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OVERVIEW

" weird universe: Dark Energy!
" Landscape § its String Theory Lncarnation
" uintessential corners tn the Landscape

" Sunmwenma rg



Splitting the cosmic pLe

5% Ordinary Matter

werrd Lniverse:
® What s Darke Matter?
m What s Dark Energy?
1 wmd do we see thewe NOW?



park energy Model Butlding...

-
—— —

BT s :’\I
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“The tumee has come,” the walvus said,
“To talk of many things:

Of shoes—and ships—and sealing-wax- — =X _ . ;‘—
Of cabbages-and kRings- ¢ =S s =z S
Awnd why the sea is botling hot- . . - __ - *‘
Awnd whether pigs have wings.” - S e 3 3 i3 @ f‘,
(Lewis Carvoll) = M\ ERcis ' ., - R ™

= i P
- ‘“-’ o ..

- e ——
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Thermodgwami.cs of A

= Classical A problem is very similar to something we Rnow
LA thcrmodb NWAMLES:
Third Law of Thcrmadgwamlcs (Nernst’s thwe) : “the
entropy of a pure substance approaches zero as the
absolute temeperature approaches zero”

= To prove this we need to Rnow the microscopie properties of
materials, otherwise this ts only a postulate.

= ... muicroscopics s lacking ... (vegardless of why!)
m Caw we at Least desensitize the “missing postulate’
(whatever it may be) from quantum effects?
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Awnth ropios: Yyow Live where Ls nice

Assumption of ~“equal ap'portunitg': l.e. waiform distribution
of vacua and access to all.
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How does the Landscape work?

Cosmol.ogmal. constant is really a suwm of classical and
quantum preces!

Atotal — Aclassical Aquantum

To set it (close) to zevo, must cancel quantum against
classical.

Hf the classical variable is really a random variable, there
may be cancellations

“Randomization’: 4-form and inflation (Linde, Brown §

Teitelborm, Bousso § Polchinski): 4-—-{-'om ts locally Like
classical ntegration constant, which varies form place to

place by membrane emission and wnflation makes a Lot of

space with different nuumber of emitted membranes.
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DlLscretuuume

= Take many forms. Make q’s slightly misaligned. Cancel
cosmological constant by random walk:

1
Aeff . 52‘1;2 _Abare
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Interesting questions

= How do we fix the measure of probability?

® Lots of DIFFERENT arguments

= Aposteriort measures - anthropies (Welnberg, Linde,
Vilewkin, Bousso)

= Nowetheless: STRONG CLAIMS: observed dark energy 1S
cc, w=-1 - forget all other models! (e.9. Bousso, TASIOF)

I have failed to describe the recent discovery in tones of wonder and stupefaction. as a
“mysterious dark energy’ . a nonclustering fluid. with equation of state w = ppg/ppE
close to —1. which eurrently makes up 75% of the energy density of the universe. Why
obfuscate? If a poet sees something that walks like a duck and swims like a duck and
quacks like a duck. we will forgive him for entertaining more fanciful possibilities. It
could be a unicorn in a duck smit —who's to say! But we know that more likely. it’s a

t.lllt'l{.

m s this really true?
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Dlscretuum

= Take many forms. Make q’s slightly misaligwed. Cancel
cosmological constant by random walk:

1
Aeff — 52‘13 _Abare
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Interesting questions

= How do we fix the measure of probability?

m Lots of DIFFERENT arguments

= Aposteriort measures - anthropies (Welnberg, Linde,
vilenkin, Bousso)

= Nowetheless: STRONG CLAIMS: observed dark energy 1S
cc, w=-1 - forget all other models! (e.g9. Bousso, TASIOF)

I have failed to describe the recent discovery in tones of wonder and stupefaction. as a
“mysterious dark energy”. a nonclustering fluid. with equation of state w = ppg/ppE
close to —1. which currently makes up 75% of the energy density of the universe. Why
obfuscate?” If a poet sees something that walks like a duck and swims like a duck and
quacks like a duck. we will forgive him for entertaining more fanciful possibilities. It
could be a unicorn im a duck smit—who's to ,.-,u}-! But we know that more likl‘l}‘. it’s a
duck.

m s this really true?
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Ewnter axton-4—forme mixing...
m CowsLder a simpLe theory

M?
S = -/(_f’.r\/g_;( .)PI

1 . o Epu,\ﬂ'
R — E(VO) = —SFFHAJ 24 \/— py}\cr e )

‘Sbruﬂe = %‘/’ddf \/A—qubc(‘)u-rpi)biydf-rh*qnul
Dvalt § vilenkin
= Add " glbbons-Hawking’ terms

&' o L V (F"A,,,) Duwstn 5 Joncon

_f(14f\/§% V#(pcp%f{u,\a) NK § Sorbo
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what are eqs of motion?

