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Nntroduction

e Cosmological Inflation is considered as an important part of early universe
history.

e Inflation has to end after at least 55 e-foldings.

e By that time, in almost all scenarios, the universe is cold and empty.

e [ he potential energy has to come back to the dynamics and eventually
thermalize, earlier than T'~ 10 — 40 MeV, before nucleosynthesis.



e The standard framework used so far (with some variations) involves three
stages all happening at weak (quantum) coupling:

(a)Preheating (particle production via Floquet resonances)
(b)(Classical) non-linear evolution
(c) (Very slow) thermalization.

Dolgov+Kirilova, Traschen+Brandenberger, Kofman-Linde-Starobinsky
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Preheating and T hermalization at strong coupling |

e In the past 204 vyears a new class of QFTs was studied: holographic
QF Ts.

e Such theories are dual to weakly-curved (semiclassical) generalized gravity
theories.

e Several types of calculation are possible for such theories using gravita-
tional tools:

& Dynamical data like Minkowski signature correlation functions and associ-
ated hydrodynamic data like viscosity coefficients and even non-hydrodynamic
data like thermal poles and residues.

& Far from equilibrium dynamics (quenches).

& T hermalization and hydrodynamization as well as the determination of
hydrodynamic attractors.
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nermalization

e [ he process of thermalization in QFT is poorly understood even today.

e It has been brought forward recently with the heavy-ion collisions at RHIC
and CERN.

e T he data indicate rapid thermalization of the initial energy density and
the formation of a quark gluon plasma.

e [ he thermalization time is an order of magnitude smaller than what was
expected at RHIC and is even smaller at LHC.

e The theory (QCD) is in a strongly coupled regime for most of the energy
range of the experiments.

e Holography has been instrumental to understand this rapid thermalization
and hydrodynamization process.
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[ he setup for thermalization

e \We consider a QFT in its vacuum state and then perturb it by a time
dependent coupling constant (this is a simplification)

Lorr + fo®) [d*z O@) = VUTw) = fo (O)

e [ he approach to equilibration is controlled by the expectation values

(T3) (1), (O)(1).

e \We expect that, if the system thermalizes, then

(O)(t —00) —  Trlpthermal O]
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| hermalization at strong coupling |

e [0 calculate the observables at strong coupling we will assume the holo-
graphic (AdS/CFT) correspondence (aka gauge/gravity duality).

e [ hermalization corresponds to black hole forma-
tion in the bulk spacetime.
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| he cosmological setupl

e To build a cosmological model we need (generically) three ingredients:
& 4d-gravity

& An inflaton theory

& A strongly coupled (holographic) “matter theory” (QFT)

& A coupling between the inflaton and the QFT

T he total action is

S = Sgrav + Sz'nfl + Sholo T Sint
with

R2




Sinfl = /d%\f[ (89)? + V(¢)

Sint = [ d*aU(#)0(a)

e We must renormalize, and therefore the couplings are the renormalized
couplings.

e Renormalization affects up to the R2 terms in Gravity.
e It also renormalizes the inflaton theory.
e We choose a typical (renormalized) inflaton potential

e We choose a typical non-conformal holographic theory. Conformal in-
variance is broken by S;,;.

e The"CFT" case is similar, as the inflaton coupling breaks typically con-
formal symmetry.
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[ he holographic matter theoryl

e \We choose a bottom-up non-conformal theory with a single mass scale,
driven by a relevant operator of dimension A = 3.

e There is no phase transition in flat space (thermal ensemble) but there
is a fast crossover (like QCD)
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| he Cosmological Evolution Equations |

e Homogeneous and isotropic ansatz for the 4d metric
ds® = —dt® + a(t)?dz?

e 4d Einstein equations

E a 1
72— ¢ f__= H?
3 ' a 2 (P + )
with
b2
E=EQrr + Einpt Y U@)Oqrr »  Eingt = Vinpi(P) + 2
b2

P =Porr + Pinsi=U@)O0rr  Einpt = —Vins(P) + 5

¢+ 3Ho+ Vi (6) =U(0)Ogrr , Ogrr = (0)(t)
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e The unknown parts from the QFT, Egpr, Porr, Ogpr are constrained by
energy conservation and the conformal anomaly

EorT — 3H(Egrr + Porr) = U'(9)dOgpr

Eqrr — 3PorT = —U(¢)OgFrT + A(H, 9)

e Therefore, if we know A(H,¢) and Ogprr(H, ¢) the system of cosmolog-
ical equations is closed and can be solved relatively easily.

