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Abstract: | will discuss fine tuning in modified gravity models that can account for today&€™s dark energy. | will introduce some models where the
underlying cosmological constant may be Planck scale but starts as a redundant coupling which can be eliminated by a field redefinition. The
observed vacuum energy arises when the redundancy is explicitly broken. I1&E€™I| give a recipe for constructing models that realize this mechanism
and satisfy all solar system constraints on gravity, including one based on Gauss-Bonnet gravity which provides atechnically natural explanation for
dark energy.
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The universe 1s accelerating

£k, A
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Einstein’s equations don’t work

1 1
R-p:u - §Rgu-y # m—%T,u.u

Put in observed expansion history Wil a1l clinrvas] iikiad intaiy

(including dark matter)
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Easy to fix
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Easy to fix

Alter right hand side:

1 i
H-;w . §jouy - 2

&

2 1 :
T;w —m PA\ Guv | Mysterious dark energy

|
_—
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Easy to fix

Alter right hand side:

1 1 r B 7
RLW o SRQMP = 2 I;T,uy - m-}:i\gm,;J “Mysterious dark energy
= P
Or alter left hand side:
1 1 . . . -
R”L’ - SRg#P Ll Ag}uw — —21;“; “Modified gravity’
Z me
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Easy to Fix

S = 5 /'(IHI V/—Q(R—QAXJ+£_\_1r
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Easy to Fix

- oy
.5{)/(1;1’\,9(}?2-&)—'—[,}.1

=

e Can reproduce any expansion history a(z) (with dH/dt<0)
by adding a mmimally coupled scalar with the right
potential.
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Easy to Fix

y mf} 4. /- A
o *)-/‘d I V—Q(R—z-\J—'—ﬁ_ﬁ_f

=

e Can reproduce any expansion history a(z) (with dH/dt<0)
by adding a mmimally coupled scalar with the right
potential.

e The 1ssue 1s that of plausibility of the theory.
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Fine tuning?

5
5 = fd4$ vV —g (R ptac) + L

Measured parameters

~ 107 4 m 1
| m.? 10 GGL., .:, TP, 10122
B2 sk v (1072 a7)2 A
Prac ~ mMBH? ~ (1073 V) Huge

What’s the problem with large/small numbers 1n a
theory?
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Why the vacuum energy scale
should be mg

UV theory: scalar with mass M

/d“lx vV —g

Integrate out a scalar, match to UV theory

.
§ e 1
D —
"j R . p:r_‘g,c . 2 LaO)

2

M?2o?

b |
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Why the vacuum energy scale
should be m;

UV theory: scalar with mass M

.”?1"

1 a 1
/d*.r /=g g 5{30)2 = =1 \V o }

Integrate out a scalar, match to UV theory

Page 13/58



Technical naturalness

Suppose some symmetry ensures o . ~0. Quantum
corrections to p,.. will vanish.

Now add some term with a small parameter £ that

breaks the symmetry. Quantum corrections are
proportional to &, since they must vanish as Z—0.

i foe ] (‘UEN
——keff = |Pvac T =g 108 = — .
\/q o l(l'ﬂ' ) i e

We can then hope to find a UV mechanism to make the bare p, .. small.
Quantum mechanics won’t ruin it.
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Modified gravity

Modified gravity = change the lagrangian

= gt BB, Baiall™, ; vua ViV R Bl B, v
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Modified gravity

Modified gravity = change the lagrangian

£ = g R Bl Bisaa B, v ViV BBl 0™,

Pirsa: 08090005

Stay in 4-D?
2 ~._ 1o

—

yes Sk
) Compactification. Brane worlds.

Besik ST invatiaiice. 7 DGP. Randall-Sundrum. ADD. etc..

(i.e. introduce background fields)

Ves
no "
v b

alar-tensor theory. TeVes, etc Massive gravity. etc
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F(R) gravity

B s /di*:r: vV—9F(R)+ L., (9u.)

