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String Cosmologg 2014

Q Earlg Universe Acceleration:

+ Inflation and observations
(the Planck & BICEP2 delusion?)

> String Inflation

Q Dark String Cosmologg:

* Matter content: DM/DR/DE

» |ate Universe Acceleration: A, DE

[See talks by: Achucarro, Blumenhagen, Ibanez, Kallosh, Nilles, Shiu]



Ear|9 Universe Acceleration:

Inflation



inflation and cosmological Perturbations

® Inflation Iin its simplest form: single scalar field with
very flat potential which drives prolonged

acceleration 1 X
L= 5((%) = Vi)

V(p) slow-roll inflation /
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a(t) = a(0)e*, H ~ const.

* Explains why the universe is approximately
homogeneous and spatially flat
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inflation and cosmological Perturbations

* Generic predictions on the properties of the

density perturbations: e
®* They are approximately scale invariant n, # 1
T = B AR IS 1
ek T MR e

® They are approximately Gaussian f,,; ~ 0

® Statistically isotropic and homogeneous to high
degree g~ 0
Pe(k)=Po(k)[1+g(d-k)*+ -]

[Ackerman, Carroll, Wise,’07]

. . S A0 P
- * Primordial gravitational waves = P—t ~ 16¢
- ¢



Planck results confirm
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Planck results confirm

Angular scale
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Windows on the mechanism of inflation

e non-Gaussianity probes interactions: more fields,
non standard k.t. inflafion (¢(¢)

[Achucarro’s talk]

e breaking of isotropy: vector fields present during
iInflation?

e primordial gravitational waves: reveals the
energy scale of inflation, inflaton mass and
iInflaton’s field range

1/4
/4 =1.94 x 10'°GeV (—
v 94 x 10'°GeV (o

[Blumenhagen,Ibanez, Nilles, Shiu talks]



‘The (Boubekeur-)Lyth bound

N2 5 [Lyth, '96]
e 8 g Rl 5 |
Tofal field range N. ~ 60
2 omm) (%) |/
M—Pz v Mp; - \0.002 60
[Boubekeur-Lyth, ’05]
0, 0



‘The (Boubekeur-)Lyth bound

SRR g 2
T MEYGILE Mg (d—N)

Tofal field range

Db _ [ T
Mpl/Ne Al

/ :
]\i—i ” (0.502)1 : (]fsv_o>

[Boubekeur-Lyth, '05]

o |~

Ap=1

Ap=1

=
>V

[Garcia-Bellido, Roest, Scalisi, IZ ’14]

[Lyth, '96]

(dN = Hdt = dlna) |

N, ~ 60




‘The (Boubekeur-)Lyth bound

= 5 [Lyth, '96]
N R e S . Sl
Tofal field range N, ~ 60

M_/N*dN [r(N) &%( : )1/2 (ﬁ)
Mp; N. R Mp; 0.002 60

[Boubekeur-Lyth, '05]
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String Theorg inflation?

Inflation occurs at high energy scales. It is sensitive 1o
Planck scale physics. Needs a UV completion of

gravity!
opportunity for string theory!

Sensitive to couplings among inflation and other
fields; Planck suppressed corrections o the potential.
Large field inflation makes it more dramatic

Py
e 5 (M—P)

DT
A =L 2
i (MP) >

[Talks by: Blumenhagen, Ibanez, Nilles, Shiu]



Not isolated pheno

menon. Inflaton’s energy Is

transferred to Standard Model particles at the

end of inflation to InI

late hot Big-Bang: reheatfing

String Phenomenology: reproduce the SM from

string theory, but

String theory can sh

how did we get theree

[Talks by: Ibanez, Marchesano]

ed light on Dark Side of the

Universe:. what is the nature of Dark Energy and
Dark Matter? (see later)



It Is not hard to build low energy theories, where
iInflation can be successfully realised, also with

super-Planckian field ranges.

theories are natural and can be embedded In
JV complete theory

In a UV completion of gravity, expect mo

(hedyy) mdassive fields o be present. Need i

The problem Is to understand whether these

a

e

O

understand how these affect inflationar

dynamics (infegrating out)

~



Moduli stabilization

o Compatifications in string theory come

with many massless scalars: moduli { (g

 Understanding the dynamics of modul e
Is crucial for describing cosmological

evolution (overclose the universe 5th
forces, decompactification stabillity, ...).