e TO do this we must solve the dynamics of the QFT in the presence of
two (arbitrary, time-dependent) sources: a(t),U(¢)

e In the case, where A < 4, A can be calculated and the only non-trivial
function to be determined is Ogpr

e [ he procedure is to solve both the 4d, as well as the 5d coupled equations
via the Chessler-Yaffe algorithm.
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nNe 1NTiIaton

e Early phase (t < 3) dominated by QFT energy. After the universe em-
barks in an exponential expansion.

o At t ~ 14 the inflaton reaches the bottom of the potential and starts
oscillating.
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| he Energy Density |

o QFT energy is dominant until ¢ ~ 3, then the inflaton dominates, until it
reaches the bottom of the potential (¢t ~ 14).

e Inflaton oscillations reheat the QFT from £gpp ~ 0.21 at t >~ 13.5 to a
subsequent maximum of Egpp ~ 0.64 at ¢t ~ 17.3.

e Reheating continues: relatively slow scaling Egpr ~t~1-17 of the QF T
1000 ; '
100

™~
L ~~~
=
-~

10] e
o S PPN
0.10| ="

0.0 -

l.'.
t...
8

~§~ i
~
-~ 1
-~
~

Holographic Reheating, Elias Kiritsis

13



lemperature \

e During the evolution, the bulk solution is a time-dependent solution with
an apparent horizon that is different from the (final) event horizon.

e The QFT temperature can be computed from the surface gravity of the

bulk apparent horizon.

T L K

AH = 5
e Except for a short non-equilibrium period (that can be identified as
“reheating” ) the apparent horizon temperature and the event horizon tem-

perature are numerically indistiguishable.

e [ he hydrodynamic approximation combined with the equilibrium EOS

works well after subtracting the “background” temperature, T ;9 = %
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Cconclusions |

e We have studied cosmological reheating via a strongly coupled (holo-
graphic) theory.

e Such theories thermalize/hydrodynamize very fast.

e Moreover, they provide many more options of both couplings and dy-
namics compared to weakly-coupled theories.

e \We have provided a "proof of principle’” with a system that had man-
ageable numerics (warm inflation).

e We have found a fast transfer of energy as well as an almost immediate
thermalization.

e \We have also found that, apart from two short periods, the evolution is
well described by viscous (homogeneous) hydrodynamics.

e This opens the way for a systematic study of models and protocols for
reheating.
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Open Endsl

e T here are many variations that will provide different scenarios for reheating.
& One can use variations on initial conditions.

& Variations of the type of strongly-coupled theory (existence of thermal phase transitions,
confinement, massive IR etc) as well as of the inflaton portal (different scaling dimensions).

& Such variations may provides either fast quenches to the QFT (that can be computed
analytically in UV Perturbation theory), or adiabatic quenches that can also be computed
analytically.

& Tools can be developed to use viscous hydro for the evolution and transition protocols
for the short non-hydro periods.

& In this connection, the holographic universal hydro attractors may be of use.

& On can contemplate using as inflaton a scalar of the QFT, that is associated with a
phase transition.

e The role of such a QFT can be played by QCD (this is marginally acceptable) or a
higher energy theory like “technicolor’ .
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Prenheating and 1| hermalization at strong coupling

e Strongly coupled QFTs are difficult to handle and solve.

e In the past 204 vyears a new class of QFTs was studied: holographic
QF Ts.

e Such theories are dual to weakly-curved (semiclassical) generalized gravity
theories.

e [ hey typically have large N. and strong coupling.

e Several types of calculation are possible for such theories using gravita-
tional tools:

& Ground-state and RG-flow calculations.
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& Dynamical data like Minkowski signature correlation functions and associ-
ated hydrodynamic data like viscosity coefficients and even non-hydrodynamic
data like thermal poles and residues.

& Far from equilibrium dynamics (quenches).

& T hermalization and hydrodynamization as well as the determination of
hydrodynamic attractors.

& Calculations of entanglement via the Ryu-Takayanagi formula and its
connection to geometric bridges (wormholes).

& T he characterization of chaos and the calculation of chaos observables.

Holographic Reheating, Elias Kiritsis
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Gravitational expectationsl

e [ here are three possible characteristic times involved:
7 — duration of quench,

T, — non-linear gravitational evolution,

Trp — ring-down of final black hole.

