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19	
  May	
  2014	
  @	
  IAS,	
  Hong	
  Kong	
  

In	
  this	
  talk,	
  I	
  want	
  to	
  propose	
  mechanisms	
  (or	
  hints)	
  	
  for	
  
	
  	
  dynamical	
  generaKons	
  of	
  	
  MEW	
  and	
  ΛDE	
  from	
  MPL	
  
	
  
MEW	
  :	
  	
  dimensional	
  transmutaKon	
  (Coleman	
  Weingerg	
  )	
  
ΛDE	
  	
  	
  :	
  	
  	
  	
  vacuum	
  fluctuaKon	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (the	
  remnant	
  of	
  	
  the	
  early	
  universe)	
  	
  



	
  	
  	
  	
  Part	
  1	
  
Higgs	
  at	
  LHC	
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  iso	
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Joost Vossebeld, SUSY13 

HoJJ 

6 

Excellent J-jet separation in 1st layer of 
Liquid Argon calorimeter.  
 
Only ~25% of background is from jet-jet 
or J-jet events 

J S0 

Small branching fraction, but excellent mass resolution. 
Sensitivity to spin (0+/2+) / excludes spin 1 (Landau-Yang) 
 

Extract signal in simultaneous fit of signal and 
background. 

arXiv:1307.1427  

Compatibility with Being SM Higgs"
Excesses seen in ZZ, WW and γγ in both experiments!
Signal strength ~consistent with SM Higgs!

26-Aug-13! Sridhara Dasu (Wisconsin)! 23!

Statistical and 
systematic errors 

included 

CMS HIG-13-005!

68% and 95% 

Details on CMS 
Higgs combination: 
Roberto Covarelli’s 

talk in Monday  
parallel session. 

Joost Vossebeld, SUSY13 

arXiv:1307.1427  Couplings combination 

15 

Overall signal strength: 
21.0
18.033.1 �

� P

Combined results HoJJ, HoZZ*o4l, HoWW*olQlQ channels, including 
VBF or VH enhanced cases. 

Statistical, systematic and theory  
uncertainties are already comparable. 

Higgs	
  boson	
  is	
  discovered	
  
	
  at	
  	
  ~	
  125.5	
  GeV	


No	
  evidence	
  beyond	
  SM	
  so	
  far	




(1)  Strong	
  constraint	
  on	
  SUSY	
  forces	
  us	
  to	
  	
  
	
  	
  	
  	
  	
  	
  reconsider	
  Naturalness	
  (Hierarchy)	
  problem	


(2)	
  126	
  GeV	
  Higgs	
  indicates	
  vanishing	
  of	
  	
  quarKc	
  Higgs	
  coupling	
  at	
  MPL	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  Stability	
  of	
  vacuum	


blowup	


Unstable	


Two	
  important	
  clues	
  for	
  physics	
  beyond	
  SM	
  from	
  LHC	
  

Why	
  is	
  MEW	
  	
  much	
  smaller	
  than	
  MPL	
  or	
  MGUT	
  ?	
  	
  	
  	
  
	
  	
  	
  	
  =	
  quadraKc	
  divergence	
  of	
  Higgs	
  mass	
  term	
  	
  à	
  TeV	
  SUSY	
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V(H)	
  may	
  have	
  a	
  shi_	
  symmetry	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  H	
  à	
  H	
  +c	
  	
  	
  
(But	
  it	
  is	
  broken	
  by	
  Yukawa	
  and	
  gauge	
  couplings.)	
  

These	
  two	
  suggest	
  V(H)=0	
  at	
  MPL	


satoshi	
  iso	


naturalness	
 126	
  GeV	


V(H)	

flat	
  potenKal	
  @	
  MPL	




It	
  is	
  usually	
  explained	
  as	
  the	
  problem	
  of	
  	
  quadraKc	
  divergence	
  of	
  μ２	
  .	
  
	
  	
  à	
  	
  cancellaKon	
  of	
  quadraKc	
  divergence	
  by	
  supersymmetry.	


Satoshi	
  Iso	
 6	


(1)	
  Naturalness	
  problem	


QuesBon:	
  	
  Is	
  quadraBc	
  divergence	
  really	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  the	
  issue	
  of	
  the	
  hierarchy	
  problem?	


・　It	
  can	
  be	
  always	
  subtracted	
  with	
  no	
  effects	
  on	
  physics,	
  	
  
	
  　and	
  different	
  from	
  logarithmic	
  divergences	
  (mulKplicaKve	
  renorm.)	
  
・　No	
  quadraKc	
  divergences	
  in	
  dimensional	
  regularizaKon.	
  
