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OUTLINE

* The cosmic microwave background — a high-energy physics laboratory

* Beyond the standard model

* Testing axion dark matter and dark energy using the CMB

* Future work

Collabs: R.Hlozek, D.J. E. Marsh, P.Ferreira, J. Dunkley, E. Calabrese, R.Allison




STANDARD MODEL (SM) OF PARTICLE PHYSICS

leptons

photon

Higgs boson

weak bosons

Figure by Eric Dexter 2015



THE COSMIC MICROWAVE BACKGROUND
(CMB)

Large Hadron Collider Cosmic microwave background

13 TeV 1010 GeV

t ~107%% =~ 107?% g



COSMIC MICROWAVE BACKGROUND (CMB):

EXPERIMENTAL PROGRESS
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THE EXPANDING UNIVERSE
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WHAT ARE WE LOOKING AT?

Image credit (Addison Wesley 2004)

"RECOMBINATION’:
FIRST H ATOMS
Z~1100, t~380,000 years
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SOUND WAVES!
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SNAPSHOT AND GEOMETRY

Gravity
D sitive to an

(\

figure from T. Smith
ith permission




FOURIER ANALYSIS OF PRIMORDIAL SOUND
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FOURIER ANALYSIS OF PRIMORDIAL SOUND

*Power spectrum is sensitive to
*Expansion history after first atoms form
*Dynamics of sound waves at this epoch
*Properties of gravitational field

*Total matter density, radiation density, electron/
proton density
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COSMIC ENERGY BUDGET

Baryons

Dark
Matter

5% baryonic matter: protons, electrons, atoms

*“stuff we know”’

32% cold dark matter (CDM)

*kStable, neutral, non-relativistic particle
*Weak interactions with standard model

63% Clal’k enel"g)’ é Sfof we don,f I(ﬂOW.’

12



THEORETICAL SHORTCOMINGS OF SM

Gravity is
different!

photon

Higgs boson

weak bosons

Forces
narrowly miss

unification!

Standard
model

10 15 20
10810 (1/GeV) Wilczek 2004 13




DARK ENERGY?

mass X number 1

Pmatter — ~
volume R3

energy density in
matter particles

Cosmological Constant A

pA ~ const

14



DARK ENERGY: SM VACUUM ENERGY?

Crudely:

h
AFE ~ —
At

Full standard model vacuum energy predicts....

QA ~ 10129 vs Qp ~ 0.63

This is what you call a colossal failure

15



SUPERSYMMETRY THEORY

*Solves many of SM’s problems! Dark matter?

Standard particles SUSY particles

*Heavy! Maark matter ~ 10% GeV VS Mproton ~ 1 GeV

*Correct dark-matter abundance! 32% of cosmic mean density

16



Recurring theme:
Filling in the holes of the standard model can also furnish candidates for
dark matter (or dark energy)!



DARK MATTER: TERRESTRIAL EXPERIMENT
-y ‘ ﬁ ~'.' ‘ " '_i.\." .

W Golwala 2014

So far, no dice!

18



Time to consider alternative dark matter & dark energy candidates!



AXxions

The theory of the strong interaction has a problem ....



THE STRONG CP PROBLEM

*The theory of the strong interaction predicts an electric dipole moment
for the neutron!

Violates charge-parity (CP ) symmetry!

d, ~1071% 9 e cm
<10,

We (physicists) don’t like small numbers that don’t have a dynamical explanation!

21



AXIONS

*Maxwell’s equations +New ph)’SiCS

ss’s Law

*A new fundamental field -

07a(%) — Va(Z) = ——F -

*Shields neutron dipole moment

(Peccei/Quinn 1977)

22



WHAT ARE AXIONS?

New scalar field with global U(1) symmetry!

Broken at scale f a

ﬁcpv = 3(929;2 Gé — EQQGé
X M
4© Tt
\\\ J TN _7/6
> 2 2 a
(0L (0:)) (G.Q,ue\/')

Peccei + Quinn (1977), Weinberg +Wilczek (1978), Kim (1979), Zhitnitsky (1980),

Dine et al. (1981), Sikivie (1982, 1983, 1985,1986, and many others!) 73



Similar story to super-symmetry: Axions solve a problem with the
standard model, and furnish dark matter/dark-energy candidates!

10'* GeV < f, < 10" GeV

VS

13 TeV
at terrestrial coliders



What about *VERY* low mass axions!