Fourth order equations of motion

1 L 3 1
F(Rjg,uy T Q#UV'F (R) — V;.\“_LHF (R) — ;Iu,u

s | —

F%R)R#V o

[
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Introduce auxiliary scalar

/‘dé‘r\f’j_g F(OJ =+ FI(QMR o O) i3 ﬁm (.g;uilf}

F"(¢)(R—0) =0
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Introduce auxiliary scalar

/d_L'rﬁ ( 4 (@)( o OJ' g Ern(_gﬁ-l“)
F"(6) (R —¢) =0

Change of variables to Einstein frame

oF" — F
(QHEJEFIE

Juv = 265°F' ()9  V(9) = F'(¢) =e

Ghost free scalar-tensor theory

1 1 > .
/dél‘ \/ g { .ER - ;(65:;)" —V (@(\:)) SN ﬁm(gﬁw)
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More complicated lagrangians

/ d*z v/—gF (R. Ry R*. RyyasR*)
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More complicated lagrangians

/dLLI' VI_QF (R R,LLUR”U.- RﬂvﬂﬁRﬁU&j)

Equivalent to scalar-tensor theory plus possible spin-2 ghost

1
/,/’—dr ~ (3Fy + 2(Fy + F3)04) R+ S (Fy + 4F3)C05C"

1 2 K
£y 263) (R = AR R+ B )

I\.a

i [
F‘CHFl*Oze‘OSFE‘gﬁfz*Fgﬁﬁ'
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Getting a small A

1 4 |
CDTT model F(R) — .)HI;-} (R e #R) Solution R _ ,\/3#2



Getting a small A

1 2 -
CDTT model F/(R) = ~— (R - ’u) Solution R = +/3p°

LK
Effective scalar potential

Vig)

)

'[’*( _!) = Bvﬁu—} e iu o
N 16k2 39:/3 "

2

Higher interactions go like u"x"0™
reec®s EFT it is valid up to the Planck scale page 2156



UV “completion” of CDTT

R¢ model

i —d | 1 1 0
/ d-l'r Vf_g ( o R — ;8;108#@ - ;'-ERO- il {O . pvac)

2K~

failsats ""-,
(Y1)
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UV “completion” of CDTT

R¢ model
l 1 1 i
—]: i | ) _}
J e
Integrate out the scalar (0) = e (W 3_/:;

1 J°
d'hl T -l — Mvac
J = g(zﬁ-f T3 )
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UV “completion” of CDTT

R¢ model
Y 5 [ T S
d I\ —g -*}R_ -_aﬁOa#@_ _‘ER@- _'_J@_pvac
2= 2 2 -
Integrate out the scalar (o) = 7 (L_L>
1 J*°
d*x /— — R - — D
There are now two different vacuum solutions
5] i _. : 9 1
5  K° o g Od°
H™ = F Prac = V Piac — 4E€ K2
| | Assuming J? < Ex*p2,.
High curvature Low curvature
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<C)> — If J 1s reasonable, the scalar VEV is huge
(R )
(meﬂ-‘) 2 _ i . <C)>2 The R¢- term contributes to the
P K2 | effective Planck mass, so the bare

Plank mass must be tuned to nearly
cancel the large VEV

pfic = Pvac — J <¢:D> The source nearly cancels the large bare CC
(-’J _’E<O>H) H 9 (pxdl; —J((D))
K~ ~ 3
2 1 €1l > . : .
prsa oso(om P ) H* = pr-:dc The usual FRW equation is satisfied, by the

observed gquantities.



( O> — If J 1s reasonable, the scalar VEV is huge
(meff) 2 _ i B <@>2 The R¢- term contributes to the
P K2 ' effective Planck mass. so the bare

Plank mass must be tuned to nearly
cancel the large VEV

a6 — Pyac — J <(D> The source nearly cancels the large bare CC

K
eff \2 172 1 eff 2 A -
pirsa;oso(oﬂl = ) H* = gﬁi_ac The usual FRW equation 1s satisiied, &y the

observed guantities.



UV “completion” of CDTT

R¢- model
4 — L L QM - -
Integrate out the scalar (0) = &e) ( L_L>
1 J*°
4
/d L —A] (:/) ER | 2¢ — Pvac
2K £
There are now two different vacuum solutions
2 i . P ) b
2 L FE‘- e / 3 '.:;t]b
H = E Pvac T N Piac — l{jr{l
|| Assuming J* < £r°pl.
High curvature Low curvature
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{O) — {fR If J is reasonable, the scalar VEV is huge
(meff) 2 i . <@>2 The R¢- term contributes to the
P - K2 effective Planck mass. so the bare

Plank mass must be tuned to nearly
cancel the large VEV

Piac — Pvac — J <Q)> The source nearly cancels the large bare CC

1
J

eff 2 eff ) L . e
pirsa;oso(om- FJ; ) H< = —ﬁi_.;c The usual FRW equation 1s satisiied,&y: the

observed guantities.



