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Standard

Axion Dark Matter
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The axion has no clue where to start TORTSOE S

£V ()

H>>m

— T fa 0 7Tfa

Field is stuck because of Hubble “"breaking”
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The axion has no clue where to start TORTSOE S

Can start moving...
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The axion solution to the strong CP problem [SlEe

—Wfa 0 ﬂ_fa,

=> Oscillations contain energy
=> behave like non-relativistic particles (T=0)
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Why Co Id ? Inf | ation ! THBORETISCHE PAYSK
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D ar-k Ma-'"'-er- Den Si -'-y THEORETISCHEPHYSIK

+ Depends on the initial field value

- Pseudo-6Goldstone

= Field value ¢1 S 7Tfa

Naturally ¢1 ~ T fa



Axion(-like particle) Dark Matter
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THEORETISCHE PHYSIK
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Axion Dar'k Ma'”'er' THEORETISCHE PHYSIK
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AXiOn(-like par“l'icle) Dark Matter THEORETISCHE PHYSK
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Detecting WISPy
DM
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Use a plen"'ifl_ll source Of a)(ions THEORETISCHE PHYSIK

Heidelberg
University

* Photon Regeneration
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Signal: Total energy of axion

RF AE/E ~10-17
Receiver o
Power AE/E ~ 105
A :
> |
A " ; —— ..
v Frequency
KV ~ 10_6 : Maxion (energy)
il ‘_

Frequency (GHz) @
hy = mge?[1+ O(B? ~ 107%)]

Virial velocity
in galaxy halo!
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An extremely sensitive probelll THEORETSOEPASE
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A discovery possible any minutel
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Projected ADMX Sensitivity (1 year of running)
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EleCTr‘iC“’Y ff'Om Dar‘k Ma‘l‘fer‘ :-). TREORETISCHE PHYSK

Heidelberg
University

* Photon Regeneration
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Really SUSTOiﬂQb'Q Ener'gy THEORETISCHE PHYSIK
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Broadband
Search Strategy

FUNK collaboration
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Dar.k Ma-”-er. An-renna THEORETISCHE PHYSIK

Antenna converts axion->photon

Radiation concentrated in center

Detector

Probes here;
very sensitivell

Standard ALP CDM

0

-3
Log,o my [€V]
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The FUNK Exper‘i men‘r I THEORETISCHE PHYSIK

Recycle Auger mirror
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Dark Matter Antenna

ALPS

B CAST+Sumico
Difficult to 10f-
ave enough OO o
dark matter 0 [ 107w
S -3 -23
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Perhaps even better: MadMax T

Ambitious new project at MPP

Mirror Dielectric Disks Receiver

Dielectric Haloscopes: A New Way to Detect Axion Dark Matter

The MADMAX Working Group: Allen Caldwell, Gia Dvali, Bela Majorovits, Alexander Millar, Georg Raffelt, Javier Redondo, Olaf Reimann, Frank
Simon, Frank Steffen
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Dark Matter Antenna

ALPS

CAST+Sumico
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New couplings:
A spin experiment

J. Crespo Urrutia , S. Hansmann-Menzemer, S. Kempf , JJ , U. Schmidt
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Looking for oscillating dipoles

Remember:

Axion field controls electric dipole moment:
a

deNHN_
Ja

Dipole moments follow the oscillating axion field
= Tiny oscillating electric dipole

d. ~ 107°°e cm cos(mgt)

New Observables for Direct Detectlon of Axmn Dark Matter
W en

dran (Stanford U., ITP). Jun 25, 2013, 13 pp.
}035023
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MOdifiCCﬂ'iOﬂ Of Xeﬂon EDM THEORETISCHE PHYSIK

Modification of Xenon EDM experiment
to be sensitive to time varying nuclear EDM

in Precession Experiment (CASPEr)
Peter W. Graham (St TP), Micah Ledbetter (Unlisted, US, CA), Surjeet Rajendran (Stanford U., ITP), Alex Sushkov (Harvard U., Phys. Dept.)

ham (Stanford U.
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Se ns i Tt i \"4 i "'y THEORETISCHEPHYSIK
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anger thing:




Going
Monodromic
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MOnOd ro mY pOfe n'|'i a| THEORETISCHE PHYSK

"Axion” potential
(pseudo-6Goldstone pot.)

