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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,




WHAT ARE AXIONS?

* 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), Sikivie (1983),D.B. Kaplan (1985), A.E Nelson (1985,7996)
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QCD AXIONS ARE DM CANDIDATES

m, < 107% eV V(0)A

Y

* Field misaligned m, > 3H — oscillation

* p, o< (1 + 2)° [as cold dark matter should]

* Axions ARE cold
va/c < 1071% at CMB decoupling timescales



QCD AXIONS ARE DM CANDIDATES

m, <1072 eV V(0)A

Y

The QCD axion is a cold dark matter candidate

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

Papers by Turner + Steinhardt, Sikivie, Hagmann, Shellard, Abbott and others
4



ULTRA-LIGHT AXIONS (ULAS) IN STRING THEORY

* In string theory, extra dimensions compactified: Calabi-Yau manifolds
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ULTRA-LIGHT AXIONS (ULAS) IN STRING THEORY

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

/Q (Y &Y &) &Y Y EN

Tewww

Hundreds of scalars
with approx shift symmetry

\

Many axions

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

Scale of extra dimensions
in Planck units




ULTRA-LIGHT AXIONS (ULAS) IN STRING THEORY

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

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

1073 10~




COSMOLOGY OF ULTRA-LIGHT AXIONS:

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

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

DARK MATTER AND DARK ENERGY CANDIDATES

100 r

Density | |
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Lo Ma > 3H matter-like behavior~
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COSMOLOGY OF ULTRA-LIGHT AXIONS:
DARK MATTER AND DARK ENERGY CANDIDATES

Scale corresponding to
typical galaxy separation today

Causal horizon

Frieman et al 1995, Coble et al. 1997
ULA as dark energy with specific w(z)

Mg 5 10727 €V ULA matter behavior starts too late for struct. formation
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COSMOLOGY OF ULTRA-LIGHT AXIONS:
DARK MATTER AND DARK ENERGY CANDIDATES

Scale corresponding to
typical galaxy separation today

Causal horizon

Frieman et al 1995, Coble et al. 1997

Corresponds to time of matter/radiation equality, when

Pm = Py T Pv



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

Scale corresponding to
typical galaxy separation today
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Simple relic density constraints: _




Ultra-light axions are dark matter and dark energy candidates



What about ultra-light axions (ULAS)?
Photon couplings are model-dependent:

Use gravity and cosmological data
to test ULAs




AXICAMB

CMB and matter perturbation code including ULASs!
Code in prep for public release as part of CosmoSIS package

NI Y — —_

gravitational perturbations neutrinos
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Thomson scattering

ULA of any mass is self-consistently followed from DE to DM regime



GROWTH OF PERTURBATIONS

*Perturbed Klein-Gordon + Gravity k& = 27/\ : wavenumber
0 + 2HID + (k2 + m=a*)d¢p = O(H?*, m*)U

* Axionic Jeans Scale 1s macroscopic [in contrast to QCD axion]:

—1/2
)\J — 2.9 MpC ( Ma ) h_1/2

10=2° eV
Axion deBroglie Macroscopic length scale
wavelength



GROWTH OF Ul A PERTURBATIONS

* Perturbed Klein-Gordon + Gravity k = 27/) : wavenumber
0p + 2HIp + (k* +m2a?)d¢ = O(H?, m?)¥
* Axionic Jeans Scale 1s macroscopic [in contrast to QCD axion]:
*Computing observables is expensive for m, > 3H:
* Coherent oscillation requires prohibitive time step

* WKB approximation at late time, exact KG early times
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GROWTH OF PERTURBATIONS

¢"
.
e

— k=10"*h Mpc™*
k= 0.3h Mpc ™!

10—15 L

T 07 0

(1+2)"

*Pressure stabilization for modes with & > kj ~ VmH

*Otherwise ULAs behave like cold dark matter (CDM)

11



ULAS AS DARK ENERGY
AND THE ANGULAR SOUND HORIZON

D ( sensitive to any energy source)

)210 T s

Atomic physics
Sound horizon

-l* 9 _ s
D Fig. modified from T. Smith

with permission
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ULAS AS DARK ENERGY
AND THE ANGULAR SOUND HORIZON

D ( sensitive to any energy source)

I's

)

~ 1.5°
.

Atomic physics
Sound horizon

D,

Fig. modified from T. Smith
with permission
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ULAS AS DARK ENERGY
AND THE ANGULAR SOUND HORIZON
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ULAS AS DARK ENERGY
AND THE ANGULAR SOUND HORIZON

— Qp = 0.68 (Q,/Q — 0)

0,/ =01, m, =102 eV /\

— 2,/ =025, m, = 10732 eVp

500

Multipole /¢

12



ULAS AS DARK ENERGY
AND THE ANGULAR SOUND HORIZON

Hy = 67.15 (Q,/Qq — 0)
QG/Qd =0.1, m, = 10°32 6V
0,/ = 0.25, m, = 10732 eV ?/
0,/ = 0.25, m, = 1073} GV/I
0,/ =0.1, m, =107 e\{),/
Planck ,

100 500
Multipole /¢

= dalz :1100) - (lgeﬁlé)}
dz
d
A7) H(2)

Absorb and lock onto
usual peaks by lowering

Hy
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ULAS AS DARK ENERGY
AND PERTURBATIONS IN OTHER FLUIDS

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

CMB temperature anisotropies from potential decay

TNdec .
ATigw = —2 / dn®(n, nn)
0

13
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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-l ISW

CMB temperature anisotropies from potential decay

Tldec .
ATigw = —2 / dn®(n, nn)
0

N
Q.
oo L {170 (1 - Qm) 5rQp
X K2 a’ a*




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

CMB temperature anisotropies from potential decay

Tldec .
ATigw = —2 / dn®(n, nn)
0

N
Q.
oo L {170 (1 - Qm) 5rQp
X K2 a’ a*




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

Radiation pressure causes potential decay

0 A
1| $mom (1 - Q:,';) 5rQp
b x —

k2 a’ a APAA > pdVV®




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

100 500 2000
Multipole /¢
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Matter power spectrum for ULA (in DM regime)

— ACDM

—_— O, = 0.020 Q. =0.190 m, = 10727 eV
— Q, =0.105 Q. = 0.105 m, = 10727 eV
— Q, =0.105 Q. =0.105 m, = 10724 eV

10 £

Variance in
matter density

A2(k) 0.1 ?

