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Abstract: | will discuss string cosmology and the dynamics of multiple scalar fields in potentials that can become negative, and their features as
(Early) Dark Energy models. The point of departure is the " String Axiverse", a scenario that motivates the existence of cosmologically light axion
fields as a generic consequence of string theory. These fields can constitute part of the Dark Matter, suppressing structure formation in a manner
similar to massive neutrinos. Future observations will constrain their existence to percent level accuracy. | couple such an axion to its corresponding
modulus and give a detailed presentation of the rich cosmology of such a model, ranging from the setting of initial conditions on the fields during
inflation, to the asymptotic future. A dynamical systems analysis reveals the existence of many fixed point attractors, repellers and saddle points,
which | analyse in detail, and provide a geometric interpretation of. These fixed points can be used to bound the couplings in the model. A
systematic scan of certain regions of parameter space reveals that the future evolution of the universe in this model can be rich, containing multiple
epochs of accelerated expansion. <br><br>(Given time) | will also discuss the relevance of isocurvature perturbations in these models, and the
motivation to study negative (terminal) vauca in the context of eternal inflation and the string landscape, as recently discussed by
Susskind.<br><br>(based primarily on Marsh, Tarrant, Copeland and Ferreira (to appear) but aso <a title="Abstract"
href="http://arxiv.org/abs/1102.4851" target="_blank">arXiv:1102.4851&nbsp; </a><a title="Abstract" href="http://arxiv.org/abs/1110.0502"
target="_blank">arXiv:1110.0502</a>)
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Cosmological Ingredients

% 6-parameter concordance model fits the data Komatsu et al (2011)
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Cosmological Ingredients

% 6-parameter concordance model fits the data Komatsu et al (2011)
“* ... but some hints at non-standard species. Dunkley et al (2010)
*** We know neutrinos have mass e.g. Giunt (2011)

" . Dvrsall 2 taiy F10
... and strong CP requires axions. Peccei and Quinn (1977)
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Cosmological Ingredients

% 6-parameter concordance model fits the data Komatsu et al (2011)
“* ... but some hints at non-standard species. Dunkley et al (2010)
“* We know neutrinos have mass e.g. Giunti (2011)
... and strong CP requires axions. veResl and (pnn 30
% Cosmological constant problem Weinberg (1989)

“* ... anthropic solution must rely on moduli. e.g. Bousso (2006)

LOT 1S Illi,iL[E—i‘HHHH nent
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| 1}1(‘ L \;\l\rerse: What? Arvanitaki et al (2009)

“String theory suggests the sumultaneous presence of many ultra-light axwons,
possibly populating each decade of mass down to the Hubble scale, 10 eV

Anthropically Constrained
CMB
Polarization

3 % 10
- QCD axion
Axion Mass in eV

Figure: Arvanitaki et al (2009)
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’ l ‘}1(\' / \_\1\6 rse: hOW? Svreek and Witten (2006)

% String theory has extra
dimensions: compactify.

¢ Axions are KK zero-modes of
antisymmetric tensor fields
compactified on closed cycles.
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— i
I 1€ / \_\1 VErScE. hOW? Svrcek and Witten (2006)

% String theory has extra
dimensions: compactify.
% Axions are KK zero-modes of

antisymmetric tensor fields m(4)

compactified on closed cycles. Re(4)
http://www.hep.ph.ic.ac.uk/cms/physics/higgs.html

¢ Potentials from non-perturbative physics (D-branes,

Instantons etc.).

> DOSOI1S
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Some Details

f2

L= 2(96)° -

Mpl 4
g — A
fa S a

¢ The scales depend on the instanton action, S, on the cycle.
¢ The instanton action depends on the area.

¢ Hundreds of cycles, small variations in size.
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Some Details
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Some Details

¢ Canonically normalise, and expand the potential.

4
2 M _g
Mg = o€

a
%* Masses distribute (evenly?) on a logarithmic scale!

%* ... but no low energy “constant” is constant in string theory.

Cosmology of Axions and Moduli, David J. E. Marsh, PI1 03/05/12

Page 14/52



Pirsa: 12050012

Extending the Axiverse DJEM (2011)

% It is natural to ask: what happens to the moduli?

S=Cx
V = Be 26X — Deg~CX
M2

+ TQ_CXsz + PA

% Arbitrary sign cosmological constant:
24 1
Vi=A=—|(¢-=
& B 4
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Extending the Axiverse DJEM (2011)

% It is natural to ask: what happens to the moduli?