» Key development of the first decade of the XX1
century in sfring cosmology is the emergence of
moduli stabilisation mechanism



Moduli stabilization

o Compatifications in string theory come

with many massless scalars: moduli { ﬁQ
Ware
M

* Understanding the dynamics of moduli
is crucial for describing cosmological &

evolution (overclose the universe 5th
forces, decompactification stabillity, ...).

throat

warped geometry

» Key development of the first decade of the XX1
century in sfring cosmology is the emergence of
moduli stabilisation mechanism

Flux compactifications (internal fluxes lift moduli)

F, 7& 0 My ® Xé”’ n [Giddings-Kachru-Polchinski, 01 ]



e For cosmology, compactification
with stabilised moduli should be a
dS space-time.

- KKLT sef up in 1IB

[KKLT, '03]

[Damian et al.’13]
[Blaback, Roest, 17, ’13]
[Danielsson, Dibitetto, ’13]
[Kallosh et al. ‘14 ]

- Large Volume scheme in IIB
(theoretical control in 1/volume
expansion)

[Balasubramanian, Berglund, Conlon, Quevedo, '05]

[Cicoli et al.’12-"13]
[Quevedo, '14]




String lnﬂationarg ZOO

Inflaton candidates:

Dp Dp
4d / e D-brane positions
/ : .
Kahler modulus fq‘ﬁ{i\[ ® WIlSOn LlﬂeS
Size of hole
O, «—]
o Kahler moduli

brane position

e AXIONS

[Review: Baumann-McAllister,’14]
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String Theorg lmqationarg models

e Small field: A¢ <« Mp;, r< O(1/N?),

D-brane inflation, unwarped Wilson Lines,
(blow up Kahler moduli)

e Planck range: A¢ ~ Mp;, 7~ O(1/N?)

warped WL, Kahler fiber and poly-instanton
inflation

o Large field: A¢ > Mp;, r~ O(1/N)
Axions, monodromy inflation

[Marchesano, Shiu, Uranga ’'14; Blumenhagen, Plauschinn, ‘14’ Hebecker, Kraus, Witkowski ’14;
McAllister, Silverstein, Westphal, Wrase ’14; Franco, Galloni, Retolaza, Uranga, ’14; Long,
McAllister, McGuirk, ’14; Ibanez, Valenzuela, '14]

[See talks by: Blumenhagen, Ibanez, Nilles, Shiu]



Windows on string inflation

- Primordial gravitational waves
(the BICEPZ delusion?)

Audience Poll

1. The BICEP2 observation is (roughly) correct and around
10% of the B-modes is due to primordial GW's r ~ 0.1

2. The BICEP2 observation is incorrect, but eventually we

will know that 1% of the B-modes is due to primordial
GW's r ~ 0.01

3. The BICEP2 observation is incorrect, and much less
than 1% of the B-modes is due to primordial GW's

r < 107°



Windows on string inflation

- Primordial gravitational waves
(the BICEPZ delusion?)

e Hopefully 1. or 2. will be confirmed

* |n both cases, large inflationary
scale and field range, UV sensitive

1/4
1/4 — 1.94 x 10 (—T )
Vv 94 x 10"°GeV (=

* High scale moduli stabilisation.
LED gone

e |f 2, axions are likely excluded



Windows on string inflation

- Primordial gravitational waves
(the BICEPZ delusion?)

