SitterBZE F DB DEBIC BT B FRIET
MEIZBIT BIA S ADIFEEEEDEHDTH D, de SitterBFZeiIIE DFEIE
& LN TEOBRIZ INERL OFH S Z OBOKZEEL T3, £-HIE
DHIXE T HHFEHIZBNW T Bde Sitterf)/FENER L, FHOAFEEED
BERRLZEZELLSNTNS (12 TL—3a)) . ZORD, FHEREND
EAH (Planck) A7 —IUZ< BARTHENS WON (KEBHREE) . 4—2T
FRVF—IHTD, 1 2T L—3 3 > OMEIEE N SO ARE S 2o TS,
ZN5 OEABEMBIIIANTT, de Sitterk§ZE FQEOBRIIEELBHE L X
BEEZLNSD, | o |

de SitterBFZ2iJERBIIIICIIEL TV 2720, FHIFEDKEA & —)L T
WAMED DIEEE. (R T4 X)) R —FE LD, ZORTA 2 EREDE
WEDEHEL. BOMROERTET v M7 2~ EET 5B BEEL LA
W, EEAT A ETTNERTA YV LVEREDE— REOHEERIC & 5k
FHERTOEAEMIE L, TNNE RN T O ATHBEER LIz,

=7, KT OWBERIIZ ORENFEREC L > TRIEEFINTKRL EKS
AV OELRBED, RTY 20 EREDHHEIREE & bIcHEAT B,
Z ORI L > TEBDRVWER/MES TS AN 5—BOEMBERIL. 52—l
% a ET5E logla) MICKE & BITHAT 2, E7-BHTFOERERS FEED
ROB\NET D, ZD/Dde. SitterBF 2212 BT, 5 FOMEREEETD
Bea IR ED R EE 2 RIS H 5, 22T, BEERDZDR, Z0%
REBHRICEVEAET DL, logl) DERKERDIETH D, DD, FH
B & & bilog(a) EFHNMEKRT S & IEBENRIIMASAE & 135 TR AVE U
5, ,
KT 2 v )VHBEROFEE. ) —F 4 > FlogRFORL EITWNARET, =
X, ZORDIORBIIMRT S Z EAVREND, LA AL, MOKEST 5IER
B IBRICBNT, ZOMBEEMELE, TOBE, U—F 4 > FloglFIC
LTI, 2 =7V RV TFRIENSIEE B 2logmFOMERT 5 & & % B4H
REHE TR Uz, RICERKIZBWTY —F ¢ > VlogRFIMEET 2EER LIz,
BTV —F 1 > TloglFIZDWTHIE L. NRTTERE F OIS 2/ <k
DT —INMGIR, —RIIRIERIE S 7 < ERO 3 )L — TSI BN Tlog BT Uz
WEZRLE,

EAEZ AL B EORIC de Sitter BFZZDOFRABFEIRICOVWTIHE L. IEEE
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VIRBEIZBNWTNT =T 2T 4 Ve BA BN T 2E52H S
MITUTe, T ORISERRIL. SIL - BF BN ERORN BT I EADIED
BEEND, AEIL. BOHRICB T 2ETEYERS 2R b0 & L TESR
MTHY. A S ASHFEFEOSBICARENICEE U, JLES ADGENSES -
BT FRREN 2R L2 b D & LTSS AR LU & HIlT Lz,
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