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Introduction and Motivation

The aim of this work is to investigate further the ¢? inflation model with an R? term in the
Palatini formalism as proposed by Enckell et al (arXiv: 1810.05536) and Antoniadis et al (arXiv:
1810.10418).

The objectives of this work are as follows:

o Investigate whether the Palatini ¢?R? model can also be consistent with a sub-Planckian
inflaton and Planck-suppressed potential corrections.

o More generally, study the dynamics of inflation to show that the model is a viable model of
cosmology which is consistent with observations, specifically successful reheating and bounds
on the scalar spectral index.
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What is d“Inflation?

o Originally considered in a chaotic inflation framework in conventional gravity

o Minimal potential:

V() ~ sm?P?

o Good prediction of scalar spectral index, n, = 1 —% = 0.964

. . 8
o Unacceptably large prediction of tensor to scalar ratio, r = i 0.15

o Super-Planckian inflaton field needed to successfully complete inflation (N = 55), ¢ = 15M,
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Palatini Formulation of Gravity

o In General relativity we define the Levi-Civita connection, an object which depends on the
metric and derivatives of the metric

1
l_ﬁp = ng (apgvp +dp8uy — avgﬂp)

o In the Palatini formalism, the metric and the connection are defined independently as variables
in the action.

o In a minimal gravity framework, the Palatini formulation is equivalent to GR at the level of the
equations of motion and the connection has Levi-Civita form.

o Anything beyond minimal gravity and the two formalisms are distinctly different.
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The ¢?R?* Model

o We start with the following action in the Jordan frame

S= [441\/_{ PIR+4RE _#q}&uq) V(¢)] V() = lez

o The Jordan frame action can be written in terms of an auxiliary field x

| 1
S = fd4,r\/—_g [ER(M;EE +oy?) — gf + Eaptba"q)—"’(‘?)]

o The minimal gravity term can be rewritten as:

| 1 2
= [ vz IEME:JQZR— - gapq:a“qj—vmﬂ} Q=14 %
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Conformal transformation

|II

o We can think of the Jordan frame as the “model” frame where the structure and symmetries of
the model are defined. The Einstein frame is the “physics” frame, where conventional physics
applies and we perform our calculations.

o The transformation from the Jordan frame to the Einstein frame is made via a conformal
transformation on the metric )
v — 8uv = Q Suv

1
o The conformal factor in this case is: 2 ﬁxz
Q =1+—7
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o Transforming the metric also means that anything in the action which depends on the metric
must also transform

o This includes the Ricci scalar, which we still have in the minimal coupling to gravity.
o The Ricci scalar comes from the Riemann tensor
o The Riemann tensor is built from products of the connection and its derivatives

o] (n]
RSy, = RS, (T.0T)
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The significance of Metric vs Palatini

o This dependence is carried through into the Ricci tensor, and subsequently the Ricci scalar

RG

mov — Rioy = Ry (T,0)

¢ Ry = RY (T, dT) =

o The Ricci tensor is transformed from the Jordan frame to the Einstein frame in the following
way

& Ry — # Ry = o1 Ry (I9F) = 53 RY = R (D,00)
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The significance of Metric vs Palatini

o In the metric formalism we have that the connection is the Levi-Civita connection, therefore it
depends on the metric and derivatives of the metric

I oV
I'=r (gpwag,w) [ = 78 (Quugvp + Ip v — O &up)

o The Levi-Civita connection must therefore transform

fﬁpzrgp+§g

7 [2vudpQ + 2pv 9 Q — gupov Q] Ripy (T, 0T) — Ry, (T',0T)
o In four dimensions the transformation on the Ricci scalar is (Kaiser, arXiv: 1003.1159)
N I 6

o As a result of this transformation, in the metric formalism we get an additional kinetic term in
the Einstein frame action.
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The significance of Metric vs Palatini

o In the Palatini formalism the connection does not depend on the metric

[ # T (guv,98uv) =T

o This means that the only dependence we have to worry about during the transformation on the
Ricci tensor is the metric factor used in the contraction

. _ I _ 1
[,d0) Rw_}gwa:ngRw 7Ry

Re, (T,0r) = ok

Riapw (

o Hence in Palatini the transformation on the Ricci scalar is as follows

o And we get no additional kinetic term in the Einstein frame action.
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o The Jordan frame action from earlier is
S= [ d*x/=3 Lz orr— %t 1y oo —V(0)

o Transforming to the Einstein frame gives

M? _ 4 I
s = [ 4/ [%R‘%‘ﬂ ﬂ“’a’“‘i’—ﬂ]
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Einstein frame action

o Eliminating x via its equations of motion gives the following Einstein frame action

1 993,,0 o (9,000)° V()

4 = 2 7
SE:/d X —& EMPIR_

1
2 (1+ 40V (6 j) am?, (1 +HL(¢,)) (I _|_4a1’(¢})
L pf pl p:’ N

o The 0* terms can be neglected for now until we examine unitarity violation later.

