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Cold Dark Matter (CDM)

CDM is widely believed to be an
important part of the universe based
on a large number of observations:

Dynamics of galaxy clusters.
Rotation curves of galaxies.
Abundance of light elements.
Gravitational lensing.
Anisotropies of the CMBR.



The QCD Axions

To solve the strong CP problem, one
introduces the vq),, symmetry which
IS spontaneously broken

L = —1/4¢°Tr(Gu Guv +Zq{ WY + mj)

+ 6/3272 T}-Gﬁ,,Gﬁ,, + 1/28,a0"a + a/(f,327°) TrG,,‘-.uaﬁ.-f.

¥+ a/f, — 0 relaxes to zero during
QCD phase transition.



The million dollar question:

If the QCD axions contribute to a
major part of CDM,

what is the mass?



There are two cosmic axion
populations: hot and cold.
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The hot part was created in the thermal bath, and the cold part is believed to be
created by the realignment mechanism.



CDM Axions produced by vacuum
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Cold axion properties

* density

« density fluctuation



The energy of axions are
transferred from the QCD
sector



Axion fluctuations are correlated to the CMB
fluctuation.
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* The observed CMB isocurvature
fluctuation is small



The axion field acquires a fluctuation
during the inflation .
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For a moderate small H~1019 GeV (low
scale inflation)
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16, 1: The two possible windows of the dark matter axions.
The upper-left one is often called the classical window and
the lower-right one is the anthropic window assuming that
H; < 10'"GeV and the PQ symmetry was not restored after
inflation,
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Inflation

The classical window may require the PQ
symmetry breaking happened after
Inflation or a very low scale inflation.

If the PQ symmetry breaking happened after inflation,
we have domain wall, cosmic string etc....
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we may need to consider both windows.

If we find dark matter QCD axion in the
anthropic window.

We live in an atypical Hubble volume (dark
matter detection may prove multiverse
scenario).



a(x) =~ agcos(—m,t — %ﬂzt +muU - T + ¢y)




The axion spectrum density I, is high

PCDM
la =

(1/2)m_ 0v=

The interaction term in non-relativistic limit is:
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The transition rate is
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Hydrogen 1S state transitions

— —==
- —
— ""-l-..|

—— p—
e R

}h[p =21 ¢

16



FIG. 2: The splitting of the hydrogen 15 state. For the clas-
- sical window, [0,0 >— |1,1 > transition is suitable for the
axion detection.
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3 FIG. 3: The splitting of the hydrogen 1§ triplet state. For
the anthropic window |1,0 >— |1,1 > transition is suitable
i for the axion detection.




A particular set-up
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FIG. 4: A possible setup of the proposed scheme., The cold
atoms enter the first Stem-Gerlach apparatus in which the
m; # () states are filtered and subsequently the m; = 0 atoms
ro through a Zeeman effect region in which their atomic en-
ergy gaps are turned to match with the axion mass. A small
portion of the atoms are resonantly excited to m; = 1 state
which will be deflected in the second Stern-Gerlach appara-
tus and received by a counter, The sensitivity depends on the
number of atoms N presenting in the Zeeman effect region
and the one year scanning bandwidth Af.

19



CERN Axion Solar Telescope (CAST)
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FIG. 5: Constraints on the axion-photon coupling g., =~
apr/27fo. The mass range that can be covered by the
proposed method is determined by the available Zeeman
field strength. To cover region I, ma € [1077eV,2 x
10_5eV], 0.15Tesla is required. Assuming one year data
taking time with 107?mole of H, the effective sensitivity
i a0 B2 XK 1071°GeV~!. To cover region II, m, €
[10~%eV,2 x 10~ %eV], 0.002T is required. Assuming one
year data taking time with 10°mole of H. the effective sen-
sitivity is @.~ =~ 2.3 x 1078GeV~L
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