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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&€™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.

Pirsa: 08090005 Page 1/58



Vacuum Energy and Fine Tuning

Kurt Hinterbichler

Perimeter Institute, Sept. 30, 2008

Pirsa: 08090005



The universe 1s accelerating

2, 1
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Einstein’s equations don’t work

1 1
Rp:u o 5Rg,u1f # m,2 T,u.w
2 P
Put in observed expansion history Put in all observed mass/energy

(including dark matter)
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Easy to fix
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Easy to fix

Alter right hand side:

1 1
R,u,u o §Rg,ulf — mg

2 ; ,
T;.w = m..};h\g#y | “Mysterious dark energy

1
£
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Easy to fix

Alter right hand side:

1 i . | -
Ry, — 5Rgu = —5 [T — MpAgu,] “Mysterious dark energy
Z mp - ]
Or alter left hand side:
1 1 ) | o
Rf“'” o SRQMP i3 Agﬁw = —ZT‘up “Modified gravity”
Fs ma
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Easy to Fix

. x
5 = ;)p /d4I \/—g (R = 2-\) = = ﬁ_‘h_f
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Easy to Fix

2

5 = TD (IHI \/—g (H—Q-\J _‘_E'_‘.I

—

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

2

Il S !
= Tp d*z \/—g (R—?-\)+£_1I

—

e Can reproduce any expansion history a(t) (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?

Ir

5 = /d4$ vV—g ( c)pR o pl‘ac) + Lm

Measured parameters

mp ~ 101 GeV P 10122

! HE A~ (10—.5.3 EL,*)E ;\ .

«

Doae ~ MBH? ~ (1073 eV)? SHge

What’s the problem with large/small numbers mn a

theory?
Page 11/58
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Why the vacuum energy scale
should be mg

UV theory: scalar with mass M

/ d4.1‘ vq

Integrate out a scalar, match to UV theory

rn§
TR — Pvac — kao)

1[202

l\..rllv—*
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/ ‘E‘ET'

N —H

: 08090005

Why the vacuum energy scale
should be mg

UV theory: scalar with mass M

/dé.r\/i

| S
pR — Poac — (80) i 3 1IHDE:|

Integrate out a scalar, match to UV theory

t...J.
JO L' (LC mp

I '-.I‘ M* | M2 M2\ |
= | Pagert 7m0 — | | + | ——— 05| — | |
. 1'{ .Jt.rl. _." ILI" 2 L 6( .L' _, JLE" |

1 M? 1 A
+ ——log , —R GgH el gl At e
2(4m): u? ) |30 30 12 5
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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 £—0.

1 M* M? )
—EE = vac | a2 N O lOg 5 A
=g I TP T a2 ( u? l

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

= g BB R, s VN R Bl B ™
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Modified gravity

Modified gravity = change the lagrangian

E =g Bl B B ™ i VIR B
Stay in 4-D?
~._ 1o
yes g

Compactification. Brane worlds,

Bl 0 Sivni e DGP. Randall-Sundrum, ADD, etc..

(1.e. introduce background fields)

. : }r."'e,s
no
v A
Scalar-tensor theory. TeVes, etc. Massive gravity, etc.
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F(R) gravity

T /d_l.l‘ V’I—QF(_R) —ﬁm ig,uu)

Fourth order equations of motion

; 1 ) / ! f 1
o (R)R,urf _ ;F(R)guy ¥ ¥ gp:uv_F (R) - vﬁ-LVL—*F (R) — ;T.ub’

— |
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Introduce auxihary scalar

/‘d_lfvf—g F(O} T F;[O)fR = OJ o ﬁrrz(gup:}

F'(¢p)(R—9¢)=0
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Introduce auxihiary scalar

f d42\/—g [F(8) + F'(6)(R — 8)] + Lon (guv)
F'(¢)(R—9) =0

Change of variables to Einstein frame

oF — F

e B Sl

Juv = 26°F' ()9 V(o) =

Ghost free scalar-tensor theory
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More complicated lagrangians

/ &5 0 F (B R BP° Bns BPP)
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More complicated lagrangians

/ &%+~ 9F (B, BB, Byvug R*°P)

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

1
fx/ gd'r| —(SFI—"»‘(R—FS,)@;JR— —(Fy + 4F3)CluasC™

| ) 9 v a3
— 5 (Fy = 23) (R? = AR, R + Ry sR4)

1 o
F‘—OlFl—OQFQ—OSI:g_E(FQ-FEJOE .
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Getting a small A

1 4
CDTT model F(R) = 5 (R " ‘;2) i, B — Vi
>4 2 e



Getting a small A

CDTT model F'(R) =

%
(R o R) Solution R — \/3”2

2K>

Effective scalar potential

-

2

Higher interactions go like p x" 0"
ee®®A&s EFT it 1s valid up to the Planck scale
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UV “completion” of CDTT

R¢” model
4 .f"— 1_ 1 i i ¥ ]— ‘}
d I\/—g 7 _.1R— _—(}L‘.O(?MO— _—{ERO-—'—JO_pvdL‘
‘ 22" 2 2 .