Holographic Reheating, Elias Kiritsis
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[loNs

nermalization calcula

e There have been studies of this setup in holographic CFTs (AdS space).

There is no consensus yet but in most cases there is thermalization.
Chessler—+Yaffe, Heller+Janik+Witaszczyk
, Bizon+Rostorowski, Buchel+Liebling+Lehner

e There are similarities between a conformal (scale-invariant) gauge theory
and a confining gauge theory (like QCD) that has a non-trivial scale, Agcp
but there are also important differences.

e Confinement is tracked by the Wilson loop that has area behavior in the
confining phase.
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Quench dynamicsl

e Consider a quench profile in Improved Holographic QCD (a holographic
model for YM):
2

fo(v) = fo — 6foe 272

e For numerical simplicity we start with the theory in a thermal state that
corresponds to low temperature = the small black hole branch.

e [he ‘smallest” the initial black hole, the closest we are to the initial
ground state of the theory.

e [ he characteristic time associated with the intermediate non-linear
regime is negligible compared to 7 and Trp. Why?

e T herefore
1

['rRD

e For adiabatic perturbations, = > A—L the system does NO'T oscillate
but goes continuously to the final-state black hole.

Tthermalization
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[ he ring-down phasel

22



3.0 \

— 1.5

/

T =T,

e N

000 i S
00 05 10 15 20 25 30 35
T/T.

The temperature dependence of the decay width I for the lowest lying scalar quasi-normal mode in several

states of our theory. The blue circles are large black branes whose temperature is an integer multiple of T..
The orange squares correspond to the minimum temperature black brane (top) and the smallest black hole
we perturb in our study (bottom). The ratio I'/xT approaches 1.75953 (the dashed line) at high
temperatures, which coincides with the expected value for perturbations of AdSs Schwarzschild by a

dimension 3 scalar operator

Holographic Reheating, Elias Kiritsis

22-



Quench numerical datal
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[ he evolution of bulk horizons during quenchesl
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coincides with the apparent horizon when the bulk solution is static, at v — +oo.
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ScaHngl
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Fast Quenchesl\

Buchel+Lehner+Myers+Niekerk, Das-+ Galante+Myers
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[ he holographic theory:detailsl

e \We choose a bottom-up non-conformal theory with a single mass scale,
driven by arelevant operator of dimension A = 3.

e There is no phase transition in flat space (thermal ensemble) but there
is a fast crossover (like QCD)

The bulk 5d action is Einstein-Dilaton gravity

2 R 1
Sk = — [ V5| ; = 5@9)% = V()|
AV 4 2
and the bulk potential is

V(®) =5 [—3 -

-+

3 b+ 11 P8
Zp? b - —
2 3 96 192

which looks like:
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e T he holographic theory corresponds to the flow between the maximum
and one of the minima.

e [ he theory is massless in the IR due to the non-triviality of the IR CFT



e [ he thermodynamics in flat space is shown below
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Holographic vev's |
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Bulk Equations of Motion |
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Hydrodynamization with Frozen Inflaton |

Ecker+Casalderrey-Solana-+Mateos+Van der Schee
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[ he conformal anomalyl

e T he conformal anomaly in a QF T4 gives the trace of the energy-momentum
tesnor

T“M = A
e It depends on all external sources: background metric, coupling functions
etc.

e [ he metric dependence is universal

Ag = a(Gauss — Bonnet) + c(Weyl?) + bOR
e [ he coupling dependent part depends crucially on the QFT

«Aextra — 5(¢)<O> + -Acb
o Ay exists when O is “anomalous”. In our case (A = 3)

1

1 1 1
= —(RuwRM"—-Z-R?) | P)= - (a POt D —R<D2)
Ag 16( pv 3 ) B(P) Ao > \ 9k + 6
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e We use the following values and initial conditions

E

Pni (1) = 1 | Po(t) + r2Po + 272 logrWs + - - +
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| he QF T Pressure |

e After an initial short far-out-of-equilibrium stage, the system is well de-
scribed by hydrodynamics until the inflaton drives back the QFT out-of-
equilibrium.

PYRus(t) = PEE(t) — 3HCEqrr(t) + O(H?)
e The QFT evolves from the UV to the IR fixed point where PQFT =
3EQFT

Holographic Reheating, Elias Kiritsis
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e In the initial (inflation) stage &,y ~ —&in 1
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| he total pressure |

e [ he total pressure is initially dominated by the QF T, then by the inflaton,
and finally by the reheated QFT.
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Detailed plan of the presentation |
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