	
  　　(minimal	
  subtracKon)	
  

	
  Bardeen	
  (1995)	
  	
  
	
  Fujikawa	
  (2011)	
  
	
  Aoki	
  Iso	
  (2012)	
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(a)	
  SM	
  has	
  no	
  dimensionful	
  parameters	
  if	
  μ2-­‐term	
  is	
  absent.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  	
  classically	
  conformal	
  	
  	
  
	
  
(b)	
  QuadraKc	
  divergence	
  is	
  NOT	
  the	
  issue	
  in	
  low	
  energy	
  EFT.	
  
	
  	
  	
  	
  	
  	
  	
  String	
  theory	
  may	
  offer	
  a	
  clever	
  soluKon	
  at	
  UV.	
  
	
  
(c)  The	
  real	
  issue	
  of	
  the	
  naturalness	
  problem	
  in	
  EFT	
  is	
  
	
  	
  	
  	
  	
  	
  	
  mixing	
  with	
  	
  physical	
  scales	
  such	
  as	
  MGUT	
  or	
  Mseesaw	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  If	
  MGUT	
  <	
  MPL	
  	
  ,	
  	
  	
  we	
  need	
  something	
  like	
  SUSY	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  If	
  MGUT	
  =	
  MString	
  ,	
  	
  it	
  is	
  no	
  longer	
  the	
  issue	
  in	
  IR.	


3	
  important	
  properKes	
  of	
  the	
  naturalness	
  problem	




G
U
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Two	
  different	
  pictures	
  to	
  solve	
  the	
  hierarchy	
  problem	


Satoshi	
  Iso	

S

eesaw
 

 S
U

S
Y 

S
tring, G

U
T  

S
eesaw

, D
M

   

à	
  TeV	
  SUSY	
  is	
  required	


à  ・	
  desert	
  	
  beyond	
  MEW	
  	
  
	
  	
  	
  	
  	
  	
  ・	
  μ2	
  =0	
  	
  
	
  
	
  
	
  
Classical	
  conformal	
  theory	
  
	
  with	
  no	
  intermediate	
  scales	


MEW	
MPL	
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(2)	
  Stability	
  of	
  Vacuum	
  
	
  
A	
  hint	
  for	
  Planck	
  scale	
  physics	
  from	
  MH=126	
  GeV	
  	


satoshi	
  iso	


m2
h = 2λ⟨h⟩2

1

Direct	
  window	
  to	
  Planck	
  scale	
  	

Froggan	
  Nielsen	
  (96)	
  
M.Shaposhnikov	
  (07)	
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AssumpKon	
  	
  
V(H)	
  has	
  a	
  shi_	
  symmetry	
  
	
  	
  	
  H	
  à	
  H	
  +c	
  	
  	
  
then	
  	
  V(H)=0	
  	
  at	
  MPL	
  .	


Flat	
  Higgs	
  potenKal	
  at	
  MPL	


satoshi	
  iso	


φ	


flat	
  potenKal	


EWSB	
  @	
  MEW	


RadiaKvely	
  generate	
 Coleman-­‐Weinberg	
  mechanism	


naturalness	
 126	
  GeV	




But	
  CW	
  does	
  not	
  work	
  in	
  SM.	
  
the	
  large	
  top	
  Yukawa	
  coupling	
  invalidates	
  the	
  CW	
  mechanism	


Extension	
  of	
  SM	
  is	
  necessary	
  !	
  

11	


“Occam’s	
  razor”	
  scenario	
  	
  
that	
  can	
  explain　　　　　　・	
  126	
  GeV	
  Higgs	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  　　　　　　　　　　 ・ Naturalness	
  problem	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ・ ν	
  oscillaKon,	
  baryon	
  asymmetry	
  

	
  (B-­‐L)	
  extension	
  of	
  SM	
  with	
  flat	
  Higgs	
  potenKal	
  at	
  Planck	
  	


SM	

B-­‐L	
  	
  sector	
  

・U(1)B-­‐L	
  gauge	
  
・SM	
  singlet	
  scalar	
  φ	
  

・Right-­‐handed	
  ν	


N	
  Okada,	
  Y	
  Orikasa,	
  	
  
	
  M.	
  Hashimoto	
  &	
  SI	
  	
  
	
  	
  	
  0902.4050	
  (PLB)	
  
	
  	
  	
  0909.0128	
  (PRD)	
  
	
  	
  	
  1011.4769	
  (PRD)	
  
	
  	
  	
  1210.2848(PTEP)	
  
	
  	
  	
  1310.4304	
  (PRD)	
  
	
  	
  	
  1401.5944	
  (PRD)	
  

Meissner	
  Nicolai	
  (07)	


satoshi	
  iso	




classically	
  
conformal	


126	
  GeV	


12	


Flat	
  potenKal	
  is	
  suggested	
  by	
  LHC	
  	


Can	
  the	
  small	
  scalar	
  mixing	
  be	
  realized	
  naturally?	


The	
  coefficient	
  must	
  be	
  	
  small	
  and	
  negaBve.	


Satoshi	
  Iso	


à	
  Yes	
  !	
  	
