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Abstract: <div>Ultra-light axions (m_a<107{-18} eV), motivated by string theory, can be a powerful probe of the energy scale of inflation if t
exist as a sub-dominant component of the Dark Matter. In contrast to heavier axions the isocurvature modes in the ultra-light axions can coe»
observable gravitational waves. Here it is shown that existing (2005) large scale structure constraints severely limit the parameter space ft
mass, density fraction and isocurvature amplitude. It is also shown that radically different CMB observables for the ultra-light axion isocun
mode additionally reduce this space. The results of a new, accurate and efficient method to calculate this isocurvature power spectrum are p
and can be used to constrain ultra-light axions and inflation.<br></div><div>| will also present preliminary results of constraints to this model
up-to-date cosmological observations, which verify the above picture. The parameter space is interesting to explore due to a strongl
dependent covariance matrix, motivating comparisons between Metropolis-Hastings and nested sampling. Finally | discuss fine-tunin
naturalness in these models.</div>
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The Principle of Plenitude: “7hus best of all
possible worlds will contain all possibilities, with our
finile experience of elernily gwing no reason lo dispule
nature’s perfection.”™

Gottiried Leibniz (1646-1716), in Theodicee

(llltllt‘t] i Arvanitaki et al (2009)

Pangloss sometimes said to Candide: opeidiie

, . . . ol , 1694 = 1994
“I here 1s a concatenation of events in this best of all |
possible worlds: for if you had not been kicked oul of a

magnificent castle for love of Muss Cunégondeif you had

=4
not come under the Inquisition—1f you had not walked over ; Ay
America—if you had not stabbed the Baron—if you had not 1PN 5.8
lost all your sheep from the fine country of kil Dorado '11:\?:\ YN
why, then, you would not be here, eating preserved citrons sl f A

and pistachio-nuts.”™ o

. . . mMoNAco/ /5,00
All that is very well,” answered Candide, “but let us =
cullivate our garden.”™

Voltaire (1694-1778), in Candide
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Axions m String Theory

\7 v .
** String theory has extra

dimensions: compactity. N

s Axions are KK zero-modes of

antisymmetric tensor fields
compactified on closed cycles.

Topological complexity = many axions

[socurvature and the String Axiverse, David J. . Marsh, P1, 07/05/13
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Axions m String Theory

\7 v .
** String theory has extra

dimensions: compactify.

* Axions are KK zero-modes of

antisymmetric tensor fields
compactified on closed cycles. Re(4)
http://www.hep.ph.ic.ac.uk/cms/physics/higgs.html
% . N . . .
** Potentials from non-perturbative physics (D-branes, instantons
etc.).

many ])svu(ln-(}nl(lslmu‘ bosons

[socurvature and the String Axiverse, David J. . Marsh, P1, 07/05/13
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The String Axiverse

“* Two parameters. Quadratic potential = just the mass

V(0) = Aﬁ(l —cosf); 0=0¢/f,

[socurvature and the String Axiverse, David J. E. Marsh, P1, 07/05/13
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The String Axiverse

% Two parameters. Quadratic potential = just the mass

4
f - Mpz A4 .4 =5 ?7’22 L Aa,
J a g a — M € ‘a p£2

e af

S ~ Moduli

“* Moduli stabilisation = landscape => masses log distributed
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The String Axiverse

% Two parameters. Quadratic potential = just the mass

M.,
faw—p A4:p,e me = —=

S a

Anthropically Constrained

CMB
Polarization -
Black Hole Super-radiance [BMEFIE I‘Xk"t:‘l
) AN J L
T A T
10733 4 % 10 28 3 x 10718 1

2 x 10720 3 % 10710

. . QCD axion
Axion Mass in eV
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< Perturbations: k-dependent sound speed.

18 Tl 1A el . X 10
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Physics: 3 Easy Pieces

¢ Backeround Evolution: two stages.

1 {\ e

%* Perturbations: k-dependent sound speed.

+* Initial Conditions: massless fields in dS.

[socurvature and the String Axiverse, David J. E. Marsh, P1, 07/05/13
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Physics: 3 Easy Pieces

¢ Background Evolution: two stages.

- ! Detect
axions

%* Perturbations: k-dependent sound speed.

** Initial Conditions: massless fields in dS.
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Physics: 3 Easy Pieces

¢ Backeround Evolution: two stages.

 — Detect
Vv : )
axions

%* Perturbations: k-dependent sound speed.