= Direct variation of bulk action:
L Ey.vz\cr

24 \/— p.v/\o'
VeFuure = B Fuvao

s Substituting,
V. (V26— u?) =0
Fp.v)\o' o \/geuu)la' (q 5 ﬂ:(}b)

V2¢_
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Ewnter axton-4—forme mixing...
m Cowsider a simch theory

M3 O eFVAT
P’R__(Vf)) __Fjukrr 24 \/— #uka‘}'---)

S — f d‘l.r\/r_ (

‘Sbruﬂe = %/([‘35 \/?E_ubc(-)nrﬂf)b_l,v(-){“r.lflnyh
Dvalt § vilenkin
= Add " gibbons-Hawking” terms
Fia s N i L) Pt Janatn

—fd*z /g - Vg(pp%flma) NK § Sorbo

Pirsa: 09050078 Page 19/48



what are eqs of motionz?

= Direct variation of bulk actiown:
1 Euv)\cr

24 \/— p.v)u:T
V2Fp,v)\0' =T ﬂ'2va,\J

» Substituting,
V.. (V26— u26) =0
Fnu,\a' — \/.aﬁp.u)io' (q + /J’(»b)

qub—
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Mass
= Therefore: we have a mass term!

o eFvre
24 /g
= What is UNUSUAL: this RETAINS the shift symmetry

® — @+ Qo

= The lagrangian changes only by a total derivative:

F puko'

¢ VAT
= The symmetry Ls broken spontaneously after a solution
Ls pieked!
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what are eqs of motion?

= Direct variation of bulk action:
L EIJ-V’\O'

24 \/— p.vAcr
VzF#V/\G i /1'2Fuv)\a

s Substituting,
V.. (V26— u26) =0
va,\a — \/.afuv)la' (q M¢)

v2¢l)_
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Enter axton-4-forme mixing...
m CowsLder a si.mpl.e theory

M3,

1 . o Fpu,\.o'
R— E(Vo) T _SFpp,\ar 24 \/— pu}\cr_}_---)

Sbuik :-/([l.l \/—(

Strane 3 ¢ [ €T Dz Ra* O Ay
pvalt § vilenkin
= Add " gilbbons-Hawking’ terms

j d*r 1 V#( F‘“’)"’Au = Duncawn § Jensen

6

—fd*z /g L Vp(po%flmg) NK. § Sorbo
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what are eqs of motion?

= Direct variation of bulk action:
L ep,vz\cr

24 \/— p,v)tcr
V2Fp,u,\o' = M2va)\a'

s Substituting,
V. (V26— pu?¢) =0
Fp.v)\a' =t \/56;“;,\0 (q g ﬂ:(,b)

v2¢)_
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Mass
= Therefore: we have a mass term!

O F“U}‘”

21 \/— ,Lw/\cr

= What is UNUSUAL: this RETAINS the shift symmetry

® — ¢+ Qo

= The lagrangian changes only by a total dertvative:

= The symmetry is broken spontaneously atfter a solution
Ls pieked!
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Making symmetry manifest
m Furst order formalism: enforce F = dA with a constraint

Sq = /ddf %Pwkﬂr (F:‘L,“,;..H:,r — -li)p_{p,xa)

= Thew change variables NK, 1994

FWM — W,\J VI€uwreq + po)

m This completes the square; Lntegrate F out. What remains:
A 2 pv Ao
[PIR — —(Tﬁ)z - l(qr + pd)* + lF

= [ d*
eff /‘ IVH 6\/5

= The membrane term enforees | Jump on q (Le *F):

‘_1.!!.10' ap. Q)

Agqlz = e
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Mass § symmetries manifest!

Mass terma
1

=r 2
V=3 (a+ne)
Shift symumetry
¢ — o+ o g — q— ¢o/u
Mass Ls rﬂdiati.vcl.g stable; symmetry s broken

spontaneously once background q ts picked, as a
boundary condition.

value of q caw still change, by membrane emission

Agln =e
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Ruantization

e cl.assi'.cau.g q s contlnuous

= Quantum consistency requires that it be QUANTIZED!
(Bousso, Polchinskl)

= Example: 11D SUGRA

—_— * —_—
engm___M = 27N 65/ Py — 2NN

= After compactification:

g = n_Q?TM?l - MI%I - M}%I
1 : \/Z 5 2 =3 2M%1V32

= Numcric.aLLa q ts NEVER smaller than (lo_lﬁev)z
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Dlscretuuum, dcj a vu

= Take many forms. Make q’s slightly misaligned. Cancel
cosmological constant by random walk:

1
Aeff i 52‘132 _Abare
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Mass as charge

B 11D SUGRA (assuwme volume modult stabilized as BP)

SllDformszM]?I/*FAF+M fA/\F/\F

* mmﬂteOWM4 X T3 X T4
Apv)\(:v#) ¢ = Aabe (mﬁ) Aijk(yi)

m This 5E.¢Lds RUANTIZED MASS!

