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INTRODUCTION

Dark Matter Candidates
p >80 years since Zwicky “postulated” DM

Zwicky 1933

» 107 *%eV < mpy < 10°%eV

e.g. ULAs e.g. PBHs

p Main proposals - two classes:

— Particles: LSP, WIMPs, Sterile Neutrinos, KK
states, ...

Field oscillatio ALPs, familons, flavons, ...
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Axions as Dark Matter

—pNGBs of spontaneously broken approximate
global symmetries

—ubiquitous 1n string models

—bottom-up ADM models employ misalignment
mechanism

—1{1eld has random 1nitial displacement set by
inflation and then relaxes to minimum

—process 18 non-thermal
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INTRODUCTION

Misalignment Mechanism

Abbott, Sikivie;
Preskill, Wise, Wilczek;

Random ¢’L) after inﬂation Dine, Fischler; 1983

Ling — m = m(t)

e.g. LD m*¢?
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Misalignment Mechanism

Abbott, Sikivie;

Preskill, Wise, Wilczek;
Dine, Fischler; 1983

<

Fast oscillations, slow amplitude decay
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- Using pNGBs

smwall expti&i& SM‘& sjmmeﬁrj

breaking  breaking scale

enkers aoupt&ms 3

to matter, e.g9. Jph~y~

¢ i Oud— 5
LD =FF, —y~*
| D | ,_ f (Ulolate ik ®

——>|thus, Limits coupling!!




INTRODUCTION
E Using pNGBs

LSW + ALPS

CAST + Sumico

I theoretically]
inaccessible |

region

SN .987a

/

Optical

Temperature
dependent mass
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INTRODUCTION

Choose your favourite descrlptlon

Monodromy <= Multi-branched Aligned

Silverstein, Westphal, Kaloper, Sorbo 2008 Kim, Nilles, Peloso 2004
McAllister, Silverstein,
Westphal 2008
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INTRODUCTION

Current and future experiments

107° . .
LSW
(OSQAR)
107®
Helioscopes
o0 | (CAST)

e
(PVLAS)

184d) XVYINAYIN

pontal branch Stars

el

Axion Coupling IG,, | (GeV')

X; reac
10-12 i ooé B
cof S
ol 3
= o
-14 . '(\ O\(\*
10 B QO 7
-16 | I I
10
10710 1078 107 1074 1072 10°

Axion Mass m, (eV)

Taken from E. Daw
IDM 2016
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Monodromy Dark Matter
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Monodromy Dark Matter

Note on notation

15l

A

k<< 1 \/ k21 »

Qinitial Qinitial
1 ~ 1
(or o f > Oor o f
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Monodromy Dark Matter

Note on notation

Vi(p) = §m2¢2 +A* (1 —cos ?

¢%¢—f

t —>T17=mt
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Monodromy Dark Matter

Classical evolution
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Monodromy Dark Matter

O Vi), Classical evolution

> one global minimum

= 1

1.0 L\ A~

Pinitial

multiple minima

effects on cosmological
evolution?

Pinitial > 1= Q— QO
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Monodromy Dark Matter

Classical evolution

b+ 3hp + ¢ + k*sin(p) = 0

e = 3

60’( field stuck in
p 40 different minima

only requires

small change

Ainitial in ¥Pinitial
2T
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Monodromy Dark Matter

Classical evolution

o
0 200 400 600 800
0.0 . -
S | |
0 _: | Pinitial ~20m
L I I
—02F1 1 K — 2 I I
- (I | |
03 : : -
L I I
045 | | field rolls through
051 | ! large parz.lbola at
1 | | early times
06 R | | -
o :_,: : ,: P oS that of DM
075} F e T

plateau-like regions ~ consistent with about minimum

matter!
effects only felt if this occurs post matter-radiation equality

P EoS still that of DM
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Monodromy Dark Matter

Quantum Fluctuations

V.(9)

multiple minima multiple maxima

e \

“wrong” tachyonic
minimum instability
effects effects

- ¢
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Monodromy Dark Matter

Linearized EoMs

ho Mo genous

baﬂwgrmund / d°k
(

solukbion

7') exp(tk - )
) probi&ma&t
. clepémd@.vxt:e

Hill equation: ¢+ p(T)c = 0
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Linearized EoMs