  (Orikasa,	
  SI	
  2012)	


B-­‐L	
  symmetry	
  is	
  radiaKvely	
  broken	
  via	
  CW	
  mechanism.	
  	
  
How	
  does	
  the	
  EWSB	
  occur	
  ?	
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Very	
  small	
  negaKve	
  scalar	
  mixing	
  is	
  radiaKvely	
  generated	
  	
  	
  

negaKve	
  and	
  very	
  small	
  λmix	
  	
  
à	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  B-­‐L	
  breaking	
  triggers	
  EWSB	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  small	
  hierarchy	
  between	
  MB-­‐L	
  &	
  MEW	




PredicKon	
  of	
  the	
  model	


In	
  order	
  to	
  realize	
  EWSB	
  at	
  246	
  GeV,	
   	
  
B-­‐L	
  scale	
  must	
  be	
  around	
  TeV	
  (for	
  a	
  typical	
  value	
  of	
  αB-­‐L	
  ).	
  	
  

ILC	


14	


LHC	
  reach　	
  
14	
  TeV	
  	
  100	
  v	
  -­‐1	


Satoshi	
  Iso	
Y	
  Orikasa,	
  SI;	
  	
  1210.2848(PTEP)	
  



Summary	
  of	
  part	
  1	
  :	
  	
  
・LHC	
  	
  	
  	
  	
  	
  	
  No	
  SUSY	
  à	
  Naturalness	
  reconsidered	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  126	
  GeV	
  à	
  Stability	
  of	
  vacuum	
  	
  
	
  	
  	
  à	
  Flat	
  potenKal	
  at	
  MPL	
  
	
  	
  	
  à	
  “Classically	
  conformal	
  B-­‐L	
  model	
  with	
  flat	
  potenKal	
  at	
  MPL”	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  predicKon	
  :	
  	
  TeV	
  scale	
  B-­‐L	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  MΦ	
  <	
  	
  MZ’	
  	
  and	
  TeV	
  scale	
  seesaw	
  	
  MνR	
  
-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
Future	
  problems	
  
・  Planck	
  scale	
  boundary	
  condiKon:	
  	
  gauge-­‐Higgs	
  at	
  Planck	
  ??	
  	
  
	
  	
  	
  	
  	
  	
  or	
  String	
  (or	
  something	
  beyond	
  ordinary	
  field	
  theories)	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  nonsupersymmetric	
  vacuum	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  GUT	
  is	
  broken	
  at	
  string	
  scale	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  massless	
  scalar	
  with	
  flat	
  potenKal	
  
・ finite	
  temperature	
  effect	
  (1st	
  order	
  PT,	
  supercooling	
  problem)	
  

Satoshi	
  Iso	
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  Part	
  2	
  
Vacuum	
  energy	
  
in	
  the	
  universe	


satoshi	
  iso	
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H.	
  Aoki(Saga),	
  Y.Sekino	
  (KEK),	
  SI	
  	
  	
  arXiv:1402.6900	
  	
  (PRD)	
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O
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U
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Planck  length
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E
W

 scale (W
S

) 

D
ark energy = m

eV
	


Naturalness	
  of	
  DE	


1029eV	
  	
  	
  	
  	
  1021eV	
  	
  	
  	
  	
  	
  1013eV	
  	
  	
  	
  	
  	
  	
  	
  	
  105eV	
  	
  	
  	
  	
  	
  	
  10-­‐3eV	
  10-­‐7	
  	
  	
  	
  	
  10-­‐11eV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  10-­‐35eV	
  	
  	
  	
  	
  	
  	
  	
  	


too	
  small	
  compared	
  to	
  	
  
	
  	
  	
  	
  	
  Mpl=1027	
  eV,	
  
	
  	
  	
  	
  ΛQCD	
  =100	
  MeV,	
  	
  
	
  	
  	
  	
  〈h〉=246	
  GeV	
  

too	
  large	
  compared	
  to	
  	
  
the	
  Hubble	
  parameter	
  at	
  present	
  
	
  	
  	
  	
  	
  H0	
  =	
  10-­‐33	
  eV	
  

satoshi	
  iso	


	
  ρcr1/4	
  =	
  	
  31/4	
  (Mpl	
  H0)1/2	
  =2.4	
  meV	
  	
  Coincidence	
  problem	
  



Cosmological	
  constant	
  problem	
  is	
  usually	
  recognized	
  as	
  	
  
	
  the	
  problem	
  of	
  quarKc	
  divergence	
  in	
  field	
  theory.	
  
	
  
QuarKc	
  divergence	
  is	
  the	
  real	
  issue	
  of	
  	
  the	
  cosmological	
  
	
  constant	
  problem	
  ?	
  

QuarKc	
  divergence	
  is	
  not	
  the	
  cosmological	
  constant.	
  
	
  	
  	
  ex.)	
  	