0.01 £

0.001

k (h Mpc™1)

*DM perturbation growth severely suppressed if k& > k; ~ vVmH

* Suppression grows with L

Q. + €
* Analogous to effect of neutrinos




Matter power spectrum for ULA (in DM regime)

* Suppression grows with ta

Qa —I_ QC v .
* Analogous to effect of neutrinos L e g
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Matter power spectrum for ULA (1in DE regime)

—— Q= 0.68 (my —0)
0./ = 0.5, m, =10"% eV
— 0,/ =0.5, m, = 10732 eV
0./ = 0.5, m, =103 eV
0./ = 0.5, m, =107 eV
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Matter power spectrum for ULA (1in DE regime)

0./ = 0.5, m, =10"% eV
— 0,/ =0.5, m, = 10732 eV
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0. fixed to lock CMB
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Matter power spectrum for ULA (1in DE regime)
0s fixed to lock CMB

Hy

0./ = 0.5, m, =10"% eV
— Q,/Qq=0.5, m, =107 eV
0./ = 0.5, m, =103 eV
0./ = 0.5, m, =107 eV

I — Matter-radiation equality delayed
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Matter power spectrum for ULA (1in DE regime)

—— Qx = 0.68 (m, —0)

0./ = 0.5, m, =10"% eV
— Q,/Qq=0.5, m, =107 eV
Q./Qq = 0.5, m, =1073 eV
0./ = 0.5, m, =107 eV

102

0. fixed to lock CMB

Hy

\ [keq — )\I?olrizon,eq J

Peak of P(k) to lower k

10~1

k [h Mpc™]

1+ 2¢q =

\U

Q,, h*

Prad

\

J

Matter-radiation equality delayed

16



Matter power spectrum for ULA (1in DE regime)
Hubble drag more efficient s 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* .. :
I — ) Matter-radiation equality delayed
rad
\U J
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DATA

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

* Cosmic variance limited to £ ~ 1500

*WiggleZ galaxy survey (linear scales only £ < 0.2h Mpc_1 )

*240,000 emission line galaxies at z<I

*3.9 m Anglo-Australian Telescope (AAT)

17



DATA

ACDM (,/Q4 — 0)

0,/ = 0.01, m, = 107% eV
Qu/Qq = 0.05, m, = 107" eV
Qu/Qq = 0.1, mg = 10727 eV,
Q,/Q = 0.5, m, =107 eV
Qu/Q =1, my =10"2" eV

Convolve with WiggleZ window function

17



Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsa7-reion
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Difficult parameter space

- Qch27 Qbh27 QA) Nns, A87 Treion

ULA parameters

18



Difficult parameter space

2

Densities of standard species

18



Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsaTreion

EN™T .
A% (k) = A, <k0> Initial conditions

18



Difficult parameter space

Mg, Qahza Qch27 Qbh27 QA? Ns, AS-

18



Difficult parameter space

AxiCAMB

— Compare with data

Explore posterior using Monte Carlo

Markov Chain (MCMC)

18



Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsaTreion

0.14 —33 < logo(my/eV) < =30

- 25 "-h logl G [ m 1 Il.a"‘l‘l ev } ‘,-‘ - 22

0.12]

0.10
‘-""'_,I-. 0.08
0.06
0.04
0.02

0.0( -
) ][ 00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Q.h?

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

18



CONSTRAINTS

1.0

CMB
CMB + WiggleZ

0.8 =

S

Axion as Dark enerqgy Axion as
Q 0.6 k= Dark matter
a

Qo + Q0

Allowed
Allowed « e —

logo(m, /eV)

* 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”



ONGOING WORK: CMB LENSING
A slice of (dark matter) life at z~1
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ONGOING WORK: CMB LENSING

A slice of (dark matter) life at z~1
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2.5

201

ONGOING WORK: CMB LENSING

x 10~ | |
_ —28 _
m = 1() e‘J— fax = 0.001
=== [ =0.999
o ACT Deflection

Multipole /¢

102
Multipole /¢



ONGOING WORK: CMB LENSING

ULA saturating TT-only limits
falsifiable at 4.50

Planck 2015 Lensing

L2 x

Variance
of lensing deflection

| ACDM

| Current upper limit Q,h? =6 x 107° -

0

100 200 300
L

ULAs change lens geometry
and growth of structure




ONGOING WORK:
PREPARING AXICAMB FOR PUBLIC RELEASE

*CosmoSIS (Zuntz, Paterno, Jennings, Rudd, Manzotti, Dodelson+) allows
* Easy and modular use of power spectra codes
* Comparison with many different data sets/likelihoods
* Variety of cross-correlation studies
* Clever samplers for difficult parameter spaces
*We are packaging AXiCAMB 1n a wrapper to allow use in CosmoSIS

* Added self-consistent treatment of €2z and m,,

21



AXIONS AND ISOCURVATURE FLUCTUATIONS



AXIONS AND ISOCURVATURE FLUCTUATIONS

*1If f, > Hj

Quantum fluctuations

V(o) 0wy

( 7 - Hy Quantum zero-point fluctuations!
. e %, Pa K prot — Py K 1072
Safy — 5na 5”’7 _ 5IOCL 3 5/0’}’ 10—5
na’ ,n”y IOG 4 ,Ofy




AXIONS AND ISOCURVATURE FLUCTUATIONS

*1If f, > Hj

Quantum fluctuations

V(¢) 55!5 —

some schematics from Wands. Enavist. Lvth. Takahashi (2012-2015)

VAVAVAVAVAVAVAVAVAY, Neutrinos

~ CDM AVaVaVaVaVaVaVaVaVaXe )i
1Isocurvature



AXIONS AND ISOCURVATURE FLUCTUATIONS

*1If f, > Hj

Quantum fluctuations

V(¢) 55!5 —

SR VAVAVAV 2 VaVAVAVAY
Adiabatic
fluctuations



ULAS AND [SOCURVATURE FLUCTUATIONS

I m
"y
",y
]
I.I.
]
L
’
L
‘
'''''''''

10~* = (0.01)?