COSMOLOGY OF ULTRA-LIGHT AXIONS:
DARK MATTER AND DARK ENERGY CANDIDATES

Frieman et al 1995, Coble et al. 1997
ULA as dblitlAeme chyyr kvibluidpecific w(z)

kg, g 102" &V Wi mttier btfawito stens tisotikate for sthuatt, fermmefiom
26




STRING THEORY

* One framework that solves SM problems 1s string theory
Particles are vibrational excitations of an extended object (a ‘string’)

Figure by Matthew Herndon

* String theory may require many axions.

* Wide range of masses have correct dark matter/dark energy abundance

Axiverse! Witten and Srvcek (2006), Arvanitaki+ 2009
Acharya et al. (2010), Cicoli (2012)

1033 1018
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ULTRA-LIGHT AXIONS (ULAS) IN STRING THEORY

* In string theory, extra dimensions compactified: Calabi-Yau manifolds

Hundreds of scalars
with approx shift symmetry

Axiverse! Arvanitaki+ 2009 ¢
Witten and Srvcek (2006), Acharya et al. (ZOlM,Cmyom(’Q@IQ§

28



ULTRA-LIGHT AXIONS

X Interactions with standard model are very small!

Yary~ X Mg

X Inaccessible to terrestrial experimentation

Ultra-light axions still gravitate!

29



IONS IMPRINT ON COSMOLOGY

Suppressed growth of structure

i —— k=10""h Mpc™!

k = 0.3h Mpc™*

107> 107* 107% 1072 10°%
Scale factor a



AXIONCAMB
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http://github.com/dgrin1/axionCAMB

DATA + ANALYSIS

*Planck 2013 temperature anisotropy power spectra (+SPT+ACT)

* Cosmic variance limited to £ ~ 150()

*WiggleZ galaxy survey (linear scales only k < 0.2h Mpc™ ')

*240,000 emission line galaxies at z<]

*3.9 m Anglo-Australian Telescope (AAT)

*Nested sampling, MCMC, vary my, Q.h?, Q.h?, Qph?, QA ng, Ag, Troion

32



Difficult parameter space

(

b . litions
p,aré“ w'fh data
>$teriofusing Monte Carlo

Degeneracies addressed using nested sampling
MULTINEST (Hobson, Feroz, others 2008)

33



CONSTRAINTS

04—+ [
o "

CMB + WiggleZ

: 0.3 g
IO ax101 2 [HEZINES ©

Ptot 02

Allowed

ar
arxX1iv: .
arxXiv:1l 0.0

| (2014)
—32 —31 —30 —29 —28 =27 —26 —25 —24 20 1 3)

logIO(ma /GV)

* Tight constraints over 7 orders of magnitude in mass:

Thanks to AXIONCAMB and Planck

*ULAs are viable DM/DE candidates 1n linear theory outside " "belly” 34



CONSTRAINTS

Dark-energy type axions

()4 | | | | | | | |
CMB
CMB + WiggleZ
/0 : 0.3
AX1011
Ptot 02

0.1




CONSTRAINTS

Dark-matter type axions
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CONSTRAINTS

m, = 107°% eV m, = 10727 eV
Angular scale Angular scale
90° 1 0.2° 90° 1 0.2

P = acow — ACDM
5000 — =031/ [ ey

N \ Q. = 0.00
4000 & Planck 2013 \ (R R

: anc

5 10 100 500 2000 2 10 100 500 2000

Dramatic changes to observables can result




CONSTRAINTS

Dark-matter type axions
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LOOK FOR ULTRA-LIGHT AXIONS IN T

HE COSMOS

Axion deBroglie wavelength Astronomical length scale
kilo-lightyear — giga-lightyear!

' >

\

39



Matter clustering for ULA (in dark matter regime)

Clustering 4
amplitude

' =~ k*(h Mpc_l)
4— Larger length scales

*DM structure growth severely suppressed on sca =+ . T nH

* Galaxies trace the matter in th@ universe
) Suppression grows o<
2, + €2

40



CMB-54

* Next gen. CMB ground-based expt. concept
* ~1 arcmin beam
*1 puK arcminnoise level

* ~500,000 detectors

* Location, sky coverage TBD

From CMB-S4 Science book.... arXiv: 1610.02743

41



CMB LENSING

~1
B ULA saturating TT-only limits falsifiable at 4.50 .