  EMT	
  of	
  a	
  massive	
  field	
  in	
  a	
  curved	
  space-­‐Kme	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  Energy=∫	
  d3k	
  ω	
  ,	
  	
  	
  	
  pressure=∫	
  d3k	
  k2/3ω,	
  	
  	
  ω2=(k2+m2)	
  
　　So	
  	
  Λ4	
  	
  term	
  has	
  w=1/3	
  (so	
  it	
  is	
  not	
  proporKonal	
  to	
  gμν).	
  
	
  
Logarithmically	
  divergent	
  term	
  	
  m4	
  log	
  Λ	
  	
  
	
  gives	
  the	
  cosmological	
  constant	
  with	
  w=-­‐1	
  (DE).	
  

satoshi	
  iso	
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In	
  the	
  following,	
  we	
  assume	
  that	
  
	
  “the	
  vacuum	
  energy	
  is	
  set	
  classically	
  zero”	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Λclassical=0	
  
and	
  ask	
  how	
  we	
  can	
  dynamically	
  generate	
  meV	
  DE	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ΛDE	
  =meV	
  ?	
  
	
  
	
 Remnant	
  of	
  the	
  vacuum	
  fluctuaKon	
  generated	
  	
  

in	
  the	
  early	
  universe	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ||	
  	
  ?	
  
Dark	
  energy	
  at	
  the	
  present	
  universe	
  	
  



We	
  calculate	
  〈EMT〉	
  in	
  the	
  following	
  two	
  models.	
  
	
  
・Model	
  A	
  	
  :ordinary	
  history	
  of	
  universe	
  
	
  	
  	
  	
  InflaKon	
  à	
  radiaKon	
  dom.	
  	
  à	
  maner	
  dom.	
  
	
  
・Model	
  B	
  	
  :pre-­‐inflaKon	
  before	
  ordinary	
  inflaKon	
  
	
  	
  	
  	
  pre-­‐inflaKon	
  +	
  inflaKon	
  à	
  RD	
  à	
  MD	
  	
  
	
  	
  	
  	
  (Hubble	
  HP	
  ~	
  Mpl)	


satoshi	
  iso	
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Time	
  evoluKon	
  of	
  energy	
  density	
  a_er	
  big-­‐bang	
  (end	
  of	
  inflaKon)	
  	


RD	
  era	
 MD	
  era	


CriKcal	
  density	
  
ρcr	
  =	
  	
  3	
  Mpl

２	
  H2	


	
  ρinf	
  =	
  1/8π2	
  	
  HI
2	
  H2	
  ln(η/η2)	
  

	
  	
  w=	
  1/3	
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Model	
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where φ,µ = ∂µφ and φ;µν = ∇ν∂µφ. The conformally coupled scalar is de-

scribed by ξ = (n − 2)/(4(n − 1)). In this paper we will study the minimally

coupled scalar with ξ = 0.

For background geometries, we consider Robertson-Walker spacetimes, which

enjoy homogeneous and isotropic spaces, with the metric:

ds2 = a(η)2
[

dη2 − (dxi)2
]

. (2.4)

a(η) is the scale factor, and η and xi are the conformal time and spacial coor-

dinates. An explicit form of a(η) will be specified in Section 3.
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φ(η, xi) =
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∗
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eik·x , (2.5)
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Figure 1: Potential for the wave equation (4.1) with m = 0. The solid line

depicts the potential (4.2), while the dashed line represents the right-hand side

of (4.1). η1 to η4 are the boundaries of the inflation, RD, and MD periods. η0 is

the present time. Their numerical values are specified at the end of Section 3.

In particular, heights of the potential peaks are determined by (3.17) and (3.19).

If we normalize the height of the potential at present η0 as 1, the heights at

η = η1 and η4 are given by ! 4.3 × 1054 and 3.4 × 103, respectively.

in the inflation, RD and MD periods, respectively, where the wave functions

are

χBD,k =
1√
2k

(

1−
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kη

)

e−ikη , (4.7)

χPW,k =
1√
2k

e−ikη . (4.8)

The wave function (4.4) contains only the positive frequency mode, which cor-

responds to taking the Bunch-Davies vacuum in the de Sitter spacetime. The

constants A, B, C, andD are easily determined by using the junction conditions

of the wave functions, i.e., the continuity of χ and χ′. They become
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=
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⎞

⎠
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These constants give the coefficients of the Bogoliubov transformations, and

the Bunch-Davies vacuum is interpreted as an excited state on the adiabatic
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Similarly η2, and hence η1 = −η2, is determined by (3.15) as

η2
η0

=
η3
η4

√

η0
η4

H0

HI
>

1

2

√

58
1.4 × 10−30meV

8.8× 1025meV
∼ 4.8 × 10−28 , (3.19)

where we have used the constraint from the CMB fluctuations:

HI < 3.6× 10−5MP ∼ 8.8× 1025meV . (3.20)

As a final comment, we note that the higher derivatives of a with respect

to η are not continuous. Consequently we will see that the Bogoliubov coef-

ficients have a long UV tail as a function of the momentum k. Such a long

tail is an artifact of the rapid change of the scale factor and can be removed

by smoothening the connections between the stages. It will be discussed in

Section 6.