/

()

L |
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UV “completion” of CDTT

R¢” model
- 1 1 1 ;
4 / ‘ | 2
rory J T
Integrate out the scalar (o) = R A

1 VE
dhl' — R — Mvac
/ Y 9<2n2 2R~ " )



UV “completion” of CDTT

R¢” model
d*rvV—g| ;38— ;0.,00"0 — ;ERO" + JO — pyac
25" 2 2 >
o | vl
I[ntegrate out the scalar (o) = = (L‘b)

7-
dé i
/ gkl <2ﬁ:— 2R’ )

There are now two different vacuum solutions

z I . 3J2 |
L [ 3
H-— = — p‘ﬂ.'a{_' = v p:'af_ o 16"'{2

6

Assuming J° <« £x%p2, .

High curvature Low curvature

Pirsa: 08090005 ., 1

H£ ~ ;H2p‘,-ac ‘FI2 — JE/(16E‘9‘LT—H‘.)
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=’FO> = — If J is reasonable, the scalar VEV is huge
\ £R &
(meff) 2 _ i C<@>f;r 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

eir __ . Tee A 1o ~
Piae: = Byae — J<@> The source nearly cancels the large bare CC

(15— €02) 2 = § (prac = T(0)

K

J

prsa oso(om h:) 7 = g b The usual FRW equation is satisfied, by the

observed quantities.



=’FC)> —= If J is reasonable, the scalar VEV is huge
."1 gR —
(meﬂ-‘) 2 _ i . <@>2 The R¢- term contributes to the
P K2 cffective Planck mass, so the bare

Plank mass must be tuned to nearly
cancel the large VEV

eff ,
p'»d(., Pvac — J((_D> The source nearly cancels the large bare CC
1 2 g2 1
(q _£<O>H) H = (p“-d(_ _J<O>)
K= - 3
prsa oso(om > ) H< = 3 2 s The usual FRW equation is satisfied, &y the

observed guantities.



UV “completion” of CDTT

R¢” model
d v/ —g %QR — 50,000 — §£Ho + JO — Prac
[4N J L
Integrate out the scalar (0) = e (VW)
| J*°
d*z\/—g —H — Pvac
/ k2" T 26R TV
There are now two different vacuum solutions
) F F ) i
> K2 e b BPF
H™ = B T \( Prac 4€ K2

| Assuming J? < Er°p2, .

High curvature Low curvature
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Hg =~ :lepvac ‘FI;3 -~ JE/(IGEﬂrHrj
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=’F(D> — If J is reasonable, the scalar VEV is huge
(mef'f) 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

fay
El e [ T .ﬂ.-‘_' o 1
Pine: = Pyac — J<O> The source nearly cancels the large bare CC

1 K _ = i |
(_2 o 5<0>~> Hz 3 (pde - J<O>)

K

v

J

2 I ; b -
" == 2 The usual FRW equation 1s satistied, &y the
observed gquantities.



UV “completion” of CDTT

R¢” model
__ri 1 .
d*z /—g R — =0,00"0 — —ER®" + JO — pyac
215= 2 2 >
y R duads
Integrate out the scalar (0) = R <L z_,)
1 e
d*z\/[—g _ — Diac
/ k2" T 26R TV
There are now two different vacuum solutions
il | e
g L i  BP
i = F Pvac = \’ Pyac — -'15."{?‘

| Assuming J? < Er°pZ,.
High curvature Low curvature
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H? =~ —k2p . H? ~ J°/(16£0w..)
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=ch> = — If J is reasonable, the scalar VEV is huge
\ £R =
(meff) - _ i . <@>2 The R¢- term contributes to the
P K2 cffective Planck mass, so the bare

Plank mass must be tuned to nearly
cancel the large VEV

pf';c =35 E | <O> The source nearly cancels the large bare CC
1 I, SRR
(q_£<O>H)H = = (Pvac — J(0))
K< 3
eff\2 172 1 eff
prsa 080(030'(1- }:JT) - = 5 H The usual FRW equation is satisfied, by the

observed guantities.