Hopefully 1. or 2. will be confirmed

In both cases, large inflationary
scale and field range, UV sensitive

1/4
1/4 — 1.94 x 10 (—T )
Vv 94 x 10"°GeV (=

High scale moduli stabilisation.
LED gone

It 2, axions are likely excluded

%% -4t Planck 2013

[Modified from Garcia-Bellido & Roest, '14]
0 A L L L L L P B

—




Windows on string inflation

Non-Gaussianity in string theory (((()
(the Planck delusion?)

e Inflation in string theory is generically involves other
ight fields, giving interactions that can generate
Non-Gaussianity. Moreover:

- Single field DBI inflation: nG of equilateral
shape (constraint by Planck)

- (DBI) multifield inflation: 7 = 16ecs cos® ©

1 o i
fn?:—ﬁ% COS @

[Silverstein, Tong, ’03; Alishahiha, Silverstein, Tong, '04]
[Chen et al. '06]



Windows on string inflation

Non-Gaussianity in string theory (((()
(the Planck delusion?)

e Inflation in string theory is generically involves other
ight fields, giving interactions that can generate
Non-Gaussianity:

RR flux/

Slow roll mulitifield inflafion: curvaton and O @
modulated reheating In Large Volume '
scenario

fl(zc O O(few) x 10 NSNS flux

n

[Burgess et al.’10, '12]

Calabi—Yau



Windows on string inflation

Anisofropies from string inflation?

e The simplest way to generate a @ ‘0‘ “_'lp,

A
preterred direction is via vector fields = -~ e
L QW

e |[f sultable couples to Iinflaton or light, they may
leave anisotropic Imprints in the power spectra
Pe(k) = Po(k) [1 +g(d-k)?+ - } [Ackerman, Carroll, Wise,'07]
e Several phenomenological 4D models
Iso’rroplc d = (O D d= (1 O)

2 Lo [
:.-:«"":.':1’ \: : ‘.7.’ : [Dimopoulos et al ‘O7-’13]
y ;%x-':-’:,“f Tt [Wagstaff-Dimopoulos, *10]
R P [Yokoyama-Soda ’08; Watanabe-Kanno-Soda ‘09-’10;

e — — Soda et al. ’13; Shiraishi, Komatsu, Peloso, 13]
(pictures from Karciauskas)


http://inspirehep.net/author/Wagstaff%2C%20Jacques%20M.?recid=877098&ln=el
http://inspirehep.net/author/Wagstaff%2C%20Jacques%20M.?recid=877098&ln=el

| Windows on string inflation
Anisofropies from siring inflation?

e D-branes feature gauge fields Fyn ON
their world volumes //4/de

e The mixed components are the WL, r
that can act as inflatons %

e The 4D components can give rise 1o
anisotropies
{mn
Iso’rropl_c d = (() 1)
,.,:9‘ Qe
:-":l‘-l‘"";‘“;-", ;1:’.\‘\-“ i, ] [Dimopoulos, Wills, 1Z, ’11, ’13]

(pictures from Karcnauskas)



End O‘F lﬂﬂatiOﬂ [Review: Baumann-McAllister,’14]

e At end of Inflation the inflaton’s energy must be
(efficiently) fransferred to SM particles to initiate
the hot Big-Bang: reheating

e Reheating crucially involves the Standard
Model. Essential to specify how the visible sector
Is realized.

e [nflation with a shift symmetry makes reheating
narder: the symmetry protecting the inflaton
Imits the couplings of the inflaton to the visible
sector.

e A happy side effect of D-brane inflation is the
production of cosmic superstrings, potentially
observable via gravitational radiation!

[Sarangi, Tye, '02]

[Copeland, Myers, Polchinski, 03]



Dark String Cosmologg



- The Dark Matter puzzle

Modified Gravity, 7
Coupled Dark Sector,... ®

* ~85% of matterin the Universeis /|
not known. CDM from CMB ‘
cosmology

LSP, WIMPS, vR,\ P

* We have mostly “negative” information about DM
nafure:
- No electric charge
- No color charge
- No strong self-interactions
- Noft a particle in the Standard Model

e Several ongoing/planned experiments
to detect (direct/indirect) DM




: Dark Matter from strings

Modified Gravity,
Coupled Dark Sector,... ®

* Axionic Dark Matter ? “ﬁ’ﬂ; ?