UV “completion” of CDTT

R¢ model
1
-
/d i g( ﬁ_R— 0“08“@——539 {Oﬁmc)
- J LT
Integrate out the scalar (o) = R (VW)

1 J*
d4 T S0 — Mvac
/ % 9<2n3 2R~ " )

There are now two different vacuum solutions

— : '} ft
= = F Pvac = \ Pyac — 15',{2
| Assuming J* < £x°pe
High curvature Low curvature
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/(I)> —_ — If J is reasonable. the scalar VEV is huge
\ gR &
(meff) - _ i . <@>2 The R¢- term contributes to the
P K2 ' effective Planck mass, so the bare

Plank mass must be tuned to nearly
cancel the large VEV

= p. c— J(O 1e source nearly cancels the large bare

Prac = Pvac — J(®) Th : he large bare CC
ik .- . 1

2 2
(3_£<O> )H = T(an::_J<@>)
K~ 3
- aff\2 172 |
pirsa: OBOQ)M-?’:T ) fH* = § ,{Jf_ld* 5 The usual FRW equation 1s satisfied, by the

observed guantities.



UV “completion” of CDTT

R¢ model
a. — 1 1 0. O™ d 1 € R
dIV—g 2&-}}2_3 u@ @_§5R@ *L{@_pvac
poad J o
Integrate out the scalar (@) = B (VW)
1 ¥
dél' \/ — ; R [ — A
There are now two different vacuum solutions
2 [ | 972 |
: K | . e
H‘E — — | Pvac =4/ pz—- - :
6 Ve 4gn?
] - 2 2 2
1l Assuming J° < Exk“pZ_ .
High curvature Low curvature
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(@) = — If J is reasonable, the scalar VEV is huge
\ g
R
(meff) 2 _ 1 §(©> 2 The R¢- term contributes to the
¢ K2 Vs effective Planck mass. so the bare
Plank mass must be tuned to nearly
cancel the large VEV
pif;c — Dvac — oJ <(D> The source nearly cancels the large bare CC

a

2 _ €1 i : . e -
H* = — Pac The usual FRW equation 1s satistied, 5y the
observed gquantities.



UV “completion” of CDTT

R¢ model

i 1
/d‘l’x \/"Tq(? - d,uoc?“o— EﬁRo *J@ pm)

[ntegrate out the scalar (o) = (:3;-1;’5

1 72
dhl T ‘ R — HMvac
/ tv—Y (%—’ 2cR " )

There are now two different vacuum solutions

72 _ K= P 3J°
— vac — A\ | Fiac — .
6 V7R dgn?
[ ] - 2) 9 9
| Assuming J° <« Exk“pZ,.
High curvature Low curvature
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e The fine tuning of the CC has been shifted into other
parameters.

e The low curvature solution is classically unstable.

* The model can pass solar system and stability constraints, but
only by making & very small (10-14°).

e There are large ¢ VEVs. This requires that the scalar potential
be extremely flat.

e Under radiative corrections, small values of & and J are
technically natural since £ =J=0 has enhanced symmetry ¢ — ¢
+Cconst.

* Radiative correction destabilize m,*.
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There are now two tunings. The model 1s secretly more finely
tuned than a bare CC.

. Prac N 10—340
pf';;{.: < Pvac : ?’?’1}3
pe ; <Y (m-p sz’: -
Vac ) - P o8 | —'—O(].U l.’u)
Vac
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More general perspective

General scalar-tensor action

, — 1
- fd&‘r vV —g !f(O)R - 5}1(@)6;108“@ — V()| + Smatter

Constant curvature solutions

2V dV
R=2",R=—
f df

Effective vacuum energy and Planck mass

ot = (V(e)). (mF)" =2(f(e))
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Build models with desired CC and Planck mass
Given an F(R) theory with the right solutions. we can put back the scalar

8= /d“l:r\/—gﬁ(R)._ L(R)= fR—V
Fodffdn V- fi—F

Make things dimensionless for convenience

=

)

y=R/4(mF)* . LR)= (mF) Fl), <=7 (mF)’

Any function FYy) satisfying the following two conditions will work
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Some examples

F(y) =exp(y°/e) — 1, V1 +2y?2/e — 1, 2elog(y/e) +e,. ..

4
Expanding in powers of R F(y) = E G Y™
=0
Conditions become E Gl =E E fifiae =12
Ti Tl
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Some examples

F(y) =exp (v?/e) — 1, /1 +2y2/e —1, 2elog(y/e) +e,...