1.5 | | | | | | | | | | | | | | | | | | I
o Planck 2015 Lensing .
1 - _
VL +Pey | 1
2T
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S4-CAST FOR LENSING AND ULAS

Q,/Q4=0.02,CIF 4 Cp
— 0,/0,=0.15,C/ " +Cp
Planck >m,, =0.06 Q, /0 =0.02,CTF

--= 0,/Q,=0.15,C]F

Fisher forecast using OXFISH code— OOM

improvement driven by lensing
43



INITIAL CONDITIONS— INFLATION
Quantum quctua’tME ’sé?-ﬁ;’tg'g)nditions for CMB

and all resulting inkrorfogéneity (galaxies etc)

r The Universe expanded exponentially in time
AE ~—=  Scale doubled 260 times “instantly”

AV




AXIONS AND ISOCURVATURE

Implications for measuring the scale of primordial inflation

mg > 1070 e H; <10'%° GeV
4 x 10 5(}30\/' 2 x Y0 11 oy 10° GeV < H; <101 GeV
Z@x%( 5:,( > z% x}o«&;@ 10° GeV < H; <107 GeV
O a
Neutrinos
CDM

Could be probed by ADMX/CASPER (ongoing/upcoming axion search experiments)



HIGH-ENERGY COSMOLOGY WITH AXION ISOCURVATURE

S4+CASPEr S4 Only: ALPs+Iso
+Tensors I

S4+ADMX

16

10%10 (fa/GeV)

The observational/experimental horizon for axion
dark matter/dark energy tests 1s bright!
Potential trouble for GUT-scale inflation




ULAS AS AN INFLATIONARY PROBE

Spider  SPT/BICEP2-3/KECK




UTURE WORK: ULAS CORES

- CUSPS?

‘\‘*\-

gaiidtidM dselryantd, Pere. 2015, Matos 2012, Schive 2014, and

others)




FUTURE WORK: ULAS AND GALAXIES

Missing satellite problem?

@-® Combined Correction
@ o Fixed Coverage Correction

@ @ Uncorrected/Observed

< i
2 5
—- K
— v )
= =
Yl Q)
. o

——— - —— — - -QL-.-~-
» ) o 1) 4 ‘ ) o
i) 1 WK gl I E o

\/I/; l\/ | | M:]lo —12 -14 -16

Marsh et al 2014, Klypin 1999, Bullock 2010



CONCLUSIONS

*~1% level constraints on horizon for ultra-light axions
*Lensing 1s very promising, as 1s tensor + 1s0 combo

*Work to be done improving theory on galactic scales

50



Backup slides



LIMITS

Cosmological dark matter
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Axion Fundamentals



WHAT ARE AXIONS?

New scalar field with global U(1) symmetry!

L 092 ~ a 2 ~ d---»--
Lopy = 55 5GG ~ 70 ele: {

* Couples to SM gauge fields (via fermions)

* Dynamically erases QCD CP-violation

* Mass through pion mixing

Peccei + Quinn (1977), Weinberg +Wilczek (1978), Kim (1979), Shifman et. al (1980),
Zhitnitsky (1980), Dine et al. (1981), D.B. Kaplan (1985), A.E Nelson (1985,1990)



Axions solve the strong CP problem

* New field (axion) and U(1) symmetry dynamically drive net CP-violating term to 0O
99

L = 7*GG
CPV = 35 fa
* Through coupling to pions, axions pick up a mass
g -
ad------ - A
5

35



STRONG CP PROBLEM

* Strong interaction violates CP through 8 -vacuum term

Og*> _ -
3272 GG

QCD strong-CP problem Lopy =

* Limits on the neutron electric dipole moment are strong. Fine tuning?

d, ~1071% 9 e cm
6<10 9,

56



KEY QUESTIONS:

X Can the dark matter or dark ener an ultraslisht boson, like an axion?
rong interaction violates roug -vacuum term
QCD strong-CP problem Oy

*What 1s the connection between the phys(; Sof mﬂ}m@% ang the physics of the dark
sector? Are 1nitial fluctuations in different species spatially locked?
* Limits on the neutron electric dipole moment are strong. Fine tuning?

*What new probes of the dark seclccl)? cou]lg W$Osoon ' Have at our disposal?
0< 10

in collaboration with R. HlozZek (Princeton), D. J. E. Marsh (Perimeter Institute), P. Ferreira (Oxford):

arXiv:1303.3008, Phys. Rev. D 87, 121701 (2013)
arXiv:1403.4216, Phys. Rev. Lett. 113, 011801 (2014)
arXiv:1410.2896, submitted to Phys, Rev. D

57



WHAT ARE AXIONS?