Cutoff from macroscopic =
Jeans Scale

]

increasing m,

101 102 103

Multlpole €

m, = 1072% eV
m, = 107°Y eV

Isocurvature spectra have distinct phase structure from adiabatic fluctuations

Spectra from AXICAMB using 1nitial conditions obtained in DG+ (2015 1n prep)




ULAS AND [SOCURVATURE FLUCTUATIONS

Planck 2013 TT

Angular scale
90°  18° 1° 0.2°

500 1000 1500 2000 2500
Multipole moment, /¢

@ o
Ps,. (k)
= < 0.039
PSC*‘y(k) —+ PR(:ZC)
- y
Hr il <4x107°
\fae Qd y
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ULAS AND [SOCURVATURE FLUCTUATIONS

QCD axion ULAS

D.J.E. Marsh, DG, R. Hlozek, P.Ferreira:
arX1v:1403.4216, Phys. Rev. Lett. 113, 011801
arX1v:1303.3008, Phys. Rev. D 87, 121701 (R)

Also see Gondolo and Visinell1 2012,2013
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FORECAST/FUTURE WORK:
TENSORS AND ULAS

* Primordial gravitational waves are sensitive to H ;

* Current limits are H; < 10'* GeV . If saturated by a detection:

8 Potentially observable CMB
polarization signature

f

{2

<1017

Qg + 8 ™

\

4

(

{2

Qg + 8 ™

<107

4
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FORECAST/FUTURE WORK:
TENSORS AND ULAS

* Primordial gravitational waves are sensitive to H j

* Current limits are H; < 10'* GeV . If saturated by a detection:

QCD axion

f

{2

<1017

Qg +Qc ™

\

4

.\

(

{2

Qg +Q: 7

<107

4
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FORECAST/FUTURE WORK:
TENSORS AND ULAS

* Primordial gravitational waves are sensitive to H j

* Current limits are H; < 10'* GeV . If saturated by a detection:

(

{2

< 10—12

Qg +Q.

(

0.2
r

)

~N

J

QCD

axion

Q, +

\.

<1077 (

ULAS
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FORECAST/FUTURE WORK:
TENSORS AND ULAS

* Primordial gravitational waves are sensitive to H ;

* Current limits are H; < 10'* GeV . If saturated by a detection:

* Warning! Polarized foregrounds are challenging [e.g. BICEP2+Planck 2015]
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FORECAST/FUTURE WORK:
TENSORS AND ULAS

* Primordial gravitational waves are sensitive to H ;

* Current limits are H; < 10'* GeV . If saturated by a detection:

* Warning! Polarized foregrounds are challenging [e.g. BICEP2+Planck 2015]

* Limits may be evaded with non-trivial PQ breaking or moduli-decay thermal
history (see talks by Rajendra 2014)

24



ULAS AS AN INFLATIONARY PROBE
* Discovery of QCD axion/ULA dark matter === trouble for

* GUT-scale inflation

QCD

axion

H;r ~10 GeV  ULA  H; ~ 10° GeV

* Null prediction for primordial B-mode searches
SPT/BICEP2-3/KECK

* Avoidable with non-trivial thermal history/richer PQ
symmetry breaking story (see Rajendran 2014)

25



FORECAST/FUTURE WORK:
TENSORS AND ULAS

* Polarized foregrounds are tricky: e.g. BICEP2+Planck

26



FORECAST/FUTURE WORK:

TENSORS AND ULAS

-----
-
-
-
- -
- -

Tmy
L]
[
e,
I
]
'
L]
'
]
'

''''''''''

10} | * Low-1 plateau disappears

* Information lost

=02 1 * Planck limits assume CDM isocurvature

increasing m,

10! 102 103

Multipole ¢

* For m, < 10727 eV, constraints cannot be simply remapped.

* MCMC 1n progress




CONCLUSIONS AND TAKE-AWAY

* Ultra-light axions may be probed at the 0.5% level using current
cosmological data

*Entropy fluctuations and tensor perturbations are a powerful ULA
probe

*Public AxiICAMB will be available later this summer

27



Additional slides for question time
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FUTURE WORK: ULAS AND GALAXIES

*¥ULA with m, ~ 107%% eV have \; ~ 100 kpc

possibly helping with two challenges for ACDM

Cusp/core problem Missing satellites Problem

\ S ¢ Via Lactea I
)Jark matter only
. at Y O MW dSphs

N
B,

"

ik

N\
)
"F- D, t“-.h
H}J'uz ol
{ L4 -5y
ThL LA
km

U g
Ll |- @ YA

0 gy A
2at

NFW (> 90

—— NFW (< 90 km's—)

sl

— — IS0 best fits

dN/d|091o(M500)

C 2574 A DDO 154 O DG
[0 NGC 2366 S7 DDO 53 'O DG2
A M81dwB

10’
M300 [MO]

Figure from Brooks 2014/Oh 2011 Figure from Bullock 2010
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FUTURE WORK: ULAS AND GALAXIES

*¥ULA with m, ~ 107%% eV have \; ~ 100 kpc

possibly helping with two challenges for ACDM

* Elegant analytic arguments that ULA can help with both problems
(Marsh et al. 2013 and 2014)