B 0
Expanding in powers of R F(y) = Z any”
Fl——02
Conditions become Z a,e"’ = e, E na €™ = 2
Tl f
Fly)=2y—e¢ — Einstein gravity + CC

.:) '

o

o 5 | 1. . . .5 %
Py = y‘j.,fe ——> /-dé.x vV —g (OR — —h(00)° — -1&0“)

: 3€ — g . ) -
g — arbltrar}"‘ a1 = —:} =, Q.1 = —€lapg—+£) ;2 > R(P« model
-—E
1 ( .- 2 S PR
Ay — afbltrﬂ.[}'. a_| = _Eﬁkaij_j — _E.f_ ad_o = (ag — _J)Ej

=
Pirsa: 08090005 _ _ s a T . . { [ m L;_-f‘f) a_; 16 [ m t:,_-':_: ) PageA1/58,
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Still double tuned

Conditions are F(E) — €. F'f(e) = 2

-

-

7 One tuning

Which suggests F ( [)) ~ —€

Having Planck scale bare CC means F(y) Sy (R

- Second
Which suggests F(0)~ -1 tuning

* In F(R) gravity it is unnatural to have a small effective vacuum
energy. ltis doubly unnatural to obtain a small effective vacuum
energy by nearly canceling off a large underlying vacuum energy.

*» These tunings are not generally technically natural.
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.L_‘j
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Lg
Ly
L

]

Lovelock terms

— l v ¥ 1 j J 1 B }'J--""; ;__r“__._
— f)]rﬂ_ OLL E‘J ;J. R T Rﬂl 71 ..j-.-..-;
=1
r A
R _ 'lR_uz.r'Rkﬂ i R,u:z,\:rﬂp& 2
EB;;UF:‘ RU#:JTR'EPJL; 1 SRIHHTJRFEPFR;J.— LA g-iR“LWHRr:H;,HRH_

L fa

~3RR*"* R, — 24R**R,, R., — 16R* R,,R°, — 12RR*R,,,

* Integral is a topological invariant = total derivative in 2m
dimensions.

» Gives second order equations in higher dimensions,
vanishes identically in lower dimensions (does not add new
DOF).

» Gives second order equations when multiplied by scalars.
* Only terms where metric and Palatini variational

approaches are equivalent. page 4353
e (" nmec from o~ eorrection of etrino theory

1 B3



Gauss-Bonnet model

i — 1 1 I 2 9
/ d*z /—g (.) - R — ;aﬁio@”o — 55&'%@‘ + Jop — paaf)

hﬁ--

—

> 2 LI IV AT
G = R? —AR,,R* + R, ., BRF
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Gauss-Bonnet model

— 1 (-
/dﬁ‘ vV —g (.) =t 0,00" 0 — 5{;’&‘%@“ + Jo — pym)

2= 2

—

g == R2 . _LH#L’R#U P ng}\gﬁgu)\f

Vacuum equations of motion Large curvature solution
R = 4K*(pyac — JO 2 & exSp° ; .
s T G }{ pTE:H_' i ) J ‘-{5: "-:,f{ pt_'a{_: R :: '1_& p'r,_-a_c
6./ o
() J— _ .
- -2 32 6.2
SRR s | 67
W=l » *E Hzp vac
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Total derivative structure of the non-minimal coupling ensures:

o
P

Only one small parameter needed:

ara® Al
(Prac)” =
vac .
bgprac
Same tuning as a bare CC.:
2.0 eff “
€ A3
~ pvac Prac

Low curvature solution is unstable, but is stable on cosmological time
scales provided £<O(1).

Drawbacks:

* Large scalar VEV requires the potential to be extremely flat
Pirsa: 08090005  Passing solar system tests requires taking & small page 46/58



Gauss-Bonnet model

1 1 |
/d4r vV—g ( ;R — -0,00"¢ — 5{{#@:‘%@“ — Jo — px.&)

2K 2 2

G =8 4R B + R 5, 07"

Vacuum equations of motion Large curvature solution
=4 = Jo 6 3 s 9
s (p‘.’i:l,f_‘ B o) ]— < Ch pﬂ. AC R ~= ‘flﬁ:_pﬁ_—ac
6./ —
CD — r ¢ ' G
k2 R2 | 6.2
R=xy 25
" \/ SK“ Pvac

-
-

.-‘--
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Total derivative structure of the non-minimal coupling ensures:

T
—
. =1l

Only one small parameter needed:

) 2. .6
vac o
btgprac
Same tuning as a bare CC:
y P eff “
J ﬁ?p [ Prac 10240
§ Prac Prac

Low curvature solution is unstable, but is stable on cosmological time
scales provided £<O(1).