S=Cx
V = Be 26X — Deg~CX
M2

+ 78_0X¢2 + PA

% Arbitrary sign cosmological constant:
D? 1
Vi=A=—|(¢-=:
(V) I 1
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Why this topic?

* Multiple axion fields and the C.C. Polchinski (2006)
* Axions as g’Cl’lCI‘iC part of the DM. Aguirre and Tegamrk (2005)
¢ Axiverse as generic to string cosmology.

¢ Generally: can the axiverse disturb moduli?  e.g Skinner (2003)
% Can moduli help with fine tuning?

¢ What is the cosmology of negative potentials?
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Hu et al (2000)

AXiOI’lS as “ Fuzzy” D \/I Amendola and Barbieri (2005)
DJEM and Ferreira (2010)

‘ SDSS|
ACT

k[hMpc :

** “Quantum” pressure in the sound speed leads to structure

suppression: cosmological Compton wavelength.
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Axions as “Fuzzy” DM

“* Looks like massive neutrinos, but different in the background:

ma (eV) |km(hMpe™ ") |km(AMpc '}::W-‘
29 0.0058 0.0575 | 350]
0.0027 0.0267 74
0.0012 0.0124 15
0.0006 0.0057 24 | r e e
kea(faz = 0) = 0.0136h Mpc~—+ ' g CLM-+bazyonn
Keq(fax 0.01) = 0.0135h Mpc . | photons
kis(m, = 0.055eV,z = 0) = 0.0451h Mpc ™! A

Mmassive Vv

NS

¢ ... multiple probes can break the degeneracy.
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... can be detected! DJEM et al (2011)

+* Fiducial 1% of total DM.

[Percent]

Uncertainty in f

10 1"
Fiducial Axion Mass [eV]

¢ Forecast for Euclid+Planck. GRS+WLT+CMB(T+P)
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... can be detected! DJEM et al (2011)

¢ Fiducial 1% of total DM.

[Percent]

Uncertainty in f

10 10
Fiducial Axion Mass [eV]

¢ Forecast for Euclid+Planck. GRS+WLT+CMB(T+P)
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Now on to the modulus DJEM et al (2012)

*¢ Modulus minimum is axion dependent.

(x) (@) = | (1 gcf

' IBL:

w® =B/D 3% =3M?/D

%* Misalignment can spoil the minimum:
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Adiabatic 1rajectory

“* A heavy modulus should remain stable. Masses and vevs evolve.
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Adiabatic 1rajectory

¢ ... but large misalignment still spoils this.

1000 1500 200(

5
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Dark Energy Equation of State

1000

[

¢ Evolution in full potential can mimic w = - 1.

¢ Multiple periods of accelerated expansion.
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Dark Energy Equation of State

1000

[

¢ Evolution in full potential can mimic w = - 1.

¢ Multiple periods of accelerated expansion.
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Positive and Negative Potentials  reuderecar 2009

%* Negative potentials lead to future collapse.

%+ Different phase space topology.
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Copeland et al (1998)

Dynamical Systems

Coley (1999)

¢ Transform EOMs and look for fixed points.
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Dynamical Systems

t222 B BpA
T D?

( =

%* Friedmann bounds trajectories in dS, but not in AdS.
¢ Diverge at collapse: AdS phase space is connected.

+** Minimum unstable in AdS. Coleman and De Luccia (1980)

Cosmology of Axions and Moduli, David J. E. Marsh, PI1 03/05/12 21/35
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Fixed Points
¢ Meta-stable saddle point of particular interest:

G: Q4+ Q, :3%/02” C > V3m
Tm = 1 Yr = 4 / 3 For physical

% Scaling with radiation may alleviate axion fine tuning.

¢ Requires a destabilised modulus (axion potential dominant).

‘Af—f“‘ = O(107%)AN

Small number of e-folds
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Fixed Points
% Meta-stable saddle point of particular interest:

GZ[Q¢+QX:37b/C2]"‘C>\/%
Tm = 1 Yr = 4 / 3 For physical

%¢ Scaling with radiation may alleviate axion fine tuning.

¢ Requires a destabilised modulus (axion potential dominant).

‘Af—m = O(107%)AN

Small number of e-folds
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Fixed Points

¢ Meta-stable saddle point of particular interest:

G Q4+ Q, = 37,/C?]| C > /37
Tm = 1 Yr = 4 / 3 For physical

¢ Scaling with radiation may alleviate axion fine tuning.

¢ Requires a destabilised modulus (axion potential dominant).