'Y 'Yy
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FUTURE WORK: ULAS AND GALAXIES

¥ULA with m, ~ 10722 eV have A; ~ 100 kpc

possibly helping with two challenges for ACDM

* Scant simulation work (N-body not appropriate for ULA) (Schive 2014)

29



ULAS AND GALAXIES

* Future growth 1n mode number driven by galaxy surveys

’ DARK ENERGY SURVEY WFH 9
Wldc Field Infrared Survey Tclcscope

) -
* Galaxies (and DM halos) are biased tracers of matter field (e.g. Baugh 2013)
25 [Mpesn) T % - g 10" Le 25 [Mpesn] g Le ¥ 10" Lo
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* Generally bias scale-dependent for structure suppressing species (LoVerde 2013) 30



ULAS AND GALAXIES

* Future growth 1n mode number driven by galaxy surveys

< ' DARK ENERGY SURVEY

* Galaxies (and DM halos) are biased tracers of matter field (e.g. Baugh 2013)
* Future surveys will revolutionize:

* Weak lensing
*Strong lensing
* Substructure [via timing]

*MW dwarf population

Essential to understand how (or 1f) ULASs populate halos

30
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ACOUSTIC OSCILLATIONS IN THE CMB

Effective Gravity compresses
‘ \Y% B ‘ U

and drives

1

*Baryons: Inertia pp -

* e~ v coupled through Thomson scattering 1" o< n.or

*Restoring force: Radiation Pressure

1 _
5P, = 6p, 2 = 5 [L+3pu/4p,] !
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ONGOING/FUTURE OBSERVATIONS

Scientific targets:
Modified Gravity
Neutrino hierarchy
Dark energy equation of state
Substructure in halos (via lensing)

st D

S L e I\ »
e W e. - ——
B 3




ONGOING/FUTURE OBSERVATIONS [21-CM LINE]

21-cm cosmology [probes of structure on small scales and early times]

Time after 10 million 100 million

250 million 500 million
Big Bang

1 billion

Redshift=160 80

15 14 13 12 11

Dark Ages

Z~200 Z~30

Collisionally
coupled regime

No 21 cm

— -

fo = 1420 MHz
Ao = 21 em

——

~¥

‘ ! X-ray  uv DL
N\ Spin- Fllp <

——

S s mam e

—"
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ONGOING/FUTURE OBSERVATIONS [21-CM LINE

21-cm cosmology [probes of structure on small scales and early times]

Time after 10 million 100 million

250 million 500 million
Big Bang

1 billion
[Years] - Y- R AT e | '

Redshift=160




Additional slides:
QCD Axion theory/experiment



36



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
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STRONG CP PROBLEM

*  Strong interaction violates CP through 6 -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,

36
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Og*> _ -
3272 GG

QCD strong-CP problem Lopy =
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STRONG CP PROBLEM

*  Strong interaction violates CP through 6 -vacuum term

Og* -
3272 GG

QCD strong-CP problem Lopyv =

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

d, ~1071% 9 e cm
6<10 9,
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KEY QUESTIONS:

*Can the dark matter or dark energy be an ultra-
light boson, like an axion?

*What is the connection between the physics of inflation and the physics of
the dark sector? Are initial fluctuations in different species spatially locked?

* What new probes of the dark sector could we soon have at our disposal?

40
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WHAT ARE AXIONS?

New scalar field with global U(1) symmetry!

L 092 ~ a 2 ~ d---»--
Lopy = 55 5GG ~ X GG {

* 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) 42
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WHAT ARE AXIONS?

New scalar field with global U(1) symmetry!
Broken at scale f a

* Mass acquired non-perturbatively

* Small coupling to SM gauge fields
* Solves strong CP problem
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WHAT ARE AXIONS?

New scalar field with global U(1) symmetry!
Broken at scale f a

2 ~ ~
'S qe L 2aa

Lcpy = 393

* 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) 43



Axions solve the strong CP problem

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

Og°
L = ¢*GG
CPV — 3972 fa
* Through coupling to pions, axions pick up a mass
g
R 4 mT v - a
AZ
CD
5 E My, ~ Q
fa

AQCD ~ 200 MeV A4



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 -
d------ -———- A m v - —————- d
5 -
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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
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LIMITS

Laser exps.

L gaWaE_) - E ga'yv X 1/fa
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LIMITS

Cosmoloaical abundance

Laser exps.

Solar (CAST)
HE stars

ALP-hints

Bwave cavities (ADMX)

L gawaLE_’) - E gcwv X 1/fa

46



Dark matter axion abundance

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

* High-temp regime

Aqcp
T

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

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




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

* Axion field 1s relatively homogeneous

—2 H[ :
<92> =0 (zﬂfa>

* Abundance



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

* Axion field 1s relatively homogeneous

—2 H] :
<92> = (zﬂfa)

/

Misalignment in our Hubble Patch

* Abundance



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

* Axion field 1s relatively homogeneous

9 —2 Hj : Vacuum fluctuations from
<‘9 > =0 + “—__inflation

De Sitter expansion imprints
scale invariant fluctuations

* Abundance

From Raffelt 2012



Anthropic axion window: f, > max {Txru, H }

* Axion field 1s relatively homogeneous

—2 HI :
) =0+ (5ef;)

* Abundance

0, h? ~0.43 Ja . 62
1012 GeV '

Q. h% ~ 0.005 fa i 62
1012 GeV ¢

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




Classic axion window: f, < max {TRH, Hi}

* Axion field 1s very inhomogeneous

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

O(l) 5 (defect 5 0(102)

* Abundance
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CONTROVERSY!