4 Time evolution of wave functions

We now solve the wave equation (2.6) to obtain the wave function χk(η) in the

cosmic history (3.1). In this paper we consider the minimally coupled case,

ξ = 0, in four dimensions n = 4. Then the wave equation (2.6) becomes

[

−∂2
η +

1

6
Ra2 −m2a2

]

χk = k2χk (4.1)

with

1

6
Ra2 =

a′′

a
=

⎧

⎪

⎨

⎪

⎩

2/η2 (η < −|η1|) (Inflation)

0 (|η1| < η < η4/2) (RD)

2/η2 (η4 < η < η0) (MD)

. (4.2)

The relation with uk (2.7) becomes

uk = χk/a . (4.3)

Eq. (4.1) is interpreted as the time-independent Schrödinger equation for a one-

dimensional quantum system with a potential V = Ra2/6−m2a2, by regarding

η as the spatial position. Figure 1 shows the potential (4.2) for the m = 0 case.

Note that it is discontinuous at the boundaries of the inflation, RD and MD

periods.

In the massless case, the solutions of (4.1) are given as

χInf ,k = χBD,k (4.4)

χRD,k = A(k) χPW,k +B(k) χ∗
PW,−k (4.5)

χMD,k = C(k) χBD,k +D(k) χ∗
BD,−k (4.6)
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Figure 1: Potential for the wave equation (4.1) with m = 0. The solid line

depicts the potential (4.2), while the dashed line represents the right-hand side

of (4.1). η1 to η4 are the boundaries of the inflation, RD, and MD periods. η0 is

the present time. Their numerical values are specified at the end of Section 3.

In particular, heights of the potential peaks are determined by (3.17) and (3.19).

If we normalize the height of the potential at present η0 as 1, the heights at

η = η1 and η4 are given by ! 4.3 × 1054 and 3.4 × 103, respectively.

in the inflation, RD and MD periods, respectively, where the wave functions

are

χBD,k =
1√
2k

(

1−
i

kη

)

e−ikη , (4.7)

χPW,k =
1√
2k

e−ikη . (4.8)

The wave function (4.4) contains only the positive frequency mode, which cor-

responds to taking the Bunch-Davies vacuum in the de Sitter spacetime. The

constants A, B, C, andD are easily determined by using the junction conditions

of the wave functions, i.e., the continuity of χ and χ′. They become

(
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B(k)

)

=
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⎛

⎝
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⎞

⎠
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These constants give the coefficients of the Bogoliubov transformations, and

the Bunch-Davies vacuum is interpreted as an excited state on the adiabatic
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depicts the potential (4.2), while the dashed line represents the right-hand side

of (4.1). η1 to η4 are the boundaries of the inflation, RD, and MD periods. η0 is

the present time. Their numerical values are specified at the end of Section 3.

In particular, heights of the potential peaks are determined by (3.17) and (3.19).

If we normalize the height of the potential at present η0 as 1, the heights at

η = η1 and η4 are given by ! 4.3 × 1054 and 3.4 × 103, respectively.
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The wave function (4.4) contains only the positive frequency mode, which cor-
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constants A, B, C, andD are easily determined by using the junction conditions
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Renormalized EMT in the RD period

ρrenRD =
1

8π2a4

∫ η−1
2

0
dk

[

(|A|2 + |B|2−1)

(

2k3 +
k

η2

)

+A∗B

(

−2i
k2

η
+

k

η2

)

e2ikη +AB∗
(

2i
k2

η
+

k

η2

)

e−2ikη

]

prenRD =
1

8π2a4

∫ η−1
2

0
dk

(

|A|2 + |B|2−1)

(

2

3
k3 +

k

η2

)

+A∗B

(

−4

3
k3 − 2i

k2

η
+

k

η2

)

e2ikη +AB∗
(

−4

3
k3 + 2i

k2

η
+

k

η2

)

e−2ikη

]

28/60

Figure 1: Potential for the wave equation (4.1) with m = 0. The solid line

depicts the potential (4.2), while the dashed line represents the right-hand side

of (4.1). η1 to η4 are the boundaries of the inflation, RD, and MD periods. η0 is

the present time. Their numerical values are specified at the end of Section 3.

In particular, heights of the potential peaks are determined by (3.17) and (3.19).
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η = η1 and η4 are given by ! 4.3 × 1054 and 3.4 × 103, respectively.
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Integrands ρ(k) and p(k)
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• ρ(k) and p(k) oscillate and decrease, as k increases.

31/60
satoshi	
  iso	
 25	


As time passes and η increases

• η2 = −η1 = 1, and η = 100
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• As η increases,
the oscillation period decreases as ∆k = π/η,
height of the peaks increases proportionally to η.

