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Abstract: This talk is based on arXiv:1506.07306, with Shun-Pei Miao. We argue that the fine tuning problems of scalar-driven inflation may be
worse than is commonly believed. The reason is that reheating requires the inflaton to be coupled to other matter fields whose vacuum fluctuations
alter the inflaton potential. The usual response has been that even more fine-tuning of the classical potential $V (\varphi)$ can repair any damage
done in this way. We point out that the effective potential in de Sitter background actually depends in a complicated way upon the dimensionless
combination of $\varphi/H$. We aso show that the factors of $H$ which occur in de Sitter do not even correspond to local functionals of the metric
for general geometries, nor are they Planck-suppressed.
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ds? = —dt? + a?(t)dx - dx
H(t)=a/a & e€(t) = —H/H?

* Hard to avoid an early phase of accelerated expansion
— but what caused it is a mystery
e Scalar potential models work
R p—
L= 16Vnc‘;9 — 150, Ay P gH =g — V(@)=
7. ~ 3H? =8nG[Yap§ + V(po)]
2. —2H — 3H? = 8nG[Ya¢pi — V()]

— (1)+(2) D> @o®) = ¢, — [ dt’

— Rotate the graph =2 t (o)

— (1)-(2) = V(p) = S;G [H + 3HZ]

—H((t")
8tG

t(p)
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Fine Tuning Problems

1. Initial Conditions

- Potential energy domination over more than a Hubble volume
2. Duration

— = Pr Yie) -

N = —8nG f(pt_ deo ey 50
3, Scalar Perturbations
3 y
— (G""; ~ 10— 11
v

4. Tensor Perturbations

- G?V < 5x1012

5. Reheating
— Reheating requires coupling to normal matter

6. Cosmological Constant
- szmin o 10_123
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Reheating = AV ()
& an obstacle to more fine tuning

e FlatSpace: AV (@) ~ + (cc X p?)?In [ch;(pz]

— Not Planck suppressed & typically too steep
— Just fine tune it away .

e On de Sitter: AV(p) ~ + H‘l”f [

— f(x) = x?In(x) gives Coleman- Welnberg

— But small x is relevant: f(x) = ax + Bx? + O(x3)

— Set a = 0 with §§@“R\/—g & [ = 0 with dAp*\/—g
e Factors of "H?“ are not constant & not even local

=>» stuck with O(x?>) terms

cczxcp
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Three Models

1. Anotherscalar ¢
L= —%0,$dy g’ =g — T $2RY=G — Uk P2 9% y=g
12

2. Afermion

L = ‘T—’yb eg(iau — l/zAll.Cd]Cd)‘-lJF _ f(p‘T-”-pﬁ
3. A vectorgauge boson A, (with complexinflaton)

L = _1/%51.va0~9“")9\’0 -9
— (au. — I:EAH_)QD(BV + ieAv)(p*gHv\/Tg

For each model:
* Give general (de Sitter) form for AV ()
e Give large field expansion
e Give small field expansion
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Limit on backgrounds is PROPAGATORS

Mass M scalar with conformal coupling §

1.
V=alb —&rR — M?lia[g, M?|(x;x") = i&P(x — x")
2. Mass m fermion onds? = a?[—dn? + dx - dX|
al)z—l
S(x;x")

. , 1 . -
i[;S;](x;x") = a,)gl I_LV“QU + am] Taa
S =% +y)ialg, M7l x") + (1 — yDialg., M2](x; x)

— With§,. = 2(1)1—1) & M7 = m(m¥F iH)
L-2)

3. Mass My, vector with §, = D D13 o
. ’ E ' ’ ’ r a ‘P (X;X’) ’
i[p8p]1Ce; x") = [Op — DVD, |[B'F — D7D, | [ OxVax'? e )]

iA[E,, M7] — iA[E,, O] 1 9iA[E,, N?] "
ON?2 IN® =0

S(e;x") = M3 Mz
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s’calar = 0§Rp + 1/657\(9

+15h2 piA[2F2E 15 h2 2 | (x; x)

e v, =1+ /1 —8AE, z2=D1¢

H?2
- Y(x) == In[I'(0)]
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Large field and small field expansions

. H? 1 1 o ) 1 [L‘“(I/; )+ (v )]
Al scalar = - -:'-I -_—Z 2AE — — : '
o e (i-l';r'-‘{-! 1"(2 +24¢) [8 - 1

 AgY () —wi(v)]
2V 1T —8AE

‘ 1 . 1
.q." & / o ~_) ..,_! . I
] e I 24‘3% P lll(.; - | 2A&) [:; A&

15

+2A8 [w(vy) +w(v )]] 22 + [4882— - ] 1“(%32*"2‘3&) h “(30)}

Ay [[A=6A9 v w) +w )] | AL (v) +vv )] =
sealar T Gan? (1—8A¢g)3 1—8Ag 12
N 3(1—4A¢8)[—v' (v )+ (v_)] " 3(1—4A8) [V (v ) +Y" (v )]
2(1—8A¢&)3 2(1—-8A¢)?
AE[—y"" (vy)+v" (v2)] | 2° ~¢ 10
. Oz . (1
N (1—-8Ag)Z ]96+ ( }} (
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AVf’e‘r‘m,ion
= SERp + YeSAp~ — f[;Si]1(x; x)

242
. Zz —_— e
Avfermion
H* 5 4
= — o 2yz? — [E(3) — ¥z
z
+ Zf dx(x + x3) [P + ix) + P(1 — ix)]}
0
Aerr'mion
4
= T 8n2 {%24 In(z® + 1) — [3(3) + %4 — y]z* + z% In(z* + 1)
11
4 2 2 0
- [§—2V]Z + Eln(z + 1)+ 0O(z )}
H* > ‘
Avf'm'mion — Q77 2 {'g'[C(B)—E(S)Iz"—l/:lC(5)—{(7)|zb+()(zlo)}
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Factors of "H?%“ are not constant

2 SAI'[g]

V=g Sghv
A

- H> =2 > (ATHV)dS = —guwH?* X ¥f(z?)

cc?|op|?

— Recall AV = H*f(z%) & z*? = T

 Actually <ATP‘V>ds = —guvH* X Y%z°f'(z%)

— Except for u?=* - HP?~%*in &% and SA

R

e Consistentwith ““H?2’” = —

— Because F(R) models are ok this could be removed

on de Sitter

* Evaluate (ATMV) =
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Factors of "H?%“

e E.g., ‘ringing”’ in A% (k)
1 |

— € ——9 = —
1 200 €2 10

— Starobinsky 1992

* Good analytic form in
arXiv:1507.07452

N N S| )
h(t. k) [dn sin {/«fn'.u n, .\'.-..j] e '\.' '.
) n .A.-':H..\.‘_.:

- [

e This stuff also can’t be
part of a classical action
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not even local!

M(k)

AN

Page 17/20



How bad is it in practice?

e Could tune V(g) to cancel AV at one instant
— But H(t) typically changes a lot

(04

* ForV(p) = Ap%* we have H}S) = [Eit_) +

iy, R
e Could cancel with ““H?Z > =

— But then a modified gravity theory
— E.g., Friedman equation changes

* Need a careful numerical study
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Conclusions

* V(@) models need heavy fine tuning
 Reheating requires couplings to light matter

e These induce corrections AV to V()
— Not Planck-suppressed
— Can’t compute for general e(t) = —

H?Z2
B _ g (el
e=0 > AV = H*f (“20)

R
e Factors of "H?%’’ are not constant, or —, or even local

=» cannot remove AV by more fine tuning of V()

e This looks bad
— At the least, a new constraint on model-building
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