o We rewrite the remaining kinetic term in terms of the canonically normalised scalar

do\* | _do_ | o Mp (2“4“9“2‘1’)
do 1 _|_4ﬂ:lz¢2 do \/1+4‘ﬂ?@2 Vv 40k, Mp,

MZ

.!"JII ol
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Einstein frame potential

o The Einstein frame potential is given by: Ve (o)
V(9)
V
L (0) S mv(q}) ?LEGZM,;! ’:Lé:” (1 _4exp(—2\/m:r))
ol

p!

o Working in the limit

dov S Vo) M, I M3,
s E@)~ 4o 4000202

o In terms of the canonically normalised field this is

My, (1 dexp (—2\34{13«25)) Schematic illustrating the general shape and plateau

pl
VE(o) = 10, region of the Einstein frame potential

My
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Inflationary Analysis

o The number of e-folds of inflation in the Einstein frame is given by

GE -"b1.l' "}i
f's.*'(:::f):—L MV—EJG: : exp 2v4 s
M

o The field can be written as

— P 1n(64000N _
Nmn( adaN) = O(N) =2V NMy,

o This allows the slow roll parameters and inflationary observables to be calculated, as well as
constraints to be made on the model.
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Slow roll parameters and observables

o The slow roll parameters can all be calculated in terms of the number of e-folds:

EE VE

2
M2, [ Ve I 2 ¥l _
€= (VE) =5 D, N2 ="y N

2 3 I
o Scalar spectral index:  ns=1+2n—-6e=1-— N 160, N2

o Tensor to scalar ratio: r=16e=

o Power Spectrum:  Pgp= = (=h=1.7x1071)
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Sub-Planckian Inflation

o In addition to an inflation model consistent with the observed tensor to scalar ratio we wanted
to check whether the model would remain consistent, and be successful if

1. Theinflaton were constrained to remain sub-Planckian during inflation

2. Non-renormalisable corrections to the potential-such as those expected to appear in a UV
completion of quantum gravity-were introduced
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Sub-Planckian inflaton

In order for o to remain sub-Planckian we require that

G(N} {Mpg

Substituting our expression for 6(N) —=-

M 1
mm (4V/4022N ) < My = \/3ahs > 5 In (64002N)

From here we substitute our values of Nand A, =~ 1.7 X 107! to find a constraint on a

o~ 1012

19/12/2019 YTF12 DURHAM UNIVERSITY 17




Theoretical Particle Lancaster £
Cosmology | University ©-2

Potential corrections

o In addition to the issue of a super-Planckian inflaton we must also consider how any potential
c%rrectl%?s due to some UV completion of quantum gravity would affected inflationary
observables.

o To investigate this we consider non-renormalizable corrections to the potential of the form

k,c"
AVE = Z nn—-tl
n Pf

o Assuming a 0 —» —o symmetry carried over from the ¢ — —¢ symmetry of the Jordan frame,
the lowest order correction we consider is

AVp — -2
E=

where k~1.
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n-shift from unsuppressed Planck corrections

o The following quantum corrections are made to the potential

ko®
Vror =VE+AVE =VE(6)+ e

pl

o In order to derive a constraint on a from this, we calculate the shift on n due to the addition to the
extra corrections to the potential

a2 AVE 120k
~z ~ g .

o In order to retain agreement with the scalar spectral index measurements we require that

|An |<0.01

o This constrains a to be 0
o> 1.2 %10
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n-shift with a shift symmetry

o We also consider the constraint on a from the n shift in the case of a shift symmetry,
¢ = ¢ + constant, which is broken by the m?* term (where m* = 21, M?,; is the inflaton mass)
in the renormalisable potential (for a review see Baumann & McAllister, arXiv:1404.2601).

o Non-renormalisable corrections should vanish in the limit that m? — 0, so any non-
renormalisable potential corrections should be proportional to the mass squared

AV ko®
EZ—Z
M,
Previously k~1 h k”'z;»av (mz)“ﬁ
o Previously k~1 we now have: N — E~ 5 5
Mpf MPI MPE

o In order to be consistent with predictions on n in this case we require that: O - 10"
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Sub-Planckian Inflation Conclusion

For sufficiently large a:

o The inflaton in the Palatini $?R* model can be sub-Planckian

o The model can be completely consistent with the effect of Planck-suppressed potential
corrections.