New scalar field with global U(1) symmetry!

Broken at scale f a

0g* .~ La o~
327‘(‘2GG_—ag GG

Lopy =

* Mass acquired non-perturbatively

* Small coupling to SM gauge fields
* Solves strong CP problem

Peccei + Quinn (1977), Weinberg +Wilczek (1978), Kim (1979), Shifman et. al (1980),
Zhitnitsky (1980), Dine et al. (1981), D.B. Kaplan (1985), A.E Nelson (1985,1990) 58



STRONG CP PROBLEM

*  Strong interaction violates CP through 6 -vacuum term

6’g2 ~

QCD strong-CP problem ele.
3272

Lopy =

* Limits on the neutron electric dipole moment are strong. Fine tuning?

d, ~1071% 9 e cm
6<10 9,
in collaboration with R. Hlozek (Princeton), D. J. E. Marsh (Perimeter Institute), P. Ferreira (Oxford):
arXiv:1303.3008, Phys. Rev. D 87, 121701 (2013)

arXiv:1403.4216, Phys. Rev. Lett. 113, 011801 (2014)
arXiv:1410.2896, submitted to Phys, Rev. D

59



Cleaning up the dark matter mess?




QCD AXIONS ARE DM CANDIDATES

me <1072 eV V(6)A

* Field misaligned m, > 3H — oscillation

* pg o< (1 + 2)° [ascobdsdandtdrats erisbroaldfdate

Solves a problem in particle physics:
Gives us a dark matter candidate for free!

61



QCD AXIONS ARE DM CANDIDATES

me <1072 eV V(6)A

* Field misaligned m, > 3H — oscillation

* pg o< (1 + 2)° [ascobdsdandtdrats erisbroaldfdate

Solves a problem in particle physics:
Gives us a dark matter candidate for free!

62



Anthropic axion window: f, > max {Try, H; }

* Axion field 1s relatively homogeneous

2
—2 Hi Vacuum fluctuations from
(6%) =6 + < )

“—__inflation

/ De Sitter expansion imprints

scale invariant fluctuations

Misalighment in our Hubble Patch

* Abundance

0, h? ~0.43 fa . o
1012 GeV ¢

Q. h% ~ 0.005 Ja i 62
1012 GeV ¢

* @ can be tuned to get DM abundance for many axion masses

From Raffelt 2012



Classic axion window: f, < max {TRH, H;}

* Axion field 1s very inhomogeneous

* Defects [domain walls, strings, etc..]

O(1) £ defect S O(10%)
CONTROVERSY!

* Abundance

From Hiramatsu 2012

64



Dark matter axion abundance

* QCD axion couples to quarks/pions, temp-dependent mass

* High-temp regime

Agcp
T

4
ma = 0.02m 7= ( ) if T > Aqcp

* Low-temp regime m, = m{T=% if T < Aqcp




ULTRA-LIGHT AXIONS (ULAS) IN STRING THEORY

* In string theory, extra dimensions compactified: Calabi-Yau manifolds

Hundreds of scalars
with approx shift symmetry

Axiverse! Arvanitaki+ 2009 ¢
Witten and Srvcek (2006), Acharya et al. (ZOlM,Cmyom(’QOIQ§

* Mass acquired non-perturbatively (instantons, D-Branes)

Scale of new Scale of Xtrg dimensions
ultra-violet physic =¥ in Planck units

66



ULTRA-LIGHT AXIONS (ULAS) IN STRING THEORY

* Bosons moving in extra dimensions are axions in 4D

Hundreds of axions

Axiverse! Arvanitaki+ 2009
Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012)

1033 1018
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ULTRA-LIGHT AXIONS (ULAS) IN STRING THEORY

* In string theory, extra dimensions compactified: Calabi-Yau manifolds

Many axions

Axiverse! Arvanitaki+ 2009
Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012)

* Mass acquired non-perturbatively (instantons, D-Branes)

Scale of new Scale of 6(11[91 dimensions
ultra-violet physic LY .in Planck units

/]

68



STRING THEORY

* One framework that solves SM problems 1s string theory

Replace point particles with extended objects

* String theory requires 6 extra dimensions that we don’t see!

Must be curled up/compactified

RRAREEE R
< e T
P N
e I SR g l;'"‘;;-fﬂ\\ »

el EmmmmneT
R ~ —p— .
SR EnEm
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COSMOLOGY OF ULTRA-LIGHT AXIONS:
DARK MATTER AND DARK ENERGY CANDIDATES

Frieman et al 1995, Coble et al. 1997
ULA as dU’UA&IﬂQ de#mt:‘ ecific wiz)

Siiplez e 5915@%%12%”%@ G

70



Light axions and string theory
= String theory has extra dimensions: compactify (6)!