UV “completion” of CDTT

R¢” model
ey B | 1. .. 1 ;
d—LI\/—g ;}R— 9 Hoa.u@_ -_£RQE+JO_F)RHC
2K* 2 2 >
. e lafals)
Integrate out the scalar (0) = R (VW)
1 7-
d*z/[—g = L h — Pvac
/ ok2 ' 2R 1V
ere are now two different vacuum solutions
o _. ——
> K o I = 3J<
' = F Pvac T ‘\ Prac — -'16."{2
_: Assuming J° <« £x%p2, .
High curvature Low curvature
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HQ = ;Hzpmc ‘l¥;3 -~ Jz/(16fﬂxﬁrj
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=’FC)> — If J is reasonable, the scalar VEV is huge
\ gR =
(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

EI_I — B g T=7 le et
Pyvac — Pvac — J<(1)> The source nearly cancels the large bare CC

J

2 __ , L2 Bies o
i = £ Y The usual FRW equation 1s satistied, oy the
observed gquantities.



UV “completion” of CDTT

R¢ model
4 —— 1 1 ‘ | 1 2
d r+\/—g =l — — G0 B'— £ Bor - Jip— Pose
2K° 2 2 >
: . w) o
I[ntegrate out the scalar (o) = 53 (’L L>
| 7"
d 'z «/—g - R S
/ ox2 " 2R V™
There are now two different vacuum solutions
) i | i o i
5 - a7 i [ o IStII-
HY = |Prac =1 P ~ g
| Assuming J° <« £x%p2, .
High curvature Low curvature
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HE = ;Hzpmc ‘E{:2 =~ Jz/(lﬁfﬂxﬁrj
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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 ¢ — ¢
+const.

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

B Pvac — 9240
el 1 ~ 10
Prac <K Pvac _. mp
eff eff \ 4 - 9 9
P < (M%) J2m2 .
Vac
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More general perspective

General scalar-tensor action

| —

— 1
S == fdhl.r ‘\/—g !f(O)R g ah(@)aﬂ(ﬂa#@ e LT(O) F Srﬂatter

Constant curvature solutions

2V %
v o, dV
f df

Effective vacuum energy and Planck mass

B =

o = (V ()., (m$F)" =2(f(0))
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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

B /d“l:c\/fg[,(R). LRy = fFR—V
f=dL/dR, V= fR—L

Make things dimensionless for convenience

v=R/4(mF) . LR)=(mE) F). e="2 (mF)

Any function F(y) satisfying the following two conditions will work
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Some examples

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

0
Expanding in powers of R F(y) = E QY
i—=—0C
Conditions become E e =E, E fitl 6 = 2

Tl
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Some examples

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

o
Expanding in powers of R F(y) = Z any”

n=—0oC
Conditions become E e = E, E na,e” = 2
Tl Tl
F(y) =2y —e Se— Einstein gravity + CC

\ ) 4 : l ; ) 2
Fly)= y‘zg’e F—— % /dé.r vV —g (OR — Sh..(ao_}“ — -leo“)

o

apg = arbitrary, a; = > a_; = —€lag +€)/2 T——> R¢ model
2€
- g a
ag = arbitrary, a_; = —2¢(ag — 2¢). a_s = €“(ag — 3e)

€
Pirsa: 08090005 _ ) = A i~ . 4 ( }'HL:_—';.;'F) a_1 16 f m %E)é\ggﬁas_i
: 3 ) / d*I v : :

D RE 1B T ag



Still double tuned

Conditions are F(e) — ¢. F’(e) — 9
“"~ One tuning

Which suggests F (0) R i

Having Planck scale bare CC means F(y) B | ke e

- Second
Which suggests F(0)~—1 (uning

* 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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Lovelock terms

1
34 3. . g
£m — _moi U1 Ctr RJ 34 Jaa . Ruw_jw_ju e
T |
.C.l — R
Lo=R-—_AR RB*" + R, 5. RF?