* Abundance
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HOW TO LOOK FOR A QCD AXION

* ADMX: Use the DM axions the universe gives you

—

L X Jay~0E - B Gayy X 1/fa .
P. Sikivie 1983
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HOW TO LOOK FOR A QCD AXION

* ADMX: Use the DM axions the universe gives you

L X garyaE - B Gayy X 1/ fa 4
P. Sikivie 1983

AMX ’ L. Rosenberg and G. Rybka +....
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Limits an

AXION PHOTON CONVERSION

d horizon

B
8.4T

L

1.8 x 10717 (=———)%(

(.,(](I‘\,", X 101()6‘6"”771)2
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[_.1imits and horizon

107
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[_.1imits and horizon

Cosmological abundance limits (more soon...)
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Experimental constraints
ULA and axion-like particles (ALPSs)
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Experimental constraints
ULA and axion-like particles (ALPSs)

Experimental desert: Gravitational constraints essential

WD cooling hint | [ I

| AR axion CDM

\
w2
Cph

2
eeNIe—L _  ADMX-HF

2 N/
2 M [/

sll=——— ADMX

T
>
O
=)
&0
=
;:
o
]
)
@)
en
)
—

Log Mass [eV]

From arXiv: 1205.2671
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Experimental constraints
ULA and axion-like particles (ALPSs)

Cosmological abundance limits (more soon...)

Helioscopes (CAST)

T
>
O
=)
&0
=
:
o
]
)
@)
en
)
—

Log Mass [eV]
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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
S / / axion CDM -
on _ g A
Q oy (RS ADMX-HF
-~ -14F |ALPCDM 1
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~16 v N
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Axion helioscopes

* Resonance condition

qgL<nm = mez—

2E

a

L

<ma<Jmf+

2nE

a

L

* Broad axion energy spectrum

2 4
Axion energy [keV]

6

8 10
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Axion helioscopes

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

B

2
(G x 100GV 1

8.4T 10772.)

L 2
M2,

JU



Axion helioscopes

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

B

2
(G x 100GV 1

8.4T 10772.)

L 2
M2,
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CAST/IAXO

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

LHC test magnet

]
i A
A WAL ’ s ——
- &, Y
{
Y
/| » . ]
, ;
Ll

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



CAST/IAXO

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

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



Making axions in stars, 11

H 1 1 I I 1 1 1 1 I 1 1 1
I " [sochrones for
: 14 Gy, [Fe/H] =

¥ _ .
_ White
- Dwarfs

Horizontal Branch 0 2 3
Horizontal Branch NN cold, rec q

From Raffelt 2012

I

Jarry S 10710 GeV ™!




Making axions in stars, 11

H
M
5
Asymptotic Giant

Particle emission reduces
helium burning lifetime,
i.e. number of HB stars

Horizontal Branch

0
Hot, blue

. v e &
. A0 -
. .asd LJ
.
«gal
.
o =
. a
- K-
. %* ot 3
.. J
PRI T
.
.
]
.
.
" .
.
.. ot b
=", e
i .
"R
K. .
. ¢
b S
% L.+
i
PEt, T
. 3
. - l -
whe
S i 7z, .
= I . -
s
. —
L]
-

e Particle emission delays
helium ignition, g

e Tip of RGB brighter

2 Main-Sequence

3
cold, red

From Raffelt 2012

Jarry S 10710 GeV ™!



Making axions 1n (exploding) stars, 111

Neutrino
sphere

Volume emission
of new particles

Nucleon-Nucleon Neutrino
diffusion

Bremsstrahlung

Time after first event [s]

50
40 Kamiokande
30
20
10
0
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Making axions 1n (exploding) stars, 111




Hot axion production at early times

: : 1 03— . ——
n Pr 10N: f _
AX10 oductio  m, > 10 2 oV
102
10k
T 5
N
N ;
15_- ------------- :
10_15—
2 Ma, eV 10 el - R
Q,h? = =% (Q*F> 107555 100

T (in MeV)

* Axions produced through interactions between non-relativistic pions
in chemical equilibrium with rate

61



Axion hot dark matter

* Axion free-streaming length

196 Mpc
/st ~ E:
Mgy eV v
C'.
* Entropy generation, e€.g. modulus decay -
Mme \3/2
Ty ~ 10 MeV (%)
s TeV

* Axion temperature lowered

T, (Trh>5/3

1,

* Free streaming-length modified

1000

100

10 £

_. |||j

H0 100 150 200 290
T . (in MeV)

with T.L. Smith and M. Kamionkowski
Phys. Rev. D77 085020, 0711.1342

Trh

2, —
-0 (7

;
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HOW TO LOOK FOR A QCD AXION

*Helioscopes (CAST) or stellar evolution

108 —

10° — »

100 — .

100 —
=
-
w)
E 102 —
e i
o) Unrise
@ 10 — Detectors
8
e
8 1k
= Su
B
O "
£ 107 —
=
-
1 .

102 — '

-

-3 —

10 AB Doradus C~

104 —

10~ = ' “

I
30 000 10 000 6 000 3 000

Surface Temperature (in degrees)
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Experimental constraints
Axions and other axion-like particles (ALPS)

AXION PHOTON CONVERSION

From arXiv: 1205.2671



Experimental constraints
Axions and other axion-like particles (ALPS)

CASPer

SN 1987A

From arXiv: 1205.2671
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Laser experiments

Light shining through walls (e.g. GammeV)

Vs axion photon
i’ R = Rt SRR L i s A
photon ﬂ ﬂ photon
source detector
WALL

Polarization experiments (e.g. PVLAS)




BICEP2 [inflationary energy scale detected?]
(Gondolo 2009): :

~6,=0.0001 //

0,=0.001 :
- Axion Isocurvature

Fluctuations
6;=0.01 ///

/

CEP2 95%CL

Q
o
I
: ] : :

as

o / ADMX " o -0
e grmenl
i=3. / N

White Dwarfs Cooling Time

100 10" 10 10M
H; [GeV]

* Hard to accomodate QCD axion DM w/o classical window (defects)! [Marsh
+yours truly+others 1403.4216 (2014), Gondolo et al. 2014 1403.4594]