« Form fields and gauge fields: "Axion’ 1s KK zero-

mode of form field

ﬁwﬂ‘i’?"!’“x aGG

I l/ :::::“v
ll,'o .: ; Eeme SN )
-.
Nwy M aes"

= _====_==_=-.-"
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ULASs: gravitational constraints

Independent of axion SM couplings: uncertainties astrophysicall

ST!

D,
IRBHGLABT G cccttenfymicok bincktenyies

s *r.o-

Spectral Distortio

.-18.-.
logo(ma/eV)

figure adapted from DJEM 2014

4
mi — ’u—Qe_VOl“me > Flat logarithmic mass distribution:
a Very low axion masses natural!
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THE AXIVERSE: ULTRA-LIGHT AXIONS (ULAS)

Anthropically Constrained
CMB

Polarization

Black Hole Super-radiance

f f

4 x 10728 3 x 10718

2 X 10-20

Axion Mass in eV

UV scale: not QCD scale

(instantons, D-branes)

m2 SLdfGIéSW!ﬂhMJEppI’OXITG[Q shM ymmetﬁyo%y%mgn gauge

Ma f2 Volume
Garyy & =
a

Also Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012) 73



COSMOLOGICAL AXION EVOLUTION

Ff t t f -QCD axion(Fri t ql 1995, Coble et gl, 2007
Pifferent parameter space for non QCD gxign(Friemanyctal 1995 Soble o Rl 20%

BARYONS+CDM 107%% eV < my < 1071% eV
RADIATION
— AXIONS
A : A
R R
' . >, 't '
- . ' r :
. . "’\ ‘ -’.'\ .Q." > - v
\ \ i, ‘(_ : P \A. . “-'.
—30 X T et ¥ v
meg = 10 eV e s P S s
-10 ‘ N -
10 ~ . : X _ :
10”7 10~ 0™ f P Y
Cosmological scale factor a B e | 1, ,’\

_ N a9ce /N2 ry 4 - o
L 1s/ ¢

9 . hed's . : K.
‘DM’ axioaSEA 0SC Tgea}:uguj—)eéééj"a%&c?r} stats2péNe )for struct. formation

OSC a

() L.

~ T T

R 32 3625 @hg < a7, <wa>T:2w/ma =N

DE axions Aosc > Geq Oscillation starts too late for struct. formation

—27
m, < 10 \Y% 74



Two-photon coupling of axion

Channel 1 ; Channel 2
: . d
a---»--ﬁ E a----———»-—-—-—-——- A Y
: g

*  Axions interact weakly with SM particles F, g 042

* Axions have a two-photon coupling

3
Jayy = 8 f

§ L x gawﬁ :

* Very little freedom once fa specified

B

75



Axion Experiments/
Constraints



HOW TO LOOK FOR A QCD AXION

* ADMX: Use the DM axions the universe gives you

P. Sikivie 1983

L. Rosenberg and G. Rybka +....
ite cavity TEM modes

77




HOW TO LOOK FOR AXIONS

*By construction, axions interact with photons  Gg~~ =

€ niverse!

‘ .
----

stars— lTurn th |
CAST/IAXC

78




Cosmological ab

[_Limits and horizon

AXION PHOTON CONVERSION

. B .
1.8 x 10717( )2( )2
8.4T 10m

2

(D X 101°GeV —1)?|/
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Experimental constraints
ULA and axion-like particles (ALPs)

Exeosnemiod teseatb Grdeitatdimltsnstroénso esserjtial

Helioscopes (CAST)

From arXiv: 1205.2671

80



Lay of the land

LSW

Helioscopes (CAST)

0 HB
T L il
> ALPS-I1, BEAPR
[5) e E S
2
o0 S————— S
& —12|- Transparency hi |
'g: WD cooling hint
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on _ g A
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-~ -14F |ALPCDM 1
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Axion helioscopes

* Resonance condition

qgL<nm = mez—

2nE,
L

<ma<Jmf+

2nE

a

L

* Broad axion energy spectrum

8 10

Axion energy |[keV]

32



Axion helioscopes

* Backwards Primakoff process (Sikivie, Zioutas, and many others)

