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The	  gravitaDonal	  waves	  (GWs)	  physics	

The	  ripples	  of	  space-‐/me	  propaga/ng	  as	  a	  wave!	

Space-‐Dme	
MaMer	

Ø  Binary	  star	  systems	  
Ø  Black	  hole	  dynamics	  
Ø  The	  physics	  in	  the	  early	  Universe	  
etc.	  

The	  source	  of	  GWs	

The	  gravitaDonal	  waves	  are…	



The	  gravitaDonal	  waves	  (GWs)	  physics	

GWs	

PPrriimmoorrddiiaall  GGWWss  ffrroomm  aann  eeaarrllyy  uunniivveerrssee  



The	  gravitaDonal	  waves	  (GWs)	  physics	

hMp://rhcole.com/apps/GWploMer/	

PGWs(InflaDon	  origin)	

The	  GWs’	  energy	  intensity	  
from	  an	  inflaDon	  is	

SensiDvity	  Curve	  of	  GWs	

²  WWhhaatt  iiss  aammoouunntt  ooff  PPGGWWss  ffrroomm  aann  oorrddiinnaarryy  iinnffllaattiioonn??  
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d log fCharacterizing	  GWs	  signal	  by	  the	  energy	  intensity	  of	  GWs:	

Maggiore	  2000	  [9909001]	

Very	  small	  signal!	
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Our	  moDvaDon	  is…	

ü Axion	  is	  a	  favorable	  candidate	  for	  inflaton.	  
ü Axion	  can	  produce	  parity-‐violaDng	  GWs(chiral	  
GWs)	  by	  the	  strong	  coupling	  of	  gauge	  fields.	  

ü (our	  work)	  We	  might	  detect	  such	  a	  signal	  in	  
future	  experiments!	  

TToo  rreesseeaarrcchh  aaxxiioonn  pphhyyssiiccss  bbyy  uussiinngg  PPGGWWss!!  

Plan	  of	  this	  talk	

arXiv:	  1412.7620	
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Axion	  can	  be	  inflaton	

ü  The	  effecDve	  4-‐dim.	  axion	  Lagrangian	  is	  wriMen	  as	

Arvanitaki,	  Dimopoulos,	  Dubovsky,	  Kaloper	  &	  March-‐Russell	  2010	String	  Axiverse	

String	  theory	  suggests	  the	  presence	  of	  a	  plenDtude	  of	  axions.	
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ü  Axions	  are	  produced	  through	  the	  flux	  compacDficaDon	  of	  two-‐form:	  	
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Axion	  can	  affect	  an	  infla/on!	

� �4/M2
p � H2

inf



Axion	  can	  be	  inflaton	

� �� � + const.

V (�) = �4[1 + cos (�/f)]

Freese,	  	  Frieman	  and	  Olinto	  1990	Natural	  InflaDon	

ü  Axion	  can	  naturally	  explain	  the	  flatness	  of	  the	  potenDal	  
by	  using	  its	  shij	  symmetry!	

ü  Axion	  gets	  a	  cosine	  potenDal	  due	  to	  instanton	  effects.	
→inflaDon	  occurs	

Natural	  inflaDon	 f � Mp and � � �GUT

Not	  UV	  complete…	
Banks,	  Dine,	  Fox	  &	  Gorbatov	  2003	

Freese	  &	  Kinney	  2004	  	

For	  successful	  inflaDon,	

Planck	  collaboraDon	  2015	



Axion	  can	  be	  inflaton	

In	  order	  to	  realize	  UV	  complete	  theory…	

Generalizing	  mulD-‐field	  axionic	  inflaDon	

Kim	  Nilles	  &	  Peloso	  2005	p Aligned	  natural	  inflaDon	  
p Monodromy	  inflaDon	  
p N-‐flaDon	  

MulDple	  scalar(axion)	  fields	

Silverstein	  &	  Westphal	  2008	

Dimopoulos,	  Kachru,	  McGreevy	  &	  Wacker	  2008	

Axion	  +	  vector	  fields	

p Natural	  inflaDon	  with	  abelian	  gauge	  field	  
p Natural	  inflaDon	  with	  SU(2)	  gauge	  field	

Anber	  &	  Sorbo	  2010	

Adshead	  &	  Wyman	  2012	



Chiral	  GWs	  from	  an	  axionic	  inflaDon	



Chiral	  GWs	  from	  an	  axionic	  inflaDon	
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Chromo-‐Natural	  InflaDon	
Axionic	  inflaDon	  with	  SU(2)	  gauge	  field:	

Slow-‐roll	  parameters:	

f : the decay constant of axion

� : the energy scale of axion

g : the coupling constant of SU(2) gauge field

� : the coupling constant of axion to gauge fieldV (�) = �4[1 + cos (�/f)]
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Chiral	  GWs	  from	  an	  axionic	  inflaDon	

interacts	  metric	  perturbaDon	  	

Considering	  tensor	  fluctuaDons...	  

