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Research activities of A03 group 

There are two aspects of dark energy research. 

1. Construction of theoretically viable models and 
make their observational predictions.

Mostly worked by Shin’ichi Nojiri and Shinji Tsujikawa

2. Observational constraints on dark energy models 
and their discrimination 

Mostly worked by Naoshi Sugiyama, Kiyotomo Ichiki, and Atsushi J. Nishizawa

Both are important to approach the origin of late-time 
cosmic acceleration.

Hereafter, I briefly explain the results achieved by the members of A03 group
and summarize them in the end. 



Theoretical aspects of cosmic acceleration 

Additional DOFs can be 

1. Scalar field (spin 0) Scalar-tensor theories
Coupled to gravity

One scalar + two tensor modes = 3 DOFs 

2. Massive vector field 
(spin 1) Coupled to gravity

Vector-tensor theories

One longitudinal scalar + two transverse 
vectors + two tensor modes = 5 DOFs

3. Massive graviton
(spin 2)

Massive gravity

6 DOFs with one BD ghost in general.
The BD ghost is absent in DRGT massive gravity.

The simplest dark energy model is the LCDM model, but there are also other possibilities. 
In the latter case, there are usually additional degrees of freedom (DOFs) beyond those 
appearing in standard model of particle physics and general relativity. 



Theoretical Works of Shin’ichi Nojiri (10 published papers)

Gravitational Waves in several models 

• Gravitational Waves in the Presence of Viscosity
I. Brevik, S.N., Int.J.Mod.Phys. D28 (2019) no.10, 1950133

• Propagation of Gravitational Waves in Chern-Simons Axion Einstein Gravity
S.N., S.D. Odintsov, V.K. Oikonomou, A.A. Popov, Phys.Rev. D100 (2019) no.8, 084009

Application of Modified Gravities to Cosmic Acceleration or Early Universe

• k-essence f(R) gravity inflation
S.N., S.D. Odintsov, V.K. Oikonomou, Nucl.Phys. B941 (2019) 11-27

• Holographic inflation
S.N., S.D. Odintsov, E.N. Saridakis, Phys.Lett. B797 (2019) 134829

• Viable inflationary models in a ghost-free Gauss–Bonnet theory of gravity
S.N., S.D. Odintsov, V.K. Oikonomou, N. Chatzarakis, T. Paul, 
Eur.Phys.J. C79 (2019) no.7, 565, 

• Holographic bounce
S.N., S.D. Odintsov, E.N. Saridakis, Nucl.Phys. B949 (2019) 114790

• Nonsingular bounce cosmology from Lagrange multiplier F(R) gravity
S.N., S.D. Odintsov, V.K. Oikonomou, T. Paul, Phys.Rev. D100 (2019) no.8, 084056



Theories constrained by the GW170817 
event

�3⇥ 10�15  ct/c� 1  7⇥ 10�16
<latexit sha1_base64="Qdzu5Cl15yIqBHkeyAWtsBd0ueE="></latexit>

Redshift: z  0.009
<latexit sha1_base64="aJ3DXkTmwVxeQjXzBiv2wZEli74="></latexit>

l Scalar-tensor (Horndeski) theories

X = �@µ�@
µ�/2

<latexit sha1_base64="zKVxj3LIVJQHjfuf52DCY/OCAzA="></latexit>

l Vector-tensor (generalized Proca) theories

L =
M2

pl

2
R+G2(X,F ) +G3(X)rµA

µ

<latexit sha1_base64="puB5UFs+xNKtQSGByVckW9GlRDM="></latexit>

X = �AµA
µ/2,

<latexit sha1_base64="jU1b0SHI1v9Qz+vtQ1IDEmf2hAo="></latexit>

F = �Fµ⌫F
µ⌫/4

<latexit sha1_base64="WeMTQpf4rFDltPSK8R2oYWBoTfg="></latexit>

L = G2(�, X) +G3(�, X)⇤�+G4(�)R
<latexit sha1_base64="8etXQPUlzWhvFMLtyYcvPrHNteU="></latexit>

The GW170817 event constrained the speed ct of gravitational waves
very close to that of light:

<latexit sha1_base64="xGfhgcK3w+E3SCggsyu9ZGn6Ak8="></latexit>

_________
K-essence

______________
Derivative 
interaction

_________
Nonminimal
coupling

Scalar field �
<latexit sha1_base64="1PhJEmKI+xAXzvPU7W+xJkxUkP8="></latexit>

Vector field Aµ
<latexit sha1_base64="NAeMSc7EK11hkxpxGZPkWCd0DHY="></latexit>

Models containing the power-law dependence of X in G2,3 can realize
the late-time cosmic acceleration compatible with observations.