From lrastorza 2013

. B
1.8 x 1077

9
8.47T )" 10m

(g”"f"‘r X 1()1()(;(3‘/——1)‘)

L

>
./\/(|“,

oo



CAST/IAXO

= CAST » LHC test magnet (B=9 T, L=9.26 m)

LHC test ma g net

g S
o oSiyt
.
N :
-

s .J;

. — ‘»
L R <K
1 IS -
7
L L -...-dﬁﬁ
p— B — — e W —
~ 1/
S : ,—{7'_. .
C . _ ] :
x-".’_ Ty - . o
TR S 21
) Log Bd

: w Lakic 2012

- p—
\ v

. N
-

* TAXO proposal: 15-20m length magnet, optimized shape
[not LHC DUD]



ULA Search Technical Details
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Getting under the hood: The need for numerical care
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Getting under the hood: The need for correct (super-horizon) initial conditions

T T I T T T
'vanilla_scalCls.dat'

'test2_scalCls.dat'
'test3_scalCls.dat' -

'test4_scalCls.dat'

(L 111 U

Bucher, Moodley, and Turok, PRD62, 083508, sol’'ns can be obtained using this
technique, outlined in Doran et al. , astro-ph/0304212




ULAS AND THE ANGULAR SOUND HORIZON

Diagram by T. Smith (used with permission)

Q Q 1 1/
m axion : .
H ) = H Faster eorl expansion brlngs LSS CIOSGI"
( ) 0 { as CL3 [[14w(n)]dn } Y
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ULAs and the CMB: high mass and early ISW
Higher mass (DM-like) case: high-1 ISW

100 500 2000
Multipole /¢

(2,,0mm
k2 a’ a APAA > pdVV®
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CONSTRAINTS

0.20

0.15

Paxion S OLANGRE
Ptot o (8 Allowed
Allowed (

arXINJ4TO896, Phys. Rev. D 91, 0/ g15)

arX1iv:14% L0, Phys. Rev. Lett. 112 01 (2014)

arX1v: 1303730 0,41 11¥». NG V.- b O 77 Ldbsl /% ¥ (2013)
logy(m, /eV)

* Tight constraints over 7 orders of magnitude in mass:

Thanks to AXICAMB and Planck

*ULAs are viable DM/DE candidates 1n linear theory outside " belly” 91



PHYSICS BEHIND THE CONSTRAINTS

Dark-energy type axions
0.20 i 7 7 I I T I !

CMB
CMB + WiggleZ

Paxion 0.15) )

pt()t 0.10

0.05

0.00
—32 —31 —-30 —-29 —28 —27 —26 —25 —24

log,o(m, /eV)



CMB CONSTRAINTS AT LOW MASSES

*Axion energy density behaves unusually

Time

What about this bump?

Faster early expansion brings CMB emission surface closer

Matter

Axions

Dark Energy




AXIONS AS DARK ENERGY

Low mass (DE-like) case:
late Integrated Sachs-Wolfe Effect

CMB temperature anisotropies from potential decay

TNdec .
ATigw = —2 / dn®(n, nn)
0
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ULAS AS DARK ENERGY

6000

— ACDM

Mg = 107%% eV 5000t — €2, = 0.51
| Qp = 0.18
Temperature Variance 40001 | Planck 2013
nK? 3000 |
(e+1)C"
2T

2 10 100 500
Multipole /¢
10~ 2 1071
0,/(Q,+0,)

Faster early expansion brings LSS closer




ULAS AS DARK ENERGY
AND PERTURBATIONS IN OTHER FLUIDS

Low mass (DE-like) case:
late Integrated Sachs-Wolfe Effect

me, = 107 eV 6000

— ACDM

5000 | — 24 = 0.09 |
Qa = 0.60 / |

4000 | |

i Planck 2013 [
(+1)C " 2000l /
27T

2000

1000
0

2> 10 100 500 2000
Multipole /¢




ULAs and the CMB: high mass and early ISW
Higher mass (DM-like) case: high-1 ISW

100 500 2000
Multipole ¢

APAA > psVV®



PHYSICS BEHIND THE CONSTRAINTS

Dark-matter type axions

0.20 | | | | | | | |
CMB
CMB + WiggleZ
. 0.15 i
/Oaxmn
pt ot 0.10

0.05

0.00
—32 —31 —-30 —-29 —28 —27 —26 —25 —24

log,o(m, /eV)



ULAs and the CMB: high mass and early ISW

Matter
RADIATION

— AXIONS
Dark energy

CMBdestpeditiiercbidatiop asiiost petentipdglecay

TNdec .
ATigw = —2 / dn®(n, nn)
0



PHYSICS BEHIND THE CONSTRAINTS

Dark-matter type axions

0.20 | | | | | | | |
CMB
CMB + WiggleZ
. 0.15 i
/Oaxmn
pt ot 0.10

0.05

0.00
—32 —31 —-30 —-29 —28 —27 —26 —25 —24

log,o(m, /eV)




LOOK FOR ULTRA-LIGHT AXIONS IN T

HE COSMOS

Axion deBroglie wavelength Astronomical length scale
kilo-lightyear — giga-lightyear!