• Scaling function of kη
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oscillaKon	
  period	


NegaKve	
  pressure	
  at	
  IR	
  
with	
  	
  w	
  =	
  -­‐	
  1/3	
  .	


integraKon	
  
cut	
  off	
  
at	
  1/η２	


π/2η	


η	
  is	
  conformal	
  Kme	
  
	
  at	
  each	
  moment.	
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ρ and p after k-integration

ρRD ≃ 1

8π2a4η41

∫ η−1
2

η−1

dk

k
=

1

8π2
(HIH)2 ln

(

η

η2

)

pRD ≃ 1

8π2a4η41

∫ η−1
2

η−1

dk

k

1

3
=

1

3
· 1

8π2
(HIH)2 ln

(

η

η2

)

wRD = pRD/ρRD = 1/3
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RD period

ρRD =
1

8π2a4η41

∫ η−1
2

0

dk

k

[

1− (kη)−1
(

s− 2kη1c− 2(kη1)
2s
)

+(kη)−2

(

1

2
− 1

2
c− kη1s+ (kη1)

2c

)

]

pRD =
1

8π2a4η41

∫ η−1
2

0

dk

k

[1

3
+

2

3
c+

4

3
kη1s−

4

3
(kη1)

2c

−(kη)−1
(

s− 2kη1c− 2(kη1)
2s
)

+(kη)−2

(

1

2
− 1

2
c− kη1s+ (kη1)

2c

)

]

with s = sin [2k(η − η2)], c = cos [2k(η − η2)].

1

8π2a4η41
=

1

8π2a4
(aInf(η1)HI)

4 =
1

8π2
H4

I

(

H

HI

)2

=
1

8π2
(HIH)2
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ρ and p after k-integration
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w=1/3	
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Figure 1: Potential for the wave equation (4.1) with m = 0. The solid line

depicts the potential (4.2), while the dashed line represents the right-hand side

of (4.1). η1 to η4 are the boundaries of the inflation, RD, and MD periods. η0 is

the present time. Their numerical values are specified at the end of Section 3.

In particular, heights of the potential peaks are determined by (3.17) and (3.19).

If we normalize the height of the potential at present η0 as 1, the heights at

η = η1 and η4 are given by ! 4.3 × 1054 and 3.4 × 103, respectively.

in the inflation, RD and MD periods, respectively, where the wave functions

are

χBD,k =
1√
2k

(

1−
i

kη

)

e−ikη , (4.7)

χPW,k =
1√
2k

e−ikη . (4.8)

The wave function (4.4) contains only the positive frequency mode, which cor-

responds to taking the Bunch-Davies vacuum in the de Sitter spacetime. The

constants A, B, C, andD are easily determined by using the junction conditions

of the wave functions, i.e., the continuity of χ and χ′. They become

(

A(k)

B(k)

)

=

⎛

⎝

(

1− i
kη1

− 1
2k2η21

)

eikη2

1
2k2η21

e−ikη2

⎞

⎠ e−ikη1 , (4.9)

(

C(k)

D(k)

)

=

⎛

⎝

(

1 + i
kη4

− 1
2k2η24

)

eik(η4−η3) − 1
2k2η24

eik(η4+η3)

− 1
2k2η24

e−ik(η4+η3)
(

1− i
kη4

− 1
2k2η24

)

e−ik(η4−η3)

⎞

⎠

(

A(k)

B(k)

)

.

(4.10)

These constants give the coefficients of the Bogoliubov transformations, and

the Bunch-Davies vacuum is interpreted as an excited state on the adiabatic

10

MD	
  period:	
  	


1/η4	
  <	
  K	
  <	
  1/η2	


0<	
  K<	
  1/η4	


We	
  need	
  to	
  separate	
  the	
  k-­‐integraKon	
  into	
  two	
  regions	
  
	
  	
  	
  	
  	
  	
  IR	
  region	
  	
  [0<	
  k	
  <	
  1/η4]	
  	
  	
  	
  and	
  UV	
  region	
  [1/η4	
  <	
  k	
  <	
  1/η2	
  ]	
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Time evolution of ρ and p in the MD period

ρ, p w = p/ρ
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Time	
  evoluKon	
  of	
  w	
  in	
  MD	
  era	


w=	
  1/3	


w=0	




Time	
  evoluKon	
  of	
  energy	
  density	
  a_er	
  big-­‐bang	
  (end	
  of	
  inflaKon)	
  	


RD	
  era	
 MD	
  era	


CriKcal	
  density	
  
ρcr	
  =	
  	
  3	
  Mpl

２	
  H2	


	
  ρinf	
  =	
  1/8π2	
  	
  HI
2	
  H2	
  ln	
  (η/η2)	
  

	
  	
  w=	
  1/3	
  	


Model	
  B	
  

Model	
  A	
  
HI	
  <	
  10-­‐5	
  Mpl	
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w=0	
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Model	
  B	
  	