0 f 5/6
2 <hx 1071 | ——
0, ~°" (1016 Gev>




More on ULA motivations



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

~N
e I B
J— aG(
, ;5§\\\“‘||llllllllln',',’ll,,"¢-}

,- /2258
Vo> L eI XN
{ i','l""“,'ni i’é’;ﬁé'ii‘&"‘i":“s“:w\} 'x m
Viiytage! snannwaSgely /




ULASs: gravitational constraints

BHSR REHR e

BH SR
(super M) (%53 ,&7%

Euclid/LSST

CMBTandP High-z/reion
Linear Power Spectrum Spectral Distortions

-20 -18 -12

figure adapted from DJEM 2014

4
mg — ’u—Qe_VOl“me > Flat logarithmic mass distribution:
a Very low axion masses natural!
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ULASs: gravitational constraints

Independent of axion SM couplings: uncertainties astrophysicall
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ULASs: gravitational constraints

Independent of axion SM couplings: uncertainties astrophysicall

Forecast: uncertain scales

. BHSR Rufa e BH SR
SUCKIESON (super M) @Qﬁ‘ },:g‘ (stellar M)
] |
Linear Power Spectrum Spectral Distortions

BICEP 2 plus isocurvature?

24 20 -18 12 6

figure adapted from DJEM 2014

4
mg — ’u—Qe_VOl“me > Flat logarithmic mass distribution:
a Very low axion masses natural!
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ULASs: gravitational constraints
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Constraint: astrophysical uncertainties
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ULASs: gravitational constraints

Independent of axion SM couplings: uncertainties astrophysicall

Underway
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figure adapted from DJEM 2014

m2 — ’u—e_VOl“me > Flat logarithmic mass distribution:

a Very low axion masses natural!

69



ULASs: gravitational constraints

Independent of axion SM couplings: uncertainties astrophysicall
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ULASs: gravitational constraints

Independent of axion SM couplings: uncertainties astrophysicall

Rough forecast
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figure adapted from DJEM 2014
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ULASs: gravitational constraints

Independent of axion SM couplings: uncertainties astrophysicall

IRONCLAD: this work

BHSR Ru¥R e
(super M) (75 ,&7%

Euclid/LSST

High-z/reion

-20 -18 -12

figure adapted from DJEM 2014

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

* (Calabi-Yau manifolds

Many 2-cycles >—

Hundreds!

* Mass from non-perturbative physics

(instantons, D-branes)

Also Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012)
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THE AXIVERSE: ULTRA-LIGHT AXIONS (ULAS)

* (Calabi-Yau manifolds

Many 2-cycles >—

Hundreds!

* Mass from non-perturbative physics

(instantons, D-branes) ew UV scale: not QCD scale

Also Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012)
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THE AXIVERSE: ULTRA-LIGHT AXIONS (ULAS)

* (Calabi-Yau manifolds

Many 2-cycles >—

Hundreds!

Scalars with approximate shift symmetry — -

Also Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012) 70



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

Scalars with approximate shift symmetry — SAXIOn"

Also Witten and Srvcek (2006), Acharya et al. (2010), Cicoli (2012) 70



COSMOLOGICAL AXION EVOLUTION

Misalignment production V(6)A

< K‘AJ/ >

0
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COSMOLOGICAL AXION EVOLUTION

Misalignment production V(6)A Axion-driven acceleration

< ‘*/ >

0

m > 3H — n, oca”?, (Wa) p—27 jym, =0
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COSMOLOGICAL AXION EVOLUTION

Misalignment production V(9)A Coherent oscillation, Axions act like CDM
- /
< 7 >
Py
m <K 3H — n, o< const,w, = LW ~ —1
Pa
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COSMOLOGICAL AXION EVOLUTION

Misalignment production V(0)A

< ‘*4/ >

0

For QCD axion, we have a CDM candidate!
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COSMOLOGICAL AXION EVOLUTION

Different parameter space for non-QCD axion(Frieman et al 1995, Coble et al. 2007)

BARYONS+CDM 1072 eV < my, < 10718 eV
RADIATION

— AXIONS

10~ 10”
Cosmological scale factor a
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COSMOLOGICAL AXION EVOLUTION

Different parameter space for non-QCD axion(Frieman et al 1995, Coble et al. 2007)

BARYONS+CDM
RADIATION
— AXIONS

A

=5

mg = 107" eV \

107 107 107 10

Cosmological scale factor a

10 0

4= Uose Mg = 3H(a)

107%% eV < my, < 107 1% eV
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COSMOLOGICAL AXION EVOLUTION

Different parameter space for non-QCD axion(Frieman et al 1995, Coble et al. 2007)

BARYONS+CDM 1072 eV < my, < 10718 eV
RADIATION

— AXIONS

10~ 10”
Cosmological scale factor a

‘DM’ axions  Qosc < Qeq Oscillation starts in time for struct. formation

m, > 10727 eV

DE axions Qosc > Qeg Oscillation starts too late for struct. formation

—27
m, < 10 \Y% 71



Additional slides:
ULA search details
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—0.00005

ISW TEST

—_— ACDM

My = 1032

My =D X

102

Scale Factor a

101

eV, Q) # 0

1032

eV, =0
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Getting under the hood: The need for numerical care
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Getting under the hood: The need for numerical care

0o =3H |[wg — 1], — (1 4+ wy) (kma — h)
Wq kd,

.a:_ 1 — al Ya a
) SH |1 — 3w,|v (1+ww)v AT w)

W = — 3H (1 + wy) [cgd — wa]
) _Pa B - 2mga (1 — wy)
Cod — = — —1 4 -
Pa H ( + wa,)
)q = — SHpa (1 T wa)

S
|
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Getting under the hood: The need for correct (super-horizon) 1nitial conditions

T T I T T T
'vanilla_scalCls.dat'

'test2_scalCls.dat'
'test3_scalCls.dat'
'test4_scalCls.dat'