' >

\



GROWTH OF PERTURBATIONS

— Wa*m?2 g

ast to QCD axion]:

---- CDM
= —— Axion DM

——— k=10"*h Mpc!

*CO k= 0.3h Mpc™! > SH:
—1
* C 0 o g a) < Ancams
Scale factor a
X

09 — A cos (mn) + A;A(k,n)sin (m
*Modes with & g>b> ky ~ VmH 77o)scillage ir?s)tead of gro(wnpg) ()

0P  k?/(4m*a®) )\
Sp 1+ k2/(4m2a?
\ p LK /UmTa” 102

p
* “Pressure” stabilizatjon.2
a




DATA

*Planck 2013 temperature anisotropy power spectra (+SPT+ACT+BAO)

* Cosmic variance limited to. £ ~ 1500

* Power spectrum already shown

* WiggleZ galaxy survey (linear scales only £ < 0.2h Mpc™ " )
* Galaxy bias marginalized over

* Theory P(k) convolved with survey window function

*240,000 emission line galaxies at z<1

*3.9 m Anglo-Australian Telescope (AAT)
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Matter power spectrum for ULA (in DE regime)
Hubble drag more efficient 0s fixed to lock CMB

l H
—_— QA = 0.68 (ma — O)

0,/ = 0.5, mg = 1073 eV 1
—— Q/Q =105, my =10"% eV keq — )\horizon,eq
Q./Qq = 0.5, m, =1073 eV

0./ = 0.5, m, =107 eV
Peak of P(k) to lower k

10~ 10~
k [h Mpc™']
4 )
Q,, h* L -
I — ) Matter-radiation equality delayed
rad
U J
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*Planck 201
*(C(
X Pg

* WiggleZ ¢
* (Gal;
*The

—
-5 104}

S,
=

i
<

N—

N
~C

N———

Q.
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| —— ACDM (Q,/Q4 — 0)

Q./Qq = 0.01, my, = 1072 eV
— ./ =0.05 m, =10"*"eV
Q,/Q = 0.1, m, = 10727 eV,
Q./Qq = 0.5, m, =107 eV
Qu/Qa =1, my =10"%" eV

1072
k [h Mpc™]




Difficult parameter space

Mg, Qah27 Qch27 Qbhza QA7-‘-OI1

.l):‘ n'\ \

0.14
0.12 25 < log;o(ma/eV) -
0.10
L 008
0.06
0.04

0.02

.‘,.' O .
0.00 . . . . .
0.00 0.02 0.04 0.06 (.08 0.10 0.12 0.14

Q.h’

Addressed using nested sampling
MULTINEST (Hobson, Feroz, others 2008)
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1.0425
1.0410
11.0395
1.0380
1.0365
1.0350
1.0335
0.980
0.975
0.970
10.965
10.960
0.955
0.950
0.945
0.940

32

log,o(ma/eV)

29

Degeneracies/Weak

.2()7 ;

0.0228
0.0226
0.0224
0.0222
0.0220
0.0218
0.0216
0.0214
72

70

68

- ———

-28 26
log,o(ma/eV)



Amendola and Barbieri

1
0.8
0.6
04
0.2

0
-6-4-20 2 4 6 8
Log(mj3g)
1
0.8 CMB
0.6
04

0.2

-

0
-6-4-20 2 4 6 8 -6-4-20 2 4 6 8
Log(mj3) Log(mj3)

Old power spectrum constraints from Amendola and Barbieri, arXiv:hep-ph/0509257
1) Grid search
2) No isocurvature
3) No marginalization over foregrounds
4) No lensing, no polarization
5) No real Boltzmann code [step in power spectrum, or unclustered DE at low m]



Difficult parameter space

0.06

0.04

0.02

(.00 p b

0.00 002 004 006 008 010 012 014
Q. h-

Addressed using nested sampling
MULTINEST (Hobson, Feroz, others 2008)
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1.0