19/12/2019 YTF12 DURHAM UNIVERSITY 21




Theoretical Particle L{:]_‘[lCB_StEI'-
Cosmology | University ©

Post-inflation cosmology

o In order to be a complete model of cosmology, the model must reheat successfully and be consistent with
the observed scalar spectral index

oAn upper bound on the reheating temperature is given by the instantaneous reheating temperature

! 1/4
30 4 15 M,
1R = 3IM> H? ( ) i .
e (‘-’Ezg (TRmar)) ( Pl ) 212 E’(Tﬁmar) ol/4

o In order to calculate ng; we need the number of e-folds at the Planck pivot scale (k = 0.05Mpc~1), which

is given by 1 |
gs(To) \3 ﬂzg(ﬂnd} L B 21
N =1 : —— =) T Ao =—
' (gs (Tm)) ( 10800 0o k
Substituting in some numbers gives the following relation for N(a 1.6 x 10% |
oz
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Results

o Below are the results calculated for each a

o Mg r N | Tg/GeV
1.0 x 102 |0.9641{ 8.33 x 1079 |55.7|7.22 x 10'#
1.0 x 10" 10.9613| 9.6 x 1013 |51.7|1.28 x 10"
1.25 % 1079 /0.9558|9.83 x 10-2*|45.3(2.17 x 1010

o The tensor to scalar ratio is suppressed, the hlghest value ~107% is much smaller than the
observable limit of future experiments (r ~ 1073).

o Scalar spectral index values are in agreement with Planck bounds, the first two to within 1o
ny = 0.9649 4+ 0.0042 (lo)
o The model gives an adequately large estimate on reheating temperature for BBN, T, > MeV.

o These results show that the Palatini $p?R*model can be a viable model of inflation which is
consistent with quantum gravity.
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Plot of ng vs a

0.975 , , ,
i”l_g- ____________________________________________________ 2G
097 - B
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19/12/2019 YTF12 DURHAM UNIVERSITY 24




Theoretical Particle L.’:]llCElStEI'-
Cosmology | University ©

Unitarity Violation

o The term in the action responsible for unitarity violation in the Einstein frame is

o (9,60"c)° 40V (9)
I 2 \'Ta
M pl MP!

o Expanding this for the fluctuations of the canonical scalar field about a classical inflaton
background

c=0(1)+0c

o We find that the dimensional scattering amplitude for 5660 — 8000 scattering is
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Unitarity Violation continued

o Unitarity is violated in the Einstein frame when
M| 2L

o This occurs when the interaction energy exceeds the unitarity cutoff, given by

An—— o
ol/2 (4N )14

o The basic condition for unitarity conservation during inflation is given by

2
~ % - VE Mp
H<A H=|— | =
< (31143:) V2o

o This translates to the constraint:
MmN =36

oA, = 1071 in this model, so this constraint is easily satisfied
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Conclusion

We conclude that the Palatini ¢?R? inflation model, based on a minimal ¢? potential, can
successfully account for inflation, and for sufficiently large a can provide

o Sufficiently small predicted tensor to scalar ratio

o Agreement with Planck bounds on scalar spectral index, two results to within 1o
o Adequate reheating temperature for BBN

o Successful inflation with a sub-Planckian inflaton.

o Complete consistency in the presence of Planck-suppressed potential corrections from a
guantum gravity UV completion.

o Unitarity safety from 60660 — 8060 scattering processes during inflation

19/12/2019 YTF12 DURHAM UNIVERSITY 27




Future Work

Theoretical Particle LE_‘[lCElStEI'-
Cosmology = University ©

Study of reheating, specifically into different
mechanisms

o Reheating via Higgs portal coupling

’““‘an H|*

o Reheating via decay to right handed

neutrinos
%QJE\FENR .

o Consistency of the model with each reheating

channel

o Condensate Fragmentation

19/12/2019

If you are interested in the original Palatini
$?R? model, see:

oEnckell et al; arXiv: 1810.05536
o Antoniadis et al; arXiv: 1810.10418

Thanks for listening! Please feel free to ask
guestions
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Reheating and Quantum corrections

o In this model consider two reheating channels. The Higgs portal coupling and the coupling to
an extension of right handed neutrinos

MH |H|2_|_)L'¢N¢NRNR

o In order to check whether the addition of these couplings affects the consistency of the model
we consider the 1-loop Coleman-Weinberg corrections to the effective potential

4 ()2
Vior =V [:II}) + AVew (q)] = AVew (0 Ziﬂ§4§tq;) In (fwflu(—g?))

o As with the Planck-suppressed potential corrections we check the n-shift due to these
corrections to ensure that the reheating dynamics of the model remain compatible with the
predictions on n;.
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Potential Regimes

o Integrating the canonical scalar relation gives the following exact solution for o

czﬁln(\/wmﬁﬁq))w;K=4;§“2, = Gztlloln(1/1+$2+¢)
0

pl 0o

o o is scaled such that o= in the limit where ¢ < @,.

o ¢ is defined as:
M,

bo= vV4ais

o This corresponds to an era close to the end of inflation where () = 1.
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Potential Regimes

o For ¢ < ¢y: Ve(o)

G~ 0 . M NI
Mo M, My (1—4&:{})( 2 4alﬁ))

o For ¢ > Py:
ap = MFI G
(2¢) M p (21;’4(:&2{1)) 0= Jiod Cend = 5 Inl{ﬁ-ii:tl}l
crROln| — ) = In
0o 1.;’4(11,2 Mpg
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