Monodromy add-on
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MO nOd ro mY pOfe n'|'i a| THEORETISCHE PHYSK
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Funny potential

+ enlarged
field range
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Ad \"{« ntages THEQRETISCHE PHYSIK

+ Allows to start with higher energy density

= More DM

SN198Ta

Models
in this region!
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Interesting Phenomena?? TERTICEATK

Could get stuck here

Oscillations like DM!
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Interesting Phenomena?? TERTICEATK

Overdense region?

Could get stuck here

amplitude ~ /DM density
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Side Remark:

Tunneling from Oscillating State

Not always what you expect ;-).
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Figure 8: Field profiles showing lattice bubble evolution for oscillation reaching
1.24/200y (left panel) and 0.8,/2ay,, (right panel). The values defining the potential
were set to g =1/10, b= 1/300 and « = 1.

1704.06445 L. Darme, JJ, M. Lewicki
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Interesting Phenomena?? TERTICEATK

Regions with “"negative mass”

Instability + Parametric Resonance
=> Particle Production with p=0?!?
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Fluctuations may grow

1.H
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0.8 nsf
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Figure 8: Combination of the plots n(k) vs. k for 242l = 100 and & = 2.0, 5.0, 10, 20.

= New initial conditions for structure formation!



Going Beyond Dark Matter

1606.07812
A. Hebecker, JJ, F. Rompineve, L.Witkowski
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Field oscillations
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Including fluctuations iy
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Including fluctuations s

Different parts of Universe end in different minima
= Bubbles form
= 6W are produced




Gravitational wave spectra

/777 INSTITUT FR
THEORETISCHE PHYSIK
Heidelberg
University

aLIGO O5

DECIGO

BBO /

_5 0
Log|[w/Hz]

Figure 12: Gravitational wave spectra as in (5.22) with w = 1/3. The inflaton mass is
fixed to m ~ 107°M,,. Spectra are shown as solid lines for different values of x, f and
Tru: the blue curve is obtained for k = 5, f = 0.1M,,, Try ~ 102 GeV: the brown curve
for k = 10, f = 0.01M,, Try ~ 10" GeV; the red one for k = 70, f = 0.001M,,, Ty ~

10" GeV. We have also taken w = 1/3,6, = 107%,0 = 107" in

5.22

. For the values of

the reheating temperature considered here, we have g, (Try) ~ 10%. Sensitivity curves
of some ground- and space-based interferometers are shown for comparison as dashed

curves (data taken from [74]).



Populating

parameter space

+
Evading cosmological limits
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Non S'randar'd Kine"'ic Ter'ms THEORETISCHE PHYSIK

L = —[1 (t’}'){')’t(}()‘u H—V ((})

Use weird kinetic term

Canonically normalized

2 | N ;
1 — cos ~ arctan | tanh 5

I
-

s & {1‘
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New potential

V(p)

= =2 =2 =
[ | I
BWw KN

—\ |

Field range infinite

Potential flatter at large field values
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New r'egiOnS available THEORETISCHEPHYSK
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Conclusions
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Conc I usions THEQRETISCHE PHYSIK

+ Dark Matter may be Axiony/WISPy ©
= New Search opportunities!
= Searches ongoing!

= Unusual places may be viable
= Crazy things to explore!

+ ALPs may help with Inflation < Grav. waves



More fiddling with the
density:

2 periods of
inflation
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One COUld also want less DM THBORETISCHE PAYSK
+ E. g. for QCD axions

76 'U.41( f~1 ']].]9

Q% h? ~ 0.09 62 ( P
*- 10" GeV

. Eosc.