CONSTRAINTS

CMB
CMB + WiggleZ
0.6

/ Allowed
Allowed - —

*Interesting constraints over 7 orders of magnitude in mass:
Thanks to AXICAMB and MULTINEST

*ULASs highly constrained if 10752 eV <My S 1074°° eV

*ULAs are viable DM/DE candidates 1n linear theory outside " “belly” 110



AXIONS AND ISOCURVATURE FLUCTUATIONS

* IhflatienHs an early epoch of accelerated expansion

De Sitter expansion imprints
Quantum Tiucruatons «cale invariant fluctuations

7(9)

DAEEEAW SN

dnd 1 . .
& fa@uantum zerg-point flucfuations!

27T Atomlc o 1N GUt rinOS

%Wnergy scale

Total density
' fluctugion
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AXIONS AND ISOCURVATURE FLUCTUATIONS

* Inflation 1s an early epoch of accelerated expansion
LI, > Hy

De Sitter expansion imprints
Quantum fluctuations <cale invariant fluctuations

\ 5¢ 11119 8

)
‘ ﬁl . H arameter

some schiemarics fronl Wands. Enavist. Lvth. Takahashi (2012-2015) : | : ? ? ? ? ? ]

ke leen s 6 6 o o o

= y | <= Inflation

O S¢ . As—406 N o JVT THe

) =2y HI SPIAMNGOEE / :Ngl?trmos |
E &JE K HC 0000000000000000‘000 IOTINFY c9e
ErT@ﬁa ahon 1tY'Q

Do/ K Dedi =D, £ 1077
y 10%°

fluctuation
Time
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Additional slides:
ULAs and galaxies



FUTURE WORK: ULAS AND GALAXIES

*@Galaxies are biased tracers
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FUTURE WORK: ULAS AND GALAXIES

Collapse threshold for ULA DM unknown

" 'y

20 T T T T T T T T T T T T
- - l ' -4
-

= | ' -

A 1 ; =

195 , ; -

i i linear theory .

I ! l |

= 1.0+ | I =3
z non-linear | 1

0.5 —— -___e_\{olution , e

|
0.0 FURNT S TR N TR 1 PR | S —

M PP, N B
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t [2/(3H,)]




- CUSPS?

. ‘ B ’ .- ~‘ \ -
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- FUTURE WORK: ULAS CORES

B > - ~ .

D oy .\ s o,
5 r - V
)N( = Sy

-

Goiash ¢hivéGrudlinavd Roekanmn Rdalses! sise Adededdod Silk
gaiidtidM dselryantd, Pere. 2015, Matos 2012, Schive 2014, and

others)




FUTURE WORK: ULAS AND GALAXIES

Missing satellite problem?

L0 ;100 10° 10° 10° 10 10° 10°
] | CDM 10 AL 04 L L AL B L LA LSS A LI
1() e | eV. 100% i ®-® Combined Correction
- = @ o Fixed Coverage Correction
[ () f S @ ® Uncorrected/Observed
[() [1//
i | |
. I'l , ‘ )
—— |
| ) 2|
o 10~ | | & 10
g I l TE 2
- =
= 1U \ ae .
.:’ - l” \ 10 |
~ 10
()
[()
| 0/ 10° 10° 10*Y 10** 10*< 10* 10° o| _
1 I 1 l 1 A l | . -l -[ . 10 | | | | | | | | .
\/I/) \/ -2 -4 -6 -8 =10 -12 -14 -16

My

Marsh et al 2014, Klypin 1999, Bullock 2010

Dynamical friction, tidal distruption, substructure,
halo model, spherical collapse, better simulations
(much work to be donel)




FUTURE WORK: ULAS AND GALAXIES

* Galaxy correlation function (counts, bias)
* Galaxy lensing
* Substructure in halos [flux ratio anomalies in multiply lensed]

ULA substructure?

= CDM
WDM (1.5 keV)

]

|
@)
o

=

=
c

9.5 10.0 105 11.0 115 12.0
log,,(M/M ) 118



FUTURE WORK: ULAS AND GALAXIES

*@Galaxies are biased tracers

ere

* We use hard switch at Kose = Keg; Kosc = GoscHosc

*Realistic [smooth] treatment of scale-dependent bias needed
(incorporating physics of ULA formation in halos)

*Often neglected (but shouldn’t be) for neutrinos (LoVerde 2013) 19