Drawbacks:

* Large scalar VEV requires the potential to be extremely flat
Pirsa: 08090005 » Passing solar system tests requires taking & small page 46/ss



Quantum corrections

O = iﬂ:’> + 00, Guv — <g,ur.-*> x® Ogﬁif-f
A 1 T 1__ [ RANQ 5L L I ~ 1C 2 e in2
d-z\/—g 8~ Po — __jdggdc}jﬁ (00) — Ex~(0) 0G 00 — ‘_ﬁﬁ:—g;mr

2K

e Under radiative corrections, small values of & and .J are technically natural
since & =J/=0 has enhanced symmetry ¢ — ¢—const.

, : : — 2 7, .
 Corrections to scalar mass still dangerous, i.e. dm~ ~ A7y ~ {mp ruins
|} -_J
m” < ExH*
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Total derivative structure of the non-minimal coupling ensures:

err

mp = mp

Only one small parameter needed:

ofF 2 o 1]42m?j
(pra{:) e Ggpx'ac

Same tuning as a bare CC:

Bl eff
JPmp (P
SPrac Prac
Low curvature solution is unstable, but is stable on cosmological time
scales provided £<O(1).

Drawbacks:

\—240
~ 10

e Large scalar VEV requires the potential to be extremely flat
Pirsa: 08090005 » Passing solar system tests requires taking & small page 50158



Quantum corrections

_ pax i oE o I
O =(Q)T00, QGuv = <9,uu> 0Gu
s —( 1 I T e . | T——
d~z\/—g ‘?HER — P — __5@@59_,}5 (00) — Ex~(0) 0G 00 — &R G(do)

e Under radiative corrections, small values of & and ./ are technically natural
since & =/=0 has enhanced symmetry ¢ — ¢—const.

: . . o % 2 .

 Corrections to scalar mass still dangerous, i.e. d9m~ ~ {A7-y ~ {mp ruins
2 =) ;
m- < Ex H*
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Leading corrections to the scalar mass
graviton
<

W
scalar

Since the Euler density is a total derivative, the vertices vanish when all
scalar lines together carry no net momentum into any vertex.
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Leading corrections to the scalar ma

LFi
[l

graviton

Since the Euler density is a total derivative, the vertices vanish when all
scalar lines together carry no net momentum into any vertex.

First correction comes at 2-loops

o d*p dqg N ok | — ..
2 24 1 4 - 2.5 4 10 Lol
m” ~ £°R f (9.4 f--j,—-_lp ] =& a 2 7 {7k “Lf_il' =3 - mp
l.‘._'l.}_L._l.]_ p_ q_ (p_q_
Does not spoil see-saw for £°ms < Ex-H* —> ¢ eff / ndV2 10~
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. 3 d*p d‘q K2 K ] . _ .
- ) ) o | A L = ] \ y b, iy
0J ~ EK“ER" (D) / e _)P,_T_p‘g‘pj e ~ £k () Ay ~ (0)E mp

— 240
£< 10

Pirsa: 08090005 Page 54/58



Corrections to the vacuum energy
d ~ Afry ~mp ~
Prac e S8 V8 P Puac
» Preserves the tuning.

The VEV <¢@> shifts to maintain a small effective vacuum energy.

- eff eff
Op?_'qr_' Sl (V.

» Gauss-Bonnet structure is crucial. Assures that the effective m, 1s
not shifted as well.

e Technically natural tuning of the CC.
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Landscape/swampland

e Easy for fine tunings to be shifted around

e 10°% vacuua of the landscape: 1010 have small CC,
10120 have other mechanisms?
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Conclusions

» F(R) models illustrate that today’s Hubble expansion energy can be
accounted for even in the presence of a Plank scale CC.

» Modified gravity can not really cure fine tuning problems. but it can
push tuning into other parameters.

* Pushing the tuning into other parameters can make it technically
natural. as in the Gauss-Bonnet model.

Future questions:

« Realistic cosmological solutions with inflation?
High curvature vaccum — low curvature vacuum?

e Realization in fundamental theory?

Pirsa: 08090005 Page 57/58



Pirsa: 08090005 Page 58/58