(p E“UAE \

SaDforms = / d"‘fﬂ\/_ ('f'f":f»’)2 e E (7 o 5 Fuvaa
M
H = Ty Ho =2TVE3M?1(M11) Mli
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Nuwmerology

As before, u canwnot be smaller than 104 ev

For quintessence, the mass must be below 103 ev

s this tncompatible?

well: this Ls qualitatively the SAME problem as BP: the
tndividual steps are too Large; but iLf there is many
different directions, the sequence of steps can yreld small
misalignments i the off-axis directions

= We cawn seek the same thing for & with many forms and
many fields (all already present in the landscape and

Lnvoked by BP) we can get MIXING matrices and seek
ultrasmall etgenvalues!
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Mass as charge

B 11D SUGRA (assuwme volume modull stabilized as BP)

Sllngrm,g:M?I/*F/\F-l-M fA/\F/\F

k] mmatzan-M4 X T3 X T4
A,u.u)\ (93#) ‘;33 — Aabc (‘T“) Aijk(yi)

s This 5‘L¢Lds RUANTIZED MASS!

(ﬁ epv)uﬂ' \

Sapforms = / d4$\/_ (3¢’)2+ —Z( re)” + o V3 Fuvo

Mpy

p=npo  po=2mVaM} ( ) My,
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Nuwmerology

As before, u canwnot be smaller than 104 ev

For quintessence, the mass muust be below 1022 ev

s this tncompatible?

well: this Ls qualitatively the SAME problem as BP: the
tndividual steps are too Large; but Lf there s many
different directions, the sequence of steps can Yyield small
misalignments i the off-axis directions

= We cawn seek the same thing for & with many forms and
many fields (all already present in the landscape and

Lnvoked by BP) we can get MIXING matrices and seek
ultrasmall ergenvalues!
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Multifield setups
= Couplings

Y vAo b
- SRR — / d*r Z fap € m,,\ﬂ,,)

] Effcc.ti.ve actLon

Epﬂ)\ﬂ'

MZz 1 :
St =/rf’lr\/q( PFH*'Z Vo) "—-_i'Z(ffﬂ-i-ZHuwb)'—{-—
- :

® Mass matrix

Z 4uha J '

Mpe = ) | Habilac

= If mass matrix depends on many tndependent random
fluxes it will have tiny eigenvalues
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Explicit example
E THPe, B string theory (assuwme all volume meoduli fixed)

= = 1
Df{g— x illﬂl\/_(R——_}s ng—FJ,F:; —EFS) 4hiﬂfF5f\Bgi\,
| T?umateto4b'
= Mpy - Mp - Mpy -~
;}yla — \/j Fpp}ld‘} F2 —ﬁFF‘;Mﬁ . Fi,)'a = T;FWM
_‘Ipl prg 1[}:;
e— B,# e B = L = B
= = . ol

{(5.6.8).(5.6.9).(5.7.8).(5.7.9).(5.8,9).(6,7.8).(6.7.9), (6.8.9)}
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Multifreld setups
1 Cowpl.iwgs
¥ A b
S = [A5E s Epr6
a.b
3 Effecti.vz actLon

] epvre

Mz 1 i =
Sepr = [ dhea(=RER— 5 (Ve - S (0" + 2 ) +
ezl e b

Z '-ilafhcr I’)pii

VHE a
® Mass matrix
M, = Z Habllac

a

= if mass matrix depends on many Lndependent random
fluxes it will have tiny eigenvalues
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Explicit exameple
3 TB'Pc (B string theory (assuwme all volume modult fixed)

iy 1
5118 = 5 f:!‘“:\/_(R = —JS ‘HE — —g.F} — EFB) ok [F5 ABA.
® Truwncate to 4D:
= Mp; - Mp - Mp; -
‘;}p.\d = ?’FFPM‘) F;i')uo' s _ﬁ pr Ao 6 ng}.a = _\/—TF#VM
M Pl M Pl M Pl
i — B - Dy = B - i — B
T sua Tre BT i
> Ik
FI — z 7 ]
jk ( T) cx LILJLJ:

((5.6.8).(5.6.9).(5.7.8). (5,7.9). (5.8, 9). (6,7.8). (6.7.9), (6.8.9)}
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Mixing and mass matrices

= 4D effective actiow is

- M3 e - L 1 F“"‘"Jﬂ -
gy = fd’*r\/ﬁ( )PIR TZ (Vob)? — EZ‘FEMJ 3 7 > paF ¢
s b=1 a=1 a.b=1
= Mixing matrix
ne (n+1)s
(n —1)e ns o
ne (n—1)e