<latexit sha1_base64="a/w7egWkKB5bpIUARoesSprY14c="></latexit>

De Felice, Heisenberg, ST (2017)

If we require that ct = c, the constrained Lagrangians are the following:
<latexit sha1_base64="sHrPu3OaX0wG6UNEc3rjyrpLbNQ="></latexit>



Observationally favored dark energy model in scalar-tensor theories

Galileon ghost condensate (GGC): L =
M2

pl

2
R�X + �2X

2 + �3X⇤�
<latexit sha1_base64="C8lVl8mh3oVdjjjg/vQfEjAD9EA="></latexit>

• �2 = 0
<latexit sha1_base64="Xg42Ohoov9GlF0aj8hH3pdsDQ5Y="></latexit>

Cubic Galileon

Observationally disfavored both at the background and perturbation levels.

• �2 6= 0
<latexit sha1_base64="d2jy7Lk9efCQO1PBSf9LfV9ytI0="></latexit>

This allows the better compatibility with the data (CMB, SNIa, BAO, RSD)
in comparison to the LCDM. 

Dark energy equation of state CMB TT spectrum

�2 6= 0
<latexit sha1_base64="nMh9O+mkUEDop9XGOe8fHVBh4JM="></latexit>

�2 = 0
<latexit sha1_base64="dK0GgGaeghQi+YLOpMwVJH0phRE="></latexit>

Even with two additional models parameters in comparison to the LCDM,
the Bayesian statistics favor the GGC relative to the LCDM.

<latexit sha1_base64="XngUcElKHt+fpl76rb18R8qMF0M="></latexit>

S. Peirone, G. Benevento, N. Frusciante, ST, PRD 100, 064540 (2019)



�8 tension between CMB and low-redshift data
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Planck vs redshift-space distortions (RSDs) Planck vs weak lensing

The observed cosmic growth rate is lower than that predicted by the LCDM model. 

This is di�cult to be addressed in scalar-tensor and vector-tensor theories,
as they predict the e↵ective gravitational coupling Ge↵ larger than
the Newton constant G.

<latexit sha1_base64="Pao+oY/cf1e502kc/kVXquysNXc="></latexit>



Coupled dark energy and dark matter model realizing weak cosmic growth 

Let us consider the simple interaction of the form 

Sint =

Z
d4x

p
�g f(X,Z)

<latexit sha1_base64="ATxTOKXH2YGurHsQBOVvA5WmFC0="></latexit>

X = �@µ�@µ�/2,
<latexit sha1_base64="XQOqmMriNrpMz5JqtfXYUewn6Rs="></latexit>

Z = uµ
c @µ�

<latexit sha1_base64="tt9JA7a3IOSCULwokgZniIOGrvc="></latexit>

We consider a quintessence scalar field with a perfect-fluid CDM action:

S =

Z
d4x

p
�g

"
M2

pl

2
R+X � V (�)

#
�

Z
d4x

⇥p
�g ⇢c(nc) + Jµ

c @µ`c
⇤
+ Sint
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DE sector
(scalar field)

__________________________
CDM sector
(perfect fluid)

___
Interaction

The Z dependence in f gives rise to the momentum transfer, in contrast
to the energy transfer associated with the coupling f1(�, X)⇢c.

<latexit sha1_base64="36XiO/II+iiEJ0QcmNS1K12a5vs="></latexit>

Allowing the realization of weak cosmic growth

R. Kase and ST, arXiv:1911.02179 (2019). 
See also Pourtsidou et al (2013), Boehmer et al (2015).

___________________________

Constructed from the 
first derivative of �

<latexit sha1_base64="IFYkj53/6j/2ggj/78+oE7tWoo8="></latexit>

__

CDM four velocity



Suppressed cosmic growth rate 

E↵ective CDM gravitational couplings: Gcc = Gcb = G/(1 + rf ) with
<latexit sha1_base64="bG02aNt6PSz08jnHycRnxScwVZQ="></latexit>

rf =
�n�̇

2

3H2M2
pl⌦cc

2
s

<latexit sha1_base64="a+Lk8Of/RSzvDAKjxErzaqAHlTE="></latexit>

Positive for �n > 0.
<latexit sha1_base64="9Z17V0DoIhzx0IgUUPJqULbP8nQ="></latexit>

� = 1/4
<latexit sha1_base64="F+nQYCMITlNsNzWP1ek2NvNVvCk="></latexit>

with � = 1
<latexit sha1_base64="k6IjZEzEkjboFLbUrV8Y+7RNAPM="></latexit>

For �n > 0, we have
Gcc = Gcb < G.

<latexit sha1_base64="LsyVytpS6RfWR/z9Jgim5t/CfMI="></latexit>

As �n increases, the growth rate
of matter perturbations tends
to be smaller.

<latexit sha1_base64="zFfllYvcTRlhV7Gp3asJvm8+4Ec="></latexit>

The model should exhibit the better 
fit to the redshift-space distortion 
data in comparison to the LCDM. 