** Initial Conditions: massless fields in dS.

r

Probe inflation

[socurvature and the String Axiverse, David J. E. Marsh, P1, 07/05/13
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Vacuum misalignment and relic density
% T-dependence of mass affects relic density for QCD axions.
** Negligible for light axions that begin oscillations while:
l) at zero T mass AND
2) energetically sub-dominant
“* 1) true for ULAs, 2) true by observation if DM.
o\~ _ 6 x 101Q,h°

~/
m2 a3 v p
j\-f[,])g M Q5= Inof mass and cosmology

OSsC

—

=> Different scaling with cosmological parameters than a QCD axion

[socurvature and the String Axiverse, David J. . Marsh, PI, 07/05/13
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Vacuum misalignment and relic density
%* T-dependence of mass affects relic density for QCD axions.
% Negligible for light axions that begin oscillations while:
[) at zero T mass AND
2) energetically sub-dominant
% 1) true for ULAs, 2) true by observation if DM.
o\~ _ 6 x 101Q,h°

~
- 2 43 -
AJ[PI M, A5 Inof mass and cosmology

OsC

=

=> Different scaling with cosmological parameters than a QCD axion
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Vacuum misalignment and relic density

% T-dependence of mass affects relic density for QCD axions.
% Negligible for light axions that begin oscillations while:
[) at zero T mass AND
2) energetically sub-dominant
% 1) true for ULAs, 2) true by observation if DM.
o\~ _ 6 x 10Q,h°

~/
m2 a3 g
A‘[Pg M, A5gc— Fn of mass and cosmology

OsC

=

=> Different scaling with cosmological parameters than a QCD axion
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. Py »»
Axions as Fuzzy DM

DJEM

10"

decreasing m,,

P(k) [h* Mpc 3]

decreasing £,/ .

" . \
1) 1) 1)

k [h~' Mpc]

% “Quantum” pressure in the sound speed leads to structure
suppression: cosmological Gompton wavelength.

[socurvature and the String Axiverse, David J. . Marsh, P1, 07/05/13
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1.C. Modes

% Adiabatic (curvature):

ony  0no

— 2 =

T 19

% Isocurvature (entropy):

0Thp ox Z pid; =0

“* Normal modes of Einstein. How are they excited?

% Single field inflation: adiabatic only.

[socurvature and the String Axiverse, David J. . Marsh, P1, 07/05/13
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1.C. Modes

% Adiabatic (curvature):

ony  0no

it BN WO,

nq 19

“* Isocurvature (entropy):

01pp o Z pi0; =0

% Normal modes of Einstein. How are they excited?

% Single field inflation: adiabatic only.
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Inflattonary axion fluctuations

% Stable DM axions are massless during inflation.
Hj

<(/)%> = — quantum fluctuations in dS space

27
% Power spectrum:
g ‘
o1\\  (Hi/My)’
0o - ((/)n,v: / M pl ) =

((53) ~ 4

** These fluctuations are created and survive to late times if:
fa b NT'(I‘X{T(_;“, jﬁnmx}
f“ 2 1(]12 = 10 H’GOV String Axwerse

[socurvature and the String Axiverse, David J. E. Marsh, P1, 07/05/13
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Power Spectrum and Correlations

“* Defining the spectral index by

tlﬁ:; A T —1
=Ps(k) = A; | — =>n;,=1—2e=np+1
R~ AT{)

%* Adiabatic mode initially zero for an axion (next slide)
=> Totally uncorrelated isocurvature: simply add spectra using amplitude.
= c.f. curvaton is totally anti-correlated

< 'Tensors and index fixed by consistency

[socurvature and the String Axiverse, David J. E. Marsh, P1, 07/05/13
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Axion lIsocurvature

“* In single field thermal cosmologies all fluctuations are seeded
by inflaton decay and are adiabatic:

(14 w;)d; = (1 + w;)d;
“* ULAs have w=-1 = no initial perts in adiabatic mode
%* Isocurvature (S) parameterised by ratio to inflaton (R):

Lsocurvature fraction — (1/.(/\.,‘()) _ Ps (A:U)

1 —alky)  Pr(ko)

- 1 [ Hy /My’ |
Aﬁwmzm=f(JLl):%ume

2€ 2T

[socurvature and the String Axiverse, David J. . Marsh, P1, 07/05/13
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Axion Isocurvature

¢ In single field thermal cosmologies all fluctuations are seeded
by inflaton decay and are adiabatic:

(14 w;)é; = (1 4+ w;)o;
“* ULAs have w=-1 = no initial perts in adiabatic mode
%* Isocurvature (S) parameterised by ratio to inflaton (R):

8 € €

mny — MNJ

]l — « ¢,2 f(S2a,a TTL(L)

[socurvature and the String Axiverse, David J. E. Marsh, P1, 07/05/13

Pirsa: 13050054 Page 26/62



Axion lsocurvature

¢ In single field thermal cosmologies all fluctuations are seeded
by inflaton decay and are adiabatic:

(14 w;)d; = (1 + w;)o;
“* ULAs have w=-1 = no initial perts in adiabatic mode

%* Isocurvature (S) parameterised by ratio to inflaton (R):

4 € €

—_— — Y —
Lo 3
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r‘lﬁ 1

he Energy Scale of Inflation

H; = 1.5 x 10*GeV (

&

9.6 X 10 GeV (¥

0.047

(¥ L/
l — oy

QCDA )1/'—3( Oy

0.23!

2.4 x 1013GeV (2cpa)'/? (

Compare to Planck tensor and 1socurvature:
‘ 9 ( _ (§ ' 11 0.408
acpm < 0.039 —» H; < 10 G(‘,V(fa‘/l() G(‘,V)

r<0.11 —> H; < 5.53 x 101%GeV

%. Marsh, PI, 07/05/13
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WMAP for QCD

“* QCD relic abundance depends on £, 6, and y

- So do isocurvature constraints

acpm < 0.047, (QS%C.L.)