  (Planckian	
  era	
  -­‐	
  InflaKon	
  –	
  RD	
  –	
  MD)	


Planckian	
  era:	
  	
  de	
  Siner	
  with	
  larger	
  Hubble	
  	
  	
  HPL	
  ~	
  MPL	
  	
  
	
  	
  	
  	
  	
  
	
  	
  	
  	
  (1)	
  At	
  MPL,	
  	
  Starobinski	
  type	
  inflaKon	
  naturally	
  occurs.	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  (2)	
  Bubble	
  nucleaKon	
  in	
  eternal	
  inflaKon	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  our	
  universe	
  surrounded	
  by	
  	
  HPL	
  de	
  Siner	
  
	
  
à	
  	
  Further	
  enhancement	
  of	
  IR	
  modes	
  is	
  expected.	
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Pre-Inflation CD Inflation RD MD

plateau with height γ2

44/60

Pre-­‐inflaKon	


InflaKon	
 RD	
 MD	


Present	


k<	
  1/	


Pre-Inflation CD Inflation RD MD

plateau with height γ2

44/60

The	
  enhanced	
  wave	
  funcKons	
  have	
  larger	
  wave	
  lengths	
  
	
  	
  than	
  the	
  current	
  Hubble	
  horizon	
  size.	
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ρ and p generated by pre-inflation

ρpre−inflation ∼ H2
P

8π2a2
2

∫ γ/2

0
dk k =

H2
P

32π2a2
γ2

ppre−inflation ∼ −1

3
· H2

P

8π2a2
2

∫ γ/2

0
dk k = −1

3
· H2

P

32π2a2
γ2

• w = p/ρ = −1/3

• Time-dependence of a−2

Cf) ρ and p generated by standard inflation

ρinflation ∼ (HIH)2 ∼ H2
I

1

a2η2

50/60

EOS	
  is	
  given	
  by	
  w	
  =	
  -­‐	
  1	
  /3	
  
	
  because	
  only	
  far	
  IR	
  mode	
  contributes	
  to	
  EMT.	
  	
  	


Integrands ρ(k) and p(k) in the RD period
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5 Energy momentum tensors

For a minimally-coupled massless scalar in four dimensions, i.e., ξ = 0, m = 0,

and n = 4, the energy density ρ = ⟨T η
η⟩ and the pressure density p = −⟨T i

i⟩ (i
is not summed over) are given from (2.3) by

ρ(η)un−ren =
1

a2

∫

d3k

(2π)3
1

2

[

|u′k(η)|2 + k2|uk(η)|2
]

(5.1)

=
1

4π2a4

∫

dk k2
[

|χ′|2 −
a′

a

(

χ∗χ′ + χ′∗χ
)

+

(

(

a′

a

)2

+ k2
)

|χ|2
]

,

(5.2)

p(η)un−ren =
1

a2

∫

d3k

(2π)3
1

2

[

|u′k(η)|2 −
1

3
k2|uk(η)|2

]

(5.3)

=
1

4π2a4

∫

dk k2
[

|χ′|2 −
a′

a

(

χ∗χ′ + χ′∗χ
)

+

(

(

a′

a

)2

−
1

3
k2
)

|χ|2
]

.

(5.4)

Here the expectation values are taken in the Bunch-Davies vacuum. The su-

perscript ‘un-ren’ means that the UV divergences are not yet subtracted.

We first examine the contributions from the IR modes. By substituting the

IR behavior of the wave function (4.20), which are kept until the RD and MD

periods, into (5.1) and (5.3), one obtains

ρIR =
H2

I

8π2a2

∫

0
dk
[

k +O(k3)
]

, (5.5)

pIR =
H2

I

8π2a2

∫

0
dk

[

−
1

3
k +O(k3)

]

. (5.6)

Since the IR wave function (4.20) is frozen and time-independent, only the

spacial derivative terms k2|uk(η)|2 contribute to ρIR and pIR.4 Due to the

amplification of the wave function (4.20), ρIR and pIR are enhanced to order

H2
I . The leading term in (5.5) and (5.6) gives wIR = pIR/ρIR = −1/3.