,«— — 37gs
/ o= 2a
® Mass matrix secular eq for mw »1 »e

Pl = X —n'=" X+ 8n"c* —¢
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E)chi.c.f.t example

= TYpe B string theory (assume all volume moduli fixed)

1

2K7

1 1 E ~a 1
SiiB = /f'lm—f'\/E(R = ﬁgngf = FQSF:&? = —st) e — fFa A By A

240 12,
B Truwwncate to 4D:

3 7 === - e
e — WFFHMS- e ﬁFppMﬁ- P = Tijm
Mp Mpy =
o = B T o O = Bys . ODq = By .
: —~= Vog, ",

2 » Najk

T— '); o
'F‘Ijk ("T) cx L;LJLI':

((5.6.8).(5.6.9). (5.7.8). (5,7.9). (5.8,9). (6,7.8). (6.7.9), (6.8, 9))
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Mixiing and mass matrices

= 4D effective action is

2 3 3 uwio 3
eff = f.f-r*_rvxg( ‘1{_;”1?— %;(vmﬂ? - %;(F;m)g + 21; - ﬂél;aawﬂ
= Mixing matrix
=a ne (n+1)s
()Uab) =}]c%2 (n—1)e ns I
0 ne (n—1)c
e =v2na! /L Ho = 3?1%

® Mass matrix secular eq for n »1 »e

BiX) =2 —6a'c" X+ Sn'e® X —°
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Elgenvalues /

= Solve graphically: P4
P3(A) = A% — 6n%=2\* + 8n?z*) — &8

-4 3 ’
T - A
= Consistency checks:
2
g F3 < - »n® S = L? = 16x° M50
3~ 2ra’ 4873 a’ g
= This umplies

: 2
ot S 395 R=c 9953

A TMAaSnt T VMol

= Ry g0 () (L) e




Numcﬂcs

m Gauss law formula: L < 0.1 mum, M_ > few X 10 TeVv
= Coupling g, ~ 0.001
= 10D Planck mass M,, ~ M_/g, > few X 10* Tev

Mmin ,S, 10_336V

= This is a proof of existence: Lf one accepts Landscape, one
WILL fund b there corners where quintessence extsts

= Why would our world reside there? well, we don't really
Runow apriort probabilities, so will not try to answer that
question, leaving Lt to expertments... but...
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Protecting & from strongly coupled GT

= So far we have argued that the mass is radiatively stable -
perturbatively. what if & couples to some gauge theory?

= lnstantown effects generate an extra -patcm.ti.al,-

Vess ~ Z)\n cos( f¢

1 H.SuaLLg one tries to use this patewtmL to drive cosmie
acceleration and get axiow to be @

= That requires f > M p; which appears hard to get tn
string theory (m.wc Banks et al; Arkani-Hawmeed et al)

s if fs < Mp; whew axiown is transplanckian the higher
harmownics steepen the potential and obstruct acceleration
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Avording tnstanton Vv

= We get small mass directly from the random fluxes
somewhere L the Landscape. The tnstanton potential s
not necessary.

s Solet fo < Mp; but make sure that the nstanton
potential curvature s sastcw.aticaLLg smaller thaw the
curvature of the 4—form term

4 2 2
A<l ls

= Pick an axion which does not couple to a theory that goes
strong at too high a scale, so A remains small for a given
f; thewn the tastantons merely yreld small bumps...

= Sumilar suppression for gravitational tnstantons.
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Adfter acceleration...

m S0: SUPPOSE WE Are Ln & corner where AxLow LS quintessence

1
Viightest = §mmtn (@ + qﬂff/mmm) @+ Geff/Mmin 2 Mp

= Bventually axton rolls to the minitmeuwm, where V=0. But:
2 2 2
Gerf > Mp Hj

m So whewn the axtow rolls Lnto the minimewom it will
overcompensate the cosmological constant, Leaving a
negative Lefrover! Such a wniverse will quickly recollapse;
there are Lnteresting tests for observers (Garriga, Linde §
Vilenkin)
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Sunmia r5

m Lawdscape: Rey arguwment for cancelling the
cosmological constant is the presence of a classical
randow variable induced by 4-form

= This requires many different 4—forms Lin 4D to obtain a
small nwmber for residual cosmologieal term

= They may come from dimensional reductions of 11D
SUGRA; but thew there may be many boroughs with
massive scalars, and somewhere scalars will be Light

= The mass cancellation ts 4-form misalignment
arownd Large background flux - see/saw formula.
= How likely Ls this?...
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Bottomline
= Maybe the best strategy is to Reep an open mind and LOOK!

= Weare NOW tn @ UNIQIUE SITUATION: LHC turns on
THIS YEAR! And the picture of the universe, as can be
captured by CMB, LSS etc may be the best it will ever be!
__(Planck, CMB-pol, LSST, JDEM, ...)
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“The gawme Ls afoot, m|
dear watsow...
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