%* Gives prediction for tensors

Q.h2\ [/ Q. f, 56 ap
o 2, 1012 GeV l —ag

Wathout tuning,

o

r=(1.6 x 1071%)

QACDM = Vl/4 ,S 4.2 X 1()12G0V

In the desert

Observation of primordial tensors would rule out a string QCD axion as

DM in inflationary cosmology.

[socurvature and the String Axiverse, David J. E. Marsh, P1, 07/05/13
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WMAP for QCD
“* QCD relic abundance depends on £, 6, and y

- So do isocurvature constraints

acpm < 0.047, ((JS(X)CL)

%* Gives prediction for tensors

=@ 10 2 (& fo \" a0
YiE - 0, ) \102GevV) T1—ap

Wathout tuning,

ACDM = Vl/4 5 4.2 X IUIQGOV

In the desert

But everything changes for generalised, ultralight axions!

[socurvature and the String Axiverse, David J. . Marsh, P1, 07/05/13

Pirsa: 13050054 Page 31/62



Pirsa: 13050054 Page 32/62




Pirsa: 13050054 Page 33/62




The ULA Case: Bounds

I.(l‘ |
4 i ~
N : =
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Forecasts at low mass

20 : .
A WEAVE
310 ! b Euclid
/ 3 Planck
0 ; \ 3 — WEAVE+Planck
3.5 = = =Euclid+Planck
Zb z 49 ) lf‘
2.5 | PAW
0.04 e —
"0-..:-:' ()02 Y f’_,,- ' : -;\ b , ._\‘
: |\ \ \‘ I,r’ lf “l ) ™
ol Ns?}? | [\ "M/
0 0.1 23 3 35 0 0.02 0.04
m_[eV] N . I
v efl ax
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The ULA Case: Bounds
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The ULA Case: Methodology

“* Direct solution limited to small range & too slow for MCMC.

('/:)(] £l QH(/-)O = 'H)fz(lf‘z(/)() =]
b1+ 2HP1 + (fm,zaf)‘ + k%) o1 + i(ﬁ()h =40
% Effective fluid formalism copes with this.

%* Pre-oscillations field and fluid are equivalent re-writing,

[)(.l o, 3?_[ ( ]- + ?IJ(L )f)(}J
! Computed exactly
P 0 2mga |1 —wy, [ fiom ¢,eom.
- = Cad = =1 + ‘
[) Qi’H 1 + f()(;”" _

[socurvature and the String Axiverse, David J. E. Marsh, P1, 07/05/13
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The ULA Case: Bounds
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The ULA Case: Methodology

“* Subtlety: frozen field w=-1 gives (apparent) divergences.
%* Perturbations: continuity+Euler, with entropy perts.

wel'eg = (1 — (f‘i(l)((s(,, + 3Hu, /k)

é‘P Lliminate: rest frame EARLY TIMES
a solution, boosts

2

SR

C

0Pa

Solve and average

osctllations: WKB LATE TIMES

2

1. k>2m,a k < 2mga

¢ ‘ )
dm?2a?

[socurvature and the String Axiverse, David J. . Marsh, P1, 07/05/13
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The ULA Case: Methodology

“* CAMB/cosmomc modification.
% Piecewise generalised fluid + background solver: fast.

8, = —ku, — (1+ 'u:”)/.:./?., — 3H(1 — we)dq — IHZA(1 — c2))ug /K
Uq = 2Hu, + kdg + 3SH(w, — ‘”f(l)'”*u

dP
(we) = 0 <(5_p>

1 . . 2 ¢
0o = —kug — h/2 — 3Hc5d,
’ 9 =
rFi’{"l'. — _HTL(.{ _+_ (“: i\f(>”’

[socurvature and the String Axiverse, David J. E. Marsh, PI, 07/05/13
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ULAs versus CDM axions
“* Normalisation effects parameter dependence.
% CDM axions are indistinguishable from WIMPs etc
-> Single fluid normalisation
(Sd = ] =» PS = (QHJ/QM)“Z’P{,‘ Commonly used
¢ ULAs are distinct in their clustering

= Separate fluid normalisation

(S(I —3 | — 7)8 = P(I Necessary for light DM
2
(g 8¢ (24 aCDM
j P — - e

1 — (g ((/)(),'i/j\[pl)z Szu, = XCDM

[socurvature and the String Axiverse, David J. E. Marsh, P1, 07/05/13
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Isocurvature 1'1: norm. and suppression

-y
o ~
-

10~4 = (0.01)2

10! : e 100% CDM

| _— 1% ""1()"2“(‘\"

— 1% 10-%%V

10~

Multipole ¢

10!

1% l()":;(') eV
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Modified Predictions
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Isocurvature polarisation

2001
o =0.0l]
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Parameter Esttimation: Priors

0.6 —_— Pr (.0
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Fine Tuning?

10 .
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Fine Tuning?

i T
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