Fermcii;&:
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nLactien 047 Linearized EoMs
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Monodromy Dark Matter

Pinitial _ 40 Total growth
27T
1.+
0.8}
o 0.6
=
0.4}
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Pinitial
o 10
0.4}
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Monodromy Dark Matter

Total growth

T Pinitial = S

J Pinitial — 10 - 27

™ — Pinitial = 20 . 27T
0.451 enhanced

= LS E&b&ii&v
08 reqions

— Pinitial — o0 - 27
— Qinitial = 100 - 27

0.15

‘

! 20 40 60 80 100
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Total growth

mode-by-mode at a point

Fourier transform:

d°k

(o2.7) = () + [z en(r) explic - )

iﬁ&dEMS
d3k order
/(277)3 ck (0) exp(n(k)7) exp(—iwkT) exp(ik - s)




(/[ BN\ UNTVERSITAT

Hh o) A

(e My HEIDELBERG
233 54

.....

Monodromy Dark Matter

Total growth
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approximate as Gaussian ensemble

spectrum:  (CyCr/ ) = f(k)(Qﬂ')S(S(k — k’)

correlation function:

(20N ()~ 5

d°k
= F(k,7=0) =00
(27)
renormalise to remove divergence?
Only care about growth, 1.e. difference =8 FINITE!

F(k,m=0)exp(2n(k)T)

initial e
spectra
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Monodromy Dark Matter
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27T

~> growth dominated by

ks

Q1
2T
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Monodromy Dark Matter

Total growth

18}

15}

Linitial

12t

Log (A {¢p))

T
2T
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Monodromy Dark Matter

Total growth

25+

2 k=20

15}

| Pinitial — 100
27T
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Log (A {¢p))
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Cosmological implications
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Cosmological implications

uhexcibted
| | quantum
using typical values: skake

101°GeV Y/ m 2

| F (k) ~ 10750
| (k) [ Y

tndeed very smaall...
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Monodromy Dark Matter

How many oscillations in a realistic model?

| # oscillations
—  IN\J 1n 1 e-fold of
expansion

% < reduced
of fields ¥

Ansion . dilution _w
cX 101 ey - |
P g fluctuations

more g smaller

Increased :
growth? ™ background

fluctuations ¥
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Monodromy Dark Matter

How long are we in an instability band?

k
k — — —p CXPANSION_g 4 ih k| — low [K| modes
a rescaling h [k K

strong
band width grth

& band centre

h < 1072
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Monodromy Dark Matter

Cosmological effects

p Fluctuations are now radiation-like and thus, in this regime,

would lead to observation/exclusion

p At this point, the linear approximation breaks down

) REQUIRE FULL THEORY SIMULATION! !

Recall, this is the regime that is potentially detectable!!
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Cosmological implications

p requires only (O(100) background oscillation
periods for (1) fluctuations

p axions now behave as hybrid dark matter: both
warm and cold (fluctuations act as radiation)

p expansion also shifts high momentum modes
to low momentum modes - increased growth

p classical approximation breaks down in certain
regimes
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p classical realm:

p enhancement of g dyy 1 parameter space, accessible?

p field may settle in “wrong” minimum

p different CC and DM mass

p non-negligible cos-term has significant effects on EoS

) quantum realm:
p growth of fluctuations is rapid;

p significant contribution could lead to large observable
effect or exclusion;

p if detected, full simulation required

p results generic for pNGBs with monodromy
applications to inflation - Hebecker, et al. 2016
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Future directions & open questions

p more elaborate analysis of parameter space
required - realistic £ from UV?

p when are fluctuations important?

p what are the effects on EoS and structure
formation?

p suitable description when linear approximation
breaks down®

p numerical solutions of classical field equations
underway
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Future directions & Open ) stlons

-

p more elaborate analysis of paramejgg* \
required - realistic K from UV‘P/ 8 0 %

\)
\x%\o
p what are toe® ;’&Q'{ _g@ructure

formade® 0\&$

) s\ (i\ﬂ\(b‘ __#1 when linear approximation

=

) numerical solutions of classical field equations
underway

’/

p when are ﬂuctua,tlo