+ Too much DM for £» 1 and f & 1012 GeV

* In post inflation scenario £ can't even be
tuned
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Let's recycle an old idea... TERTSOEASK

Heidelberg
University

= Introduce second period of low scale
inflation

.- Radiation
I Matter

+ Equilibrium

W
@]
w
v
‘E
whad?
J
&
b

I A, Inflation

Scale Factora/ a,
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Not just late inflation TS

University

Hy = 107 GeV
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o
I I T T B

H|| = 10-24 GeV

=
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I
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H =10 GeV

e-Folds N,
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- If axion behaves like matter during the
second inflation, i.e. m,>Hi siation. Iz

+ Expect dilution by volume factor
= get anything you like...

Often true.. but not always
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Rehea'ri ng plays a | r'0|e THEORETISCHEPHYSI

Heidelberg
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+ Axions mass drops considerably if
reheating temperature >>Tqqp

Field Value @

Logarithmic Scale Factor a
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Funny dependence

Hy = 10-2 GeV Hy = 10718 GeV Hy = 10-1% GeV

Energy Density Ratio Q/ Qstd
/
4

o
LA
—
-

e=Folds Ny




More generally

I No oscillation before ay 1
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Ln[Q/ Q%9
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THEORETISCHE PHYSIK
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More interesting things may happen... B

Post inflation scenario for axions..
* Blown up miniclusters

* Reduced strings/domain walls
(maybe close to true average model)
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In an eleC"'r'i C fi eld THEORETISCHE PHYSIK

T Energy in an electric field

Torque tries to tilt dipole moment/spin

T=dXxE=cgs X E.
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Deal ing Wi th 0SC il la"'i on THEORETISCHEPHYSK

the dipole moment is rapidly
oscillating ~m,
= Danger of cancellation

Rotate spin to compensate
= Use Spin Precession in magnetic field

Wi, — Q[LB

\/

Resonance when Wy, — M,
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InC r‘eased DM dens i 1'Y THEORETISCHEPHYSIK

* In flat regions the field starts to roll
much later

= dilution delayed
>

T

. _keV N
pPo(1o) =~ 0.162 - - | (f—) F(ILs) - (Ef\rﬁlﬂ

em® | 1eV \ 1011 GeV IN
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Proton-neutron mass difference depends on £,

5\ 2
my, —m, = 0.37TMeV 7

Depending on f, this can be O(1) at BBN
= Helium production changed
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Constraining Axion Dark Matter with Big Bang Nucleosynthesis

Kfir Blum, Raffaele Tito D'Agnolo (Princeton, Inst. Advanced Study), Mariangela Lisanti, Benjamin R. Safi
Published in Phys.Lett. B737 (2014) 30-33
DOI:
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AVOid ing BBN Ii mi "’S THEORETISCHE PHYSIK

- Kinetic term

Singularities at ¥/(2N)
> A/f, does not cross ¥u/(2N), i.e. A/f, - Y4/(2N)

= No problem with BBN if N>~10



One more diffiCUH’Y 17 DSTITFR

THEORETISCHE PHYSIK

* QCD coupling generates "minimal” mass
= difficult to be lighter than QCD axion

SN 1978A
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DO some f ine-tuni ng. THEOREDISCHE PHYSK
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Coupli ngs fixed by fa THEORETISCHE PHYSIK

| .

* Photon coupling LD ZgawF HE
Qv
o arf

| =

* Gluon coupling LD ZgaggG G
s
Jagg ™ 27Tfa
At low energies Lo L 9adN oy NFH
electric dipole coupling : .
gq ~ 1075GeV? (10 GeV)
fa
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Coupli ngs fixed by fa THEORETISCHE PHYSIK

1 .
* Photon coupling LD ZgawF HE
Q

Javy~y ™ 47Tf

|

* Gluon coupling LD Zga,ggG“éW

g
Jagg ™ 27Tf
a

0, ¢
Ja

* Fermion couplings

LD L=yt
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New potential




