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Traces of String Axiverse

« String theory gives a lot of massive pseudo-scalar fields (Axion).

A. Arvanitaki, et al (2010),
P. Svrcek and E. Witten (2006)

. Their massis 1072% ~ 107 1% eV. Its range is the very wide.

107 1% eV Target!
CMB Matter
Polarization O -
Spectrum BH Super-radiance
< >
107% eV 107 eV 107 eV 10" eV 10710V

o Itis indicated that the axion can behave as the cold dark matter.

W. Hu, R. Barkana, and A. Gruzinov (2000) '

« The string axiverse gives the parity-violated interactions as follows,
OFF, ®RR - In this talk, we concentrate on the modified gravity.
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Axion Dark Matter )

. The cold dark matter is the dust which is pressureless. <;>

« The occupation number of the state of the axion dark matter is estimated by

N n_pom e PDM 1071%V)*
Ax3 Ap3  p3  mp3 0.3 GeV /cm3 m '

02/14

A. Khmelnitsky & V. Rubakov, 2014

« The oscillation of the axion as a classical field is given by CID(t) ~ ®( cos (mt)
1
v~ 10_3,E2m—|— imvz ~m

1 1 1

— Energy density : 1og = ppm = §<f[>2 + §m2<I>2 ~ §m2<1>(2)
7 1071%ev P
D, ~2.1x107eV
m 0.3GeV/cm3
. I TR S S S
Pressure: ppy = 2<I> 2m O ~ 2m ®F cos 2mt

« The period of the oscillation of the axion can be estimated as 1/m. Then, by the
average under the long time scale T > 1/m, the pressure of the oscillating axion
can be regarded as zero. Then, the oscillating axion behaves as the CDM.
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Size of Axion Dark Matter

. In space, the matters are collected by the gravitational forces.
— |t appears the equilibrium between the characteristic pressure of
matters and the gravitational force induced by matters themselves.

03/14

— This equilibrium is expressed by the size of the halo of matters.

— Jeans length of the axion dark matter is given by

0.3 GeV/cm? ) t/4 (10_10 eV) t/2
P

r; = 4.3 x 10 3pc x ( —

. Jeans length is the maximum size which the matters can exist stably in
space.
— |n this talk, we assume the axion dark matters have the enough
energy density and behave as the classical oscillating field.

— |n low energy scale, the potential of the axion can be approximated by

1
Vo~ —m?®?
2
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Dynamical Chern-Simon Gravity

« The action is given by

1 ~ 1
S = / da:4\/—g[ kR + ZOé(I)RR — 5 (V,®) (Vie) -V (D) }
V
~ 1
K __ dpo pa B
oz:\/;KZ Ri = 5em ’Higp0 I an
« Dynamical or non-dynamical =R
— This is switched by the existence of the dynamical term of the
axion field. iEizmanS@éL(n) — :te?j/L (n)

« Because the axion field is the pseudo scalar, this interaction term induces
the circular polarized gravitational waves.

« The upper bound of the coupling constant f is given as follows,
2 in non dynamical theory by Y. Ali-Haimoud & Y. Chen (201 1).
£ ~ 10%km i, dynamical theory by Y. Nakamura et. al. (2018).

« The ghost modes exist in this theory. We assume this theory as the effective
theory of gravity.
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Equations of Motion of dCS Gravity

« The action of the dynamical Chern-Simons gravity is

S:de$4ﬁR+ia[}d$4H¢RR
- / da' /=g [¢" (V,®)(V, @) + 2V (D)]
V

« The equations of motion are derived by

Q 1
Gy + ;C;w — %Tw/ for the gravitational field and

CH = (Va®)e* WV R, + (Vo V@) R

o ~
vV, Vi T _ZRR for the axion field.
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Parametric Resonance

« The Swings
— The parameters vary at roughly twice the natural frequency of the
arms of the swing, the amplitude of it will grow.

W, s @ Enhanced GW

N # ~ S =G

cema ot aXIOn

« The parametric resonance is induced by Mathieu equation.

i(t) + ws (1 — fosin (wpt)) z(t) =0

« The properties of the Mathieu equation are noted.
— The (first) resonance frequency is given by Wp ~ 2w0 h o eF’?

1
— The growth rate of the amplitude is given by FmaX — Z ‘fo‘ wWo
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Gravitational Wave in dCS Gravity

« We choose the ansatz of the spacetime below,

ds* ~ a(n)*(—dn* + §;;dz'dx’ + h;;dx"dz?)

« For the interest in the circular polarization, we take the circular polarization basis which
are defined by R 1 1

ex(n) = — (e (n) +iel(n = — — thy
hiTjT:ZhAe;‘}- i; (1) \?(w( ) +iej5(n)) hr \?(M hy)
A ei;(n) = 7 (e () —ie5(n)) hi, = 7 (hs +ihy)

Then, the equations of the gravitational wave is derived by

(a2 - eACID’gk) "y (Zaa’ - eACID”gk) L (a2 - eACD’gk) K2ha = 0
K K K

« We can neglect the effect of the expansion of space in the time scale when the
gravitational waves pass Galaxy. Then, the scale factor can be estimated as

a(n) ~ 1. Then, we can get the solution of the axion field, ® ~ ®, cos(my).