[Arvanitaki et al. ’09]

[Acharya, Bobkov, Kumar, ‘10] Dark § 26.8%

[Cicoli, Goodsell, Ringwald, ’12] Energy
68.3% %.9%

* Non-thermal Dark Matter and Baryogenesis from
moduli decay [Acharya et al. '08]

[Allahverdi et al. '13]

e Dark Radiation: decay of the overall volume
modulus in LVS to its axionic partner

[Cicoli, Conlon, Quevedo, ’'12; Higaki, Takahashi, 12]
[Conlon, Marsh, ’13]

[Angus et al.’13; ’14]

[Hebecker et al.’14]



Dark Energy Puzzle

e Most of energy density content is in the form of DE.
While a cosmological constant is not excluded,
there is no strong reason to exclude a time
dependent component Cor >

Coupled Dark Sector,... ®

? / \ LSP, WIMPS, VR, P
vity, ...) ® axions, ... e

Dark
Matter

26.89
DETe RS
Energy

68.3%

e Several forthcoming experiments expected to
provide more accurate limits on equation of state of

Bl
P =wp, —1l<w< -1/3, Gl 5 e

acceleration cosmological constant

Dark Ener?gy Sﬁrvey (DES), Large-Syn(-)ptic Survey Telescope, LSST, Hobby-Eberly Telescope Dark Energy Experiment (HETDEX), Euclide.



Dark Energy in String Theory

e Quintessence: most obvious candidate for dark
energy Is a scalar field. In the simplest case, as In
Inflation, It requires a flat enough potential and

ppr ~ (0.003 eV)4, My S 10~ 2%eV [Caldwell et al, '98]

* Axions as Quintessence in string theory [Kaloper, Sorbo, '08]

[Panda, Sumitomo, Trivedi, '10]
[Gupta, Panda, Sen, '11]

e Kahler moduli as Quintessence: coupling
to SM suppressed by volume

[Cicoli, Pedro, Tasinato, ’12]



- Coupled DM/DE

» Cosmic Coincidence Puzzle: why iIs dark energy
density of same order as that of matter in the present
cosmological epoch, as observede

» If It Is not accidental, an exchange of energy Is
plausible, and therefore a coupling, between dark
energy and dark maftfer.

» Given that we do not know the nature of either DE
or DM, cannot exclude a coupling between them.



» A resolution of the '‘cosmic coincidence’ problem
Implies that dark energy and dark matter follow
the same scaling solution during a significant
period of evolution.

energy densities of DM and DE scale with same power
—3(1+w*/7)
a

» Intense investigation of phenomenological
models of coupled quintessence In the literature.

[see 1310.0085 for a review]



Disformally Coupled Quintessence

[Koivisto, Wills, 1Z, ’13]

¢ A naturally coupled DM/DE system arises in string
theory in tferms of D-bbranes

¢ Dark Energy Is identified with brane’s position as it
moves In infernal space

¢ Dark Matter is identified with matter living on the D-
brane (has no or little inferaction with SM D-branes)

¢ Disformal coupling among DM and DE dictated by
the geometry and theory

Guv = C(¢)9W e D(cb)@wﬁ@uqﬁ



Scaling solutions arise from this set up thanks o
the coupling
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Summarg

e String Cosmology
are promising, bus

has born and its life expectations
we need to take care of it

e Early Universe: inf
for string theory.

ation offers a unique opportunity

e Observations are moftivating further theoreftical
developments, while string theory inspires novel

cosmological sce

NAarios

* |f remains important to understand end of inflation
and late time cosmology within string theory, also
In view of forthcoming observations

e We should not

miss the opportunity tfo make

predictions before forthcoming observations reveadl

new data