Getting under the hood: The need for correct (super-horizon) 1nitial conditions

Synchronous gauge 00-Einstein

izcxn

30R

- 3a°AJ,

a2
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Getting under the hood: The need for correct (super-horizon) initial conditions

Synchronous gauge 00-Einstein

Perrotta and Baccigalupi, astro-ph/9811156

izo<77

30R

- 3a°AJ,

e
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f’ 0/
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Getting under the hood: The need for correct (super-horizon) initial conditions

Synchronous gauge 00-Einstein

Perrotta and Baccigalupi, astro-ph/9811156

NOT KOSHER!

izcxn

30R

e

D)
f’ a-

- 3a°AJ,
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Getting under the hood: The need for correct (super-horizon) initial conditions

0

Synchronous gauge 00-Einstein h N - 3a%Ad,
> 4
Perrotta and Baccigalupi, astro-ph/9811156 /5 ~ @
T2
NOT KOSHER!

Solve Eigensystem and expand systematically
AU
dlnx

Bucher, Moodley, and Turok, PRD62, 083508, sol'ns can be obtained using this
technique, outlined in Doran et al. , astro-ph/0304212 75
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ULAS AND THE ANGULAR SOUND HORIZON

Diagram by T. Smith (used with permission)
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ULAS AND THE ANGULAR SOUND HORIZON

— OQp =0.68 (2,/Qq — 0) _
0,/ =0.1, m, = 10732 eV /

— Q,/Q:=0.25, m, = 107% eVp
Q,/Qq = 0.5, my, =107 eV
Q,/Qq = 0.66, m, = 10732
Planck

0

100 500
Multipole /¢

0O 0. .. 1/2
H(z) — Hj { CL?;L 3 f[lix;o(i)]dn } Faster early expansion brings LSS closer
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ULAS AND THE ANGULAR SOUND HORIZON

[S = da(z 281100) - (lgeﬁ%)j

dz

dAOC

axion

+w(n)

1/2
K } Faster early expansion brings LSS closer
7
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ULAS AND THE ANGULAR SOUND HORIZON

— T's o peak -
[98 ~ da(z =1100) . (ZCMB) J

dz
H (%)

dAOC

Absorb and lock onto
usual peaks by lowering

Hy

anion

J[1+w(n)

1/2
F } Faster early expansion brings LSS closer
7
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ULAs and the CMB: high mass and early ISW
Higher mass (DM-like) case: high-l ISW

CMB temperature anisotropies from potential decay

Tldec .
ATigw = —2 / dn®(n, nn)
0

N
Q.
oo L {170 (1 - Qm) 5rQp
X K2 a’ a*




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

CMB temperature anisotropies from potential decay

Tldec .
ATigw = —2 / dn®(n, nn)
0

N
Q.
oo L {170 (1 - Qm) 5rQp
X K2 a’ a*




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

Radiation pressure causes potential decay

0 A
1| $mom (1 - Q:,';) 5rQp
b x —

k2 a’ a APAA > pdVV®




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

(2. = 0.00
¢  Planck 2013

100 500 2000
Multipole ¢
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GROWTH OF ULA PERTURBATIONS
*Perturbed Klein-Gordon + Gravity

06 + 2HD + (k% + m2a?)d¢p = 4Udy — Wa?m? g

* Axionic Jeans Scale 1s macroscopic [in contrast to QCD axion]:

*Computing observables is expensive for m > 3H:

* Coherent oscillation time scale An ~ (ma)_1 < AncaAMB

* WKB approximation
0p = A Ac(k,n)cos (mn) + AsA(k,n)sin (mn)
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GROWTH OF

104

*Modes with £

*“Pressure” stabilization

PERTURBATIONS

CDM
Axion DM

1072 1072 107!
Scale factor a
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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 k£ < 0.2h Mpc™* )
* Galaxy bias marginalized over

*Theory P(k) convolved with survey window function

*240,000 emission line galaxies at z<I

*3.9 m Anglo-Australian Telescope (AAT)
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Matter power spectrum for ULA (1in DE regime)

—— Q= 0.68 (my —0)
0./ = 0.5, m, =10"% eV
— 0,/ =0.5, m, = 10732 eV
0./ = 0.5, m, =103 eV
0./ = 0.5, m, =107 eV

80



Matter power spectrum for ULA (1in DE regime)

0./ = 0.5, m, =10"% eV
— 0,/ =0.5, m, = 10732 eV
0./ = 0.5, m, =103 eV
0./ = 0.5, m, =107 eV

0. fixed to lock CMB
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Matter power spectrum for ULA (1in DE regime)
0s fixed to lock CMB

Hy

0./ = 0.5, m, =10"% eV
— Q,/Qq=0.5, m, =107 eV
0./ = 0.5, m, =103 eV
0./ = 0.5, m, =107 eV

I — Matter-radiation equality delayed
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Matter power spectrum for ULA (1in DE regime)

—— Qx = 0.68 (m, —0)

0./ = 0.5, m, =10"% eV
— Q,/Qq=0.5, m, =107 eV
Q./Qq = 0.5, m, =1073 eV
0./ = 0.5, m, =107 eV

102

0. fixed to lock CMB

Hy

\ [keq — )\I?olrizon,eq J

Peak of P(k) to lower k

10~1

k [h Mpc™]

1+ 2¢q =

\U

Q,, h*

Prad

\

J

Matter-radiation equality delayed
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Matter power spectrum for ULA (1in DE regime)
Hubble drag more efficient s 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* .. :
I — ) Matter-radiation equality delayed
rad
\U J
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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 k£ < 0.2h Mpc™* )
* Galaxy bias marginalized over

*Theory P(k) convolved with survey window function

*240,000 emission line galaxies at z<I

*3.9 m Anglo-Australian Telescope (AAT)
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Data

—— ACDM (Q,/94 — 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
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Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsa7-reion
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Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsaTreion

EN™T .
A% (k) = A, <k0> Initial conditions
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Difficult parameter space

Mg, Qahza Qch27 Qbh27 QA? Ns, AS-

82



Difficult parameter space

M, Qah®, Qeh?, Quh?, Qs s, s, Treion

}

AxiCAMB

— Compare with data

Explore posterior using Monte Carlo

Markov Chain (MCMC)

82



Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsa7-reion

0.14 —33 < logyp(ma/eV) < —30

—25 < logg(my/eV) < =22

0.12}

0.10
! 0.08
0.06
0.04
0.02

0.0( - -
) }[ 00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Q.h?