EOM	  of	  tensor	  perturbaDons	  in	  Fourier	  space	

minus	  mode:	  tachyonic	  instability	  appears	  during	

→One	  helicity	  mode	  of	  metric	  fluctuaDons	  is	  enhanced!	  	

m� � g|�|
H

�ij = a(�)hij



Chiral	  GWs	  from	  an	  axionic	  inflaDon	

Adshead,	  MarDnec	  &	  Wyman	  2013	

The	  CMB	  constraint	  on	  chromo-‐natural	  inflaDon	

f � Mpl

10�4Mpl � � � 10�2Mpl

10�6 � g � 10�4

� � 102

Parameters	  of	  this	  model	

Chromo-‐natural	  inflaDon	  predicts	  too	  much	  chiral	  enhancement	  of	  GWs	

However…	



Chromo-‐natural	  inflaDon	  
	  from	  the	  axiverse	

Obata,	  Miura	  &	  Soda	  2014	



Chromo-‐natural	  inflaDon	  from	  the	  axiverse	

（chirally-‐enhanced	  GWs）	

Parameters	  of	  this	  model	

�� � 1, �� � 1

We	  can	  expect	  to	  avoid	  the	  CMB	  constraint	  on	  chromo-‐natural	  infla/on	  
If	  natural	  infla/on	  gives	  CMB	  ini/al	  condi/ons	

Chromo-‐natural	  inflaDon	  with	  two	  axions	

µ : the energy scale of axion

f, h : the decay constants of two axions

g : the coupling constant of SU(2) gauge field

��, �� : the coupling constants of two axions to gauge field

� : strong coupling � Chromo-natural inflation
� : weak coupling � Natural inflation

（chirally-‐enhanced	  GWs）	



Chromo-‐natural	  inflaDon	  from	  the	  axiverse	

Slow-‐roll	  equaDons	

� 1

(Natural	  inflaDon	  occurs	  firstly)	

m� � g|�|
H

Natural	  infla/on	 Chromo-‐natural	  infla/on	

CMB	  density	  fluctuaDon	

inflaDon	 Big	  Bang	  cosmology	

(aH)�1
Scale(1/k)	

Time(log	  a)	



Chromo-‐natural	  inflaDon	  from	  the	  axiverse	

Metric	  fluctuaDons	  

CMB	  scale	

Smaller	  scales	

h2
0�CMB � 10�15

(f, h, µ, g, ��) = (3.5, 3.5 � 10�4, 10�2, 10�3, 1.5 � 103)

h2
0�small � 10�12

(� 10�11Hz)

E-‐folds	

Natural	  inflaDon	 Chromo-‐natural	  inflaDon	

Obata,	  Miura	  &	  Soda	  2014	

energy	  intensity	  of	  chiral	  GW	 energy	  intensity	  of	  chiral	  GW	
enhancement!	

E-‐folds	



Chromo-‐natural	  inflaDon	  from	  the	  axiverse	

Chirally	  enhanced	  mode	

hMp://rhcole.com/apps/GWploMer/	

Not	  chirally	  enhanced	  mode	

SensiDvity	  Curve	  of	  GWs	



Summary	  and	  outlook	
ü  Axion	  is	  a	  favorable	  candidate	  for	  inflaton.	  Moreover,	  it	  can	  produce	  the	  

chirally	  enhanced	  GWs	  due	  to	  the	  strong	  coupling	  to	  the	  gauge	  fields.	  

ü  If	  there	  exist	  mulDple	  axions,	  we	  might	  make	  the	  model	  which	  suppresses	  
the	  overproducDon	  of	  chiral	  GWs	  and	  the	  predicDons	  might	  be	  in	  
agreement	  with	  observaDons	  on	  CMB	  scales.	  

ü  Moreover,	  chirally	  GWs	  might	  be	  enhanced	  in	  higher	  frequency	  regions,	  
so	  we	  expect	  that	  it	  might	  be	  detectable	  in	  future	  GWs	  observaDons.	  

ü  We	  need	  to	  analyze	  the	  spectrum	  of	  chiral	  GWs	  in	  detail	  to	  compare	  the	  
predicDons	  with	  observaDons.	  We	  should	  also	  study	  scalar	  perturbaDons	  
and	  explicitly	  check	  stability	  of	  natural	  inflaDon	  with	  two	  axions.	  