« Finally, the equations of the gravitational wave is derived as

1 A
-1 : A

I
=
o

kh'y + k*ha =0 GAE{

]
-
=
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Growth of Amplitudes of GWs

« These Plots shows the growth of the amplitude in the circular polarization basis.
We used the values below  p _ 108 k1 1 = 10710eV, p = 0.3 x 106 GeV /em3

d ~ 0.02

‘ 7.5
|

|

|

5 8x 1013 5 8x10"3

log1g(amplitude of hg)

log1o(amplitude of h;)

5.0

25

nlev]
5.05x 10"

5.05x 101

5.x 10" 2x 101

kleV]  495x10"

5.x 101"
k [eV] 4.95x 10~

— There is the difference between the growth of the amplitude in R- and L-
circular polarization basis. In these conditions, the amplitude of 4, becomes 10*
times bigger than the amplitude of hL . So, the fully circular polarized wave
appears.

International Journal of Modern Physics D Vol. 27, No. 9 (2018) 1850096
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Strength of Circular Polarization

« This plot shows the time evolution of the strength of the circular
polarization.
We used the same values before slide.

parity
—e

— The horizontal axe shows the

51x10" -

time 7] .
— The vertical axe shows the 5~°5*1°'“:—
frequency k of the GWs.
k [eV] 5.x10'11——
— The plotted function is defined —
b
g parlty(n) p— |hR|2 _ |hL|2 4.95 10—11__
hr|? + [he|? |

4.9x107"

parityNillROrL

| 1 1 1 | I I | | I I I | L I 1 | 1
0 2x10" 4x10™ 6x10"3 8x 10"
niev]

« The color shows the strength of the circular polarization.
— At the resonance frequency, the GW is completely circular polarized.
International Journal of Modern Physics D Vol. 27, No. 9 (2018) 1850096
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Strength of Circular Polarization

« This plot shows the time evolution of the strength of the circular
polarization.
We used the same values before slide.

— The horizontal axe shows the the time-average of the polarization
: L
time 7] . -
— The vertical axe shows the -
@)
frequency k of the GWs. 5
2
. : D
— The plotted function is defined 2 [
b 2 2 2 I
y pa,rity(n) _ |hR| — ‘hL| ® ~0.5} .
hr[? + |hL]?
_10 _. L L L L L L L L L L L L L L L L L L L L L L
49x10~11 4.95x10°11  5.x1071"  5.05x10711  5.1x10"1

parlty ~+1:RorlL < [eV]

Proceedings, 4th Workshop on Cosmology and the Quantum Vacuum: Segovia, Spain, September 4-8, 2017
« The color shows the strength of the circular polarization.
— At the resonance frequency, the GW is completely circular polarized.
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Tools for Estimations

« From the general theory of the parametric resonance, we can give the
formulae for the estimations of the resonance frequency and the rate of the
amplification in the length.

10/14

« Resonance

m k m
— Resonance frequency: k., = — = f,= — ~1.2X 10* Hz ( )
2 / 27 10-10eV
—> Width of the resonance : —- — 2§ < kr < @ + s 5= Em2q)o o= 22
2 g ~ 2 8 K 2

« Amplification of the amplitude of GW

We can convert I' into the length R,y in which the amplitude of the GWs
becomes 10 times bigger.

— Typical length: R 15~ 5.2 x 10~° pc

L (10710eV > 7108km\° [0.3GeV /cm3
m 14 0
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Simple Estimation

« The length in which the GWs becomes 10 times bigger is estimated as

11/14

Ry10~ 5.0 x 1073 pc

L (10710eV ? /108km\~ [0.3GeV/cm?
m 14 0

. If the GWs which have the resonance frequency through in Galaxy for
10 kpc, the amplitude of the GWs become 101012 times bigger.

« This effect will be detected in the difference between the waveform from
the interferometers and from the numerical template of the GWs in pure GR.

. If we found no difference in the waveform, we can give the constraint to the
coupling constants or the energy density of the axion dark matter.

— If you believe # ~ 10%km, then P will be constraint by p < 1072°GeV/cm?.

— If you believe p ~ 0.3 GeV/cm?, then £ will be constraint by Z < 10km.



2 day mini-workshop: Axion Cosmology @Yukawa Institute for Theoretical Physics, Kyoto University, May 14 - 15, 2019

Maps of Constraints

m = 107" [eV], 10 [Mpc]

12/14

m = 107" [eV], 10 [kpc]

107 -

0.01

1 10 10°  10° 1ov8v ) 001 1 100  10*  10°  10°
| [km] | [km]

The green region is excluded by the observation.

The blue line shows the local dark matter density 0.3 GeV/cm®.

The red line represents the 10 times enhancement of GWs.

The red dashed line represents the 0.1 times enhancement.

The red dotted line represents the 0.01 times enhancement.
International Journal of Modern Physics D Vol. 27, No. 9 (2018) 1850096
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Characteristic Strain

C. . i 13/14
Sensitivity Curves and Axion Dark Matter
107" EPTA
Stochastic
background
10 SKA
Target!!!!
- - f.~1.2 x 10 Hz (10_10 eV)
Massive binaries
M
10 -18 LISA Virgo
aLI&%@ﬂ
Extreme mass
102 ratio inspirals supernovax  GW150914
102 ) ”
Compact binary
inspirals
10 %
10 %
1070 10°® 10°® 10 10 10° 102 10° 10°
Frequency / Hz

These Sources are from “http://rhcole.com/apps/GWplotter/".
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Conclusion

« String axiverse generates the axions which have the light
mass and the dCS coupling between the axion field and the
gravitational field.

« The coherently oscillating axion can behave as the cold dark
matter well, so, through the above coupling, the
monochromatic and parity violated gravitational waves are
generally induced.

« This effect may use to detect the counterpart of the GR.
—  They might give the new constraint to the abundance of
the axion dark matter or the CS-coupling.

« This analysis can connect the problems about the CDM and
the modified gravity.
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