�8 = 0.811
<latexit sha1_base64="wU1ii/sZSZCWiwLE3nHGDrQ5aLo="></latexit>

Consider the coupling:

K. Ichiki, R. Kase and ST,
in preparation.

f = ��̇2
<latexit sha1_base64="4Abf+nByWM8s3E3PwUfKSc3L3ts="></latexit>

on the background.

R. Kase and ST, arXiv:1911.02179 
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Cosmic growth factor D
can be measured

復元したいゆらぎ

Light 
cone

Direct reconstruction of density perturbations

K. Yoshida, K. Ichiki & A.J. Nishizawa, arxiv:1912.08384

Observer Observed
Perturbations that 
should be reconstructed

K. Yoshida



Constraints on dark energy using the direct reconstruction 
of density perturbations 

This nonparametric method allows one to estimate the cosmic growth 
factor D by using one point distribution of the density field.  

The linear growth rate: 

f =
Ḋ

HD
= ⌦�

m
<latexit sha1_base64="x3cJLmqBRXgWF6vErf2Csw6/GcE="></latexit>

With this new method, 
the joint analysis combined 
with the data of eBOSS, CMB
constrain the growth index:  

� = 0.58+0.17
�0.16 (68 % CL)

<latexit sha1_base64="nR3J5qgeO6Ve+LEVP3QiuTjlIgI="></latexit>

K. Yoshida, K. Ichiki, A. J. Nishizawa, 
Arxiv: 1912.08384

� is the growth index.
<latexit sha1_base64="m1rvKPEAA3kdW7BQbgBNmPLznvg="></latexit>



Constraints on nature of ultra light dark matter 
particles (ULP) with 21cm forest  H. Shimabukuro, K. Ichiki and  K. Kadota,  

arXiv:1910.06011 (PRD in press)

ULP reduces the number of absorption
lines of 21cm forest compared to the
standard CDM case.

21cm forest can reach the mass scale of
ULP up to

Abundance of 21 cm absorption line

m: ULP mass, fu: ULP fraction
<latexit sha1_base64="Ygy+osBUKywuSQkIReis1X2dcxk="></latexit>

m ' 1014H0 ' 10�19 eV
<latexit sha1_base64="7Y72kTj7A85Dbn3McpIRZ/t/o40="></latexit>



Neutral hydrogen (HI) gas clustering with the RSD 
of 21 cm line

w0

wa

incl. BOSS+Planck

w = w0 + (1� a)wa

R. Ando,  A.J. Nishizawa+ (arXiv:1808.01116)

Exploring the properties of HI clustering  with cosmological 
dynamical simulations

This is particularly useful for the 21 cm intensity mapping of 
SKA measurements (wide range, high-redshift).

It will be possible to use it for probing the physics of dark energy.

Dynamical dark energy 
equation of state

https://arxiv.org/abs/1808.01116


Modeling of HI P(k) toward BAO measurement for SKA
R. Ando,  A.J. Nishizawa+ (arXiv:1808.01116) 

Ando (D1@Nagoya)

Illustris TNG @ z=3 R. Ando,  A.J. Nishizawa+ in prep.

no difference btwn. w/wo 
SN/AGN feedback 

semi-modeling of PHI(k)

measure P(k)

measure bias(k,z)

99% of HI resides in halo

DM Halo catalog -> constant bias can 
reproduce HI P(k)

slight scale dependence

https://arxiv.org/abs/1808.01116


Alcock-Paczynski (AP) test on 21cm intensity map
T. Endo, H. Tashiro A.J. Nishizawa (arXiv:2002.00348) 

Brightness temperature higher than “threshold”

Endo (D3@Nagoya)

void finder (VIDE)

Illustris TNG simulation

10 voids 50 voids 100 voids 

LoS

RSD

unbiased estimate of

⌦m and w
<latexit sha1_base64="HYd0umj5UY6xIdwrEDkzB/NqFnI="></latexit>

https://arxiv.org/abs/2002.00348


Summary

2. There are some models in scalar-tensor and vector-tensor theories
showing the observational compatibility better than the ⇤CDM.

<latexit sha1_base64="A5paIWdF4oN6asGRuAfCgmGKAlA="></latexit>

4. In the observational side, we will obtain a wealthy of observational data
including GWs, 21 cm forest, weak lensing, and RSD which can be used
to constrain DE models further.

<latexit sha1_base64="CFgOQcfbmJDxbCizDLUrKroGmZE="></latexit>

We believe that the A03 group contributed to the progress of DE research
over the past 5 years, but we will also continue to do it in the future.

1. In the theoretical side many dark energy models were proposed, but
allowed models are now quite restricted from the observations of GW etc.

<latexit sha1_base64="22qLsnBSr20o9uziJDZY500Al6g="></latexit>

3. The coupled DE/DM model with momentum transfer can alleviate

the �8 tension problem of ⇤CDM. Hopefully it will be possible to

construct coupled DE/DM model alleviating the H0 tension.
<latexit sha1_base64="w9dLSWUtVNRxUSOEcJ/SxpTCiUk="></latexit>