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



Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsa7-reion
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Difficult parameter space

- Qch27 Qbh27 QA) Nns, A87 Treion

ULA parameters
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Difficult parameter space

2

Densities of standard species
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Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsaTreion

EN™T .
A% (k) = A, <k0> Initial conditions
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Difficult parameter space

Mg, Qahza Qch27 Qbh27 QA? Ns, AS-
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Difficult parameter space

AxiCAMB

— Compare with data

Explore posterior using Monte Carlo

Markov Chain (MCMC)
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Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsaTreion

0.14 —33 < logo(my/eV) < =30

- 25 "-h logl G [ m 1 Il.a"‘l‘l ev } ‘,-‘ - 22

0.12]

0.10
‘-""'_,I-. 0.08
0.06
0.04
0.02

0.0( -
) ][ 00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Q.h?

Addressed using nested sampling
MULTINEST (Hobson, Feroz, others 2008)
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Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsa7-reion
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Difficult parameter space

2 2 2
maagah 7Qch 7Qbh 7QA7nsaAsa7-reion

TOY PROBLEM: EGG-BOX LIKELIHOOD

Addressed using nested sampling
MULTINEST (Hobson, Feroz, others 2008)
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—-32 -29 -26 -23

1.0425
1.0410
1.0395
1.0380
1.0365
1.0350
1.0335

0.980
0.975
0.970
0.965
0.960
0.955
0.950
0.945
0.940

—-32 -29 -26 -23
logo(mg/eV)

Degeneracies/Weak gravity conjecture

—28 —26
log;o(mg/eV)
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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]



Additional slides:
ULASs and galaxies



FUTURE WORK: ULAS AND GALAXIES

* Galaxies are biased tracers
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FUTURE WORK: ULAS AND GALAXIES

* Galaxies are biased tracers

0Pm
0g = b (p_) vs.
P

Unfair penalty on scales where
axions don’t cluster
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FUTURE WORK: ULAS AND GALAXIES

* Galaxies are biased tracers

Doesn’t include ULAs as matter component
on scales where they cluster
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FUTURE WORK: ULAS AND GALAXIES

Collapse threshold for ULA DM unknown

8 R v

|
I linear theory

®
o
I
|

i non-linear i
0.5 evolution —
- I ! ]

I I
ooF . o 0w \. T
0.0 0.2 0.4 0.6 0.8 1.0

t [2/(3H,)]



FUTURE WORK ULAS CORES + CUSPS?

10 000

Cores! (Hu/Gruzinov/Barkana 2001, see also Marsh and Silk

2013, Marsh and Pop 2015, Matos 2012, Schive 2014, and
others)
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FUTURE WORK: ULAS CORES + CUSPS?

\\i\

Mu




FUTURE WORK: ULAS AND GALAXIES

Missing satellite problem?

P -- CDM
S8 TN — =102 eV, 100% e-8 Combined Correction
@ o Fixed Coverage Correction
@ ® Uncorrected/Observed

14

jo-BLo I WV

10° 107 10° 10” 109 101t 10*2 108 10M
—1 a4 — — — —
]\[ [ h A[:, ] " Vl 0 12 14 16

Marsh et al 2014, Klypin 1999, Bullock 2010
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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

95 10.0 105 11.0 11.5 12.0
log,,(M/M )
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FUTURE WORK: ULAS AND GALAXIES

* Galaxies are biased tracers
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FUTURE WORK: ULAS AND GALAXIES

* Galaxies are biased tracers

6m m T a
5g:b<pp_> e 5g:b<5/0 0p

92



FUTURE WORK: ULAS AND GALAXIES

* Galaxies are biased tracers

0Pm
0g = b (p_) vs.
P

Unfair penalty on scales where
axions don’t cluster

* We use hard switch at Kose = Keq; Kose = GoscHosc
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FUTURE WORK: ULAS AND GALAXIES

* Galaxies are biased tracers

Doesn’t include ULAs as matter component
on scales where they cluster

* We use hard switch at Kose = Keq; Kose = GoscHosc
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FUTURE WORK: ULAS AND GALAXIES

* Galaxies are biased tracers

Doesn’t include ULAs as matter component
on scales where they cluster

* We use hard switch at Kose = Keq; Kose = GoscHosc

*Realistic [smooth] treatment of scale-dependent bias needed
(incorporating physics of ULA formation 1n halos)

* Often neglected (but shouldn’t be) for neutrinos (LoVerde 2013)
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FUTURE WORK: RICHER MODELING AND AXIVERSE

*Include spectrum of N axions (and interactions) in AXICAMB

dn

X const

dlnm,

93



BICEP2 [inflationary energy scale detected?]
(Gondolo 2009): :

~6,=0.0001 //

0,=0.001 :
- Axion Isocurvature

Fluctuations
6;=0.01 ///

/

CEP2 95%CL

Q
o
I
: ] : :

as

o / ADMX " o -0
e grmenl
i=3. / N

White Dwarfs Cooling Time

100 10" 10 10M
H; [GeV]

* Hard to accomodate QCD axion DM w/o classical window (defects)! [Marsh
+yours truly+others 1403.4216 (2014), Gondolo et al. 2014 1403.4594]

0 f 5/6
2 <hx 1071 | ——
0, ~°" (1016 Gev>