‘Af—f“‘ = O(107%)AN

Small number of e-folds
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Early Dark Energy

¢ The scaling solution gives rise to Early Dark Energy. Wetterich (2004)

%+ Current bounds: Joudaki (2012)

C>20;1/2 C>9.8 CMB and BBN

+** Planck forecast, detect Q2e=0.03 at 30

10.1 5 {/ S 13.8 Calabrese (2011)
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Early Dark Energy

¢ The scaling solution gives rise to Early Dark Energy. Wetterich (2004)

+* Current bounds: Joudaki (2012)

C>20:1/2 C>9.8 CMB and BBN

+** Planck forecast, detect Qe=0.03 at 30

10.1 5 . 5 13.8 Calabrese (2011)
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Accelerated Epochs

¢ Multiple periods of accelerated expansion approaching F.P..

Yy

¢ Intermediate periods tightly constrained:

AN < 0.05

Dynamical systems spirals
need:

C 276

Linder (2010)
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Accelerated Epochs

¢ Multiple periods of accelerated expansion approaching F.P..

y

¢ Intermediate periods tightly constrained:

AN < 0.05

Dynamical systems spirals
need:

C > 7.6

Linder (2010)
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Accelerated Epochs

¢ Multiple periods of accelerated expansion approaching F.P..

Dynamical systems spirals
need:

C > 7.6

Yy

¢ Intermediate periods tightly constrained:

AN e 0.05 Linder (2010)
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Scanning Parameter Space

** Cover initial condition manifold near F.P.’s.

¢ Topology change with sign of A.

10 ¢

long fluid dom.

EDE in G

S

10
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Scanning Parameter Space

¢ Up to ~8 periods of accelerated expansion.

+* Correlations to other observables.

0.05pm

0.045

0.04

0.035|

expansion

0.03
< 0.025
0.02} S

0.015F .

# periods acc.

0.01

0.005!

1!
_.ﬁni -0.04 -0.03 -0.02 -0.01
$1x(NpE)
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The lLatetime of the Universe
e.g. Kallosh et al (2002, 2003)

% AdS minimum gives future collapse: FPs unstable.

“»Fitting to current constraints allows a prediction.
¢ Lifetimes are huge: we observed many hundreds of e-folds.

*¢ Similar in spirit to the Cyclic Universe.
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Pirsa: 12050012 Page 43/52



varlable Decay COHStant With Copeland, Tarrant
+¢* Can check variations in a FP are small.

¢ Varying fa gives a new potential globally:

A
U(o,x) — 702€_CXX2¢2

¢ Enhanced symmetry: “KKLT” like modulus min.
¢ Inlfationary directions? Non-Gaussianity?

 Kinetic mixing may lead to chaotic behaviour.
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With Ferreira,

I'he Energy Scale of Inflanon ¢ 5

* Axions have isocurvature perturbations.
2
o 52

0p = — = —— ~NE~NT
# 2T A,

+¢ Building on lots of work in the literature.

Fox et al (2004) Amendola and Barbieri (2005) Hertzberg et al (2008) Komatsu et al (2011)

a<0.4
H] Z 1013GCV
fa = 101°GeV
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With Ferreira,

The Energy Scale of Inflattion [} im0

“* Axions have isocurature perturbations.
2
Hi 52

0p = — = —— ~NE~NT
? 2T A,

+¢ Building on lots of work in the literature.

Fox et al (2004) Amendola and Barbieri (2005) Hertzberg et al (2008) Komatsu et al (2011)

a<0.4
H] Z 1013G0V
fa = 101°GeV

a < 0.1
r <1072
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The Energy Scale of Inflation

** Ongoing work on effects and MCMC.

10 10° 10
f

¢ Leading up to Planck and new Lyman-alpha SDSS
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The Energy Scale of Inflation

¢ Ongoing work on effects and MCMC.

10 10° 10
i

¢ Leading up to Planck and new Lyman-alpha SDSS

Cosmology of Axions and Moduli, David J. E. Marsh, P1 03/05/12 30/35

Pirsa: 12050012 Page 49/52



A Stringy Re alisati()n? Cicoli et al (2012)

¢ Poly instanton corrections and anisotropic compactifications.
¢ 4-d fibre modulus in Type IIB is quintessence.

% “SLED” realisation: on edge of detectability.

¢ Non-linear SUSY in our sector: no LHC superpartners.

“* Weak couplings evade fifth force constraints.

¢ Modulus can couple to CDM too.
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Eternal Inflation and Holography

% Collapsing cosmologies break conformal symmetry.

PRy y;vvv Lo Ao MO0l 00

" b 4
\é \/ \
//

Harlow et al (2011)

“* Does the roll effect holography? Maldacena (2010)
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Summary

long Huid dom.
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