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Figure 1 (Color online) Dark photon spectral energy density of differ-
ent modes. The model parameters for dark photon is m = 0.5 eV, f =
2x 10'7 GeV,a = 75. The red line corresponds to the spectrum for “+”
helicity of dark photons while the blue line corresponds to the “— he-
licity spectrum. dqg is the scale factor of the universe at the moment the
axion field starts to oscillate.
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Figure 2 (Color online) Growth of the dark photon mode v, experi-
encing tachyonic instability. The red line corresponds to the spectrum
for “+” helicity of dark photons while the blue line gives the “—" helic-
ity spectrum. In this case k ~ 12mays, Where ae is the scale factor
of the universe at the moment the axion field starts to oscillate. After
exponential growth the dark photon mode function becomes constant as
the tachyonic instability band ceases to exit with the expanding of the
universe.
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Figure 3 (Color online) Gravitational wave spectral energy density.
The model parameters for gravitational wave is m = 0.5 eV,f =
2 x 10" GeV, and @ = 6.3 x 10®® GeV~'. The red line and the blue
line correspond to the spectrum for right-handed and left-handed gravi-
ton.
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Figure 4 (Color online) Growth of the graviton mode y experiencing
tachyonic instability. In this case k ~ 12ma,s.. After expotential growth
the graviton mode function becomes constant as the tachyonic instability
band ceases to exit with the expanding of the universe. The red line and
the blue line correspond to the spectrum for right-handed and left-handed
graviton.
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Table 1 Parameter values for axion-dark photon couplings

25 m(eV) £ (GeV) @
ALP1(¢ — XX) 0.5 2. % 10"7 75
ALP2(¢ — XX) 0.01 10" 55
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Table 2 Parameter values for axion-gravitions couplings
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Figure 5 (Color online) Benchmark gravitational wave spectra at the
present time for various values of the model parameters, the axion-dark
photon coupling mechanism was shown in the dashed line [15], with
parameters in Table 1 and the axion-graviton coupling mechanism was
shown in the solid line with parameters in Table 2. Here we focus on the
millihertz frequency range, and based on the gravitational wave back-
ground sensitivity curves of LISA [20], Taiji [21], and Tiangi [22] grav-
itational wave detector. The sensitivity curves also refer to ref. [23].
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Figure 6 Polarization degree of GWs from axion-graviton coupling for
different parameters in Table 2.
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Figure7 (Color online) The predicted current energy spectrum of grav-
itational waves for axion monodromy inflation model with the gravita-

tional Chern-Simons term. The gravitational wave background sentivity
curves of LISA, Taiji, and Tianqi gravitational wave detector are also
plotted. The sensitivity curves also refer to ref. [23].
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Table 3 Parameter values for monodromy inflation model with the

gravitational Chern-Simons term, which correspond to the two cases of
the narrow spectrum and wide spectrum of Figure 7, respectively

E i itk T
AM M2 4x107° 4x107°
A/Mp 2% 107 2% 107
b/ Mp 5.66 5.61
be/Mp 5.54 5.59
1.00 4
0.75 4
0.50 4
0.25 4
= 0.00-

—0.25 4

—0.75 4

—1.00 A

103 102

fo (Hz)

1.00

0.75

0.50

0.25

= 0.004
~0.25 4
—0.50

—0.75 4

—1.00 -

T T
103 102

fo (Hz)

8 il I BB, 5 - v S RS & 2R 5
BAF SR TALE. MR ZHOh R34

Figure 8 Polarization degree of GWs from the axion monodromy in-
flation model with the gravitational Chern-Simons term in different pa-
rameters in Table 3.
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Chiral gravitational wave background in millihertz from
axion-like fields

DING KeYi'3, FU ChengJie?*, XU Bao-Yu*! & ZHANG Yun-Long'#5*

' National Astronomy Observatories, Chinese Academy of Sciences, Beijing 100101, China;
2School of Physics and Electronic Information, Anhui Normal University, Wuhu 241002, China;
38chool of Astronomy and Space Sciences, University of Chinese Academy of Sciences, Beijing 100049, China;
4International Center for Theoretical Physics Asia-Pacific, University of Chinese Academy of Sciences, Beijing 100190, China;
3School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study, University of Chinese Acadeny of
Sciences (UCAS), Hangzhou 310024, China
*Corresponding authors (FU Chenglie, email: fucj@ahnu.edu.cn; ZHANG Yun-Long, email: zhangyunlong @nao.cas.cn)

The first detection of gravitational waves has opened a new window to probe fundamental problems in astrophysics and
cosmology. In this paper, we briefly introduce the chiral gravitational waves originating from the early universe, focusing
on those within the millihertz-frequency range. Millihertz frequencies are within the detection capabilities of space-based
gravitational wave detectors, including LISA, Taiji, and Tianqin. We mainly compare the gravitational wave spectra
generated by a rolling axion field during the radiation-dominated era, examining two similar models: axion-dark-photon
coupling and axion-graviton coupling. Furthermore, we introduce a mechanism of axion inflation with gravitational Chern-
Simons coupling. We numerically calculate the shape of the stochastic gravitational wave spectrum generated in this
scenario, paying special attention to its peak frequency range as it would be observed today. Additionally, we discuss the
parity-violating effect of the gravitational wave signal induced by the Chern-Simons topological term.
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