L3 = 2R*™ ™Ry, R, +8R*, R, R, + 24R" ™Ry, R’,

Pirsa: 08090005

+IRRM™ R + 2407 Ry Ry + 168 Ryodl” , — 12RB™ Ry, +

* 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 Palatimi1 variational

approaches are equivalent. page 4356
e (Comec from o~ correction of otrino theory

R::}



Gauss-Bonnet model

. A | 1 | |
/d*r vV —g (.) =B — =000 ¢ — 55&'%@' +Jo — Paa;)

D4 e 2 2

5 B ——
g = R° — 'lRuL*R'LJ e H‘.-_;;,.:,\;.—pr)‘_'
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Gauss-Bonnet model

— 1 1 1 o) 2
/d*r v —g ( ~-R — 5%08“0— 55&"%@“ + Jo — pvar_)

2K-

2 I ' ALT
G =R°—4R,, R* + R, ;5 R

Vacuum equations of motion Large curvature solution
R=4 .2( —]CJ) 2 .6 3 t 2
— 4K px'af_' J d- e o 4 Al ¢ BOR R ~ 4K Diaic
6./ 7
@ — ‘ i [ : i
e R? | 6.
R=xy/25
Nl \ QK7 Pvac
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Total derivative structure of the non-minimal coupling ensures:
ms = mp
Only one small parameter needed:
(peff )2 _ Jemp
vac Ggprac

Same tuning as a bare CC:

9B eff \ 2

J m’P . (p‘-."dt_‘ Y| —240
3

'Eprac Pvac

Low curvature solution is unstable, but is stable on cosmological time

scales provided £<O(1).

Drawbacks:

e 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

—f 1 1 | O
/d*r vV —g ( -R— ;8#08”0— ;fjn'qﬁr + Jo — prac>

P 2 2

G = R? — 'LR_WR#U i pr/\gﬁ,ﬁu)&g

Vacuum equations of motion Large curvature solution
R=14 .2( — Job ) 2 .6 3 - 2
. — 4K | Pvac s ) §K Prac B4k pess
6./ -
P = . | _
2 P2 [ 6.J2
k<R [ 6J
S R

~ T/ .2
= N SK“Pvac

.-‘-..

.-‘--
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Total derivative structure of the non-minimal coupling ensures:
eff
mp = mp
Only one small parameter needed:
' 2 isicn B
o )
vac e
bf Pvac

Same tuning as a bare CC:

D5 eff \ 2
J m’P s (piar_ e lo—féﬂ
¢ A9

S Pvac Pvac

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

Drawbacks:

e Large scalar VEV requires the potential to be extremely flat
Pirsa: 08090005  Passing solar system tests requires taking & small page 48/ss



Quantum corrections

{O + 00 uv = <9,Lw> & 59;11-!

~-0,(00)0" (00) — EK° (0) 0G 00 —

t\.ill'—"

fonas

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

7 AR,
Ek“G(00) )

: : : — 2 2 :
 Corrections to scalar mass still dangerous, i.e. dm~ ~ {A7- ~ {mp ruins
‘j -_}
m* < Ex°H*
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Total derivative structure of the non-minimal coupling ensures:

s
——
cll

Only one small parameter needed:

P
(Prac)” =
vac .
0€ Pvac
Same tuning as a bare CC:
D B eff -
J mP - | pl"‘d—t e 10—240
€ A3
- pvac Prac

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

Drawbacks:

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



Quantum corrections

o= (0) +00, gu = <9m~'> + 0guy

===aif Il F Lo conaure 21\ ey o 1 5, .9
_/dé;r\/—g (‘?HER — P — i)—a.u{doﬁ“{oo) — Exk7(0) 0G 00 — ‘_)fjﬁzg;m)-)

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

. : : — 2. 2 :
 Corrections to scalar mass still dangerous, i.e. d0m~ ~ {A7- ~ {mp ruins
a'} -j
m* < Ex"H*
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Leading corrections to the scalar mass

graviton

<

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 mass

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

2 "/ 210 9 9
) ) C'q.- - .L.I_J Ea—- —
2 ~§ K Ay ~ E°mp

p? ¢2 (p+ q)?

m= — :
(27) lefrj‘lp .

g um */ A d'yg . KRS 1
M(S"H' i =

s

1\

_ - _ 9.9 2 rrd eff /. 42 :
Does not spoil see-saw for  £°mp < €k "H™ — £ < (p5./mp)

o 10—2,
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Corrections to the scalar source J

[F
LFi
k2
]
LY

)

~ £ Kk {(0) Ay ~ (0)§°MmB

£t i
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Corrections to the vacuum energy

- 4 4
0Pvac ™ *\[_'1-' P ™ Pride

* Preserves the tuning.

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

55k, ~ pE
» Gauss-Bonnet structure is crucial. Assures that the effective my is
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:

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

e Realization in fundamental theory?
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