The two-point correlation function of massless fields receives a logarithmic

IR growth

lim
x→y

⟨0|φ(η, x)φ(η, y)|0⟩ = lim
x→y

∫

d3k

(2π)3
uk(η)uk(η)

∗eik·(x−y)

∼
H2

I

4π2

∫

dk
1

k
. (5.7)

4 The absence of O(k−1/2) term in the IR behavior of wave function (4.20) is important

to assure the robustness of (5.5) and (5.6). If O(k−1/2) term existed, it would change the

coefficient of O(k) term in (5.5) through the |u′
k(η)|

2 term in (5.1).
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η⟩ and the pressure density p = −⟨T i

i⟩ (i
is not summed over) are given from (2.3) by

ρ(η)un−ren =
1

a2

∫

d3k

(2π)3
1

2

[

|u′k(η)|2 + k2|uk(η)|2
]

(5.1)

=
1

4π2a4

∫

dk k2
[

|χ′|2 −
a′

a

(

χ∗χ′ + χ′∗χ
)

+

(

(

a′

a

)2

+ k2
)

|χ|2
]

,

(5.2)

p(η)un−ren =
1

a2

∫

d3k

(2π)3
1

2

[

|u′k(η)|2 −
1

3
k2|uk(η)|2

]

(5.3)

=
1

4π2a4

∫

dk k2
[

|χ′|2 −
a′

a

(

χ∗χ′ + χ′∗χ
)

+

(

(

a′

a

)2

−
1

3
k2
)

|χ|2
]

.

(5.4)

Here the expectation values are taken in the Bunch-Davies vacuum. The su-

perscript ‘un-ren’ means that the UV divergences are not yet subtracted.

We first examine the contributions from the IR modes. By substituting the

IR behavior of the wave function (4.20), which are kept until the RD and MD

periods, into (5.1) and (5.3), one obtains

ρIR =
H2

I

8π2a2

∫

0
dk
[

k +O(k3)
]

, (5.5)

pIR =
H2

I

8π2a2

∫

0
dk

[

−
1

3
k +O(k3)

]

. (5.6)

Since the IR wave function (4.20) is frozen and time-independent, only the

spacial derivative terms k2|uk(η)|2 contribute to ρIR and pIR.4 Due to the

amplification of the wave function (4.20), ρIR and pIR are enhanced to order

H2
I . The leading term in (5.5) and (5.6) gives wIR = pIR/ρIR = −1/3.

The two-point correlation function of massless fields receives a logarithmic

IR growth

lim
x→y

⟨0|φ(η, x)φ(η, y)|0⟩ = lim
x→y

∫

d3k

(2π)3
uk(η)uk(η)

∗eik·(x−y)

∼
H2

I

4π2

∫

dk
1

k
. (5.7)

4 The absence of O(k−1/2) term in the IR behavior of wave function (4.20) is important

to assure the robustness of (5.5) and (5.6). If O(k−1/2) term existed, it would change the

coefficient of O(k) term in (5.5) through the |u′
k(η)|

2 term in (5.1).
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for	
  far	
  IR	
  modes	




Time	
  evoluKon	
  of	
  energy	
  density	
  a_er	
  big-­‐bang	
  (end	
  of	
  inflaKon)	
  	


RD	
  era	
 MD	
  era	


CriKcal	
  density	
  
ρcr	
  =	
  	
  3	
  Mpl

２	
  H2	


	
  ρpre-­‐inf	
  =	
  1/32	
  (a/a0)2	
  HP
2	
  H2	
  	
  

	
  w=-­‐1/3	
Model	
  B	
  
HP	
  =	
  Mpl	


Model	
  A	
  
HI	
  <	
  10-­‐5	
  Mpl	
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BEC	
  via	
  gravitaKonal	
  
anracKon	
  (negaKve	
  
pressure)	
  may	
  
give	
  w<-­‐1/3.	
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Vacuum energy generated by the pre-inflation

ρpre−inf ≃
1

8
M2

P
1

a2η20
=

⎧

⎪

⎨

⎪

⎩

1
32(MPH)2

(

aeq
a0

)(

a
aeq

)2
(RD)

1
32(MPH)2

(

a
a0

)

(MD)

Vacuum energy produced by the standard inflation

ρinf ≃

⎧

⎨

⎩

1
8π2(HIH)2 ln ( a

aBB
) (RD)

1
8π2(HIH)2

[

3
4 + ln ( aeq

aBB
)
(aeq

a

)

]

(MD)

Critical energy density
ρcr = 3(MPH)2

54/60

To	
  summarize	


Vacuum energy generated by the pre-inflation

ρpre−inf ≃
1

8
M2

P
1

a2η20
=

⎧

⎪

⎨

⎪

⎩

1
32(MPH)2

(

aeq
a0

)(

a
aeq

)2
(RD)

1
32(MPH)2

(

a
a0

)

(MD)

Vacuum energy produced by the standard inflation

ρinf ≃

⎧

⎨

⎩

1
8π2(HIH)2 ln ( a

aBB
) (RD)

1
8π2(HIH)2

[

3
4 + ln ( aeq

aBB
)
(aeq

a

)

]

(MD)

Critical energy density
ρcr = 3(MPH)2

54/60

Model	
  A	


Model	
  B	


w	
  =1/3	


w	
  =0	


w	
  =-­‐1/3	




Conclusions	
  	
  
	
  
“Naturalness	
  of	
  MEM	
  and	
  ΛDE”	
  	
  are	
  usually	
  	
  regarded	
  as	
  the	
  problem	
  of	
  	
  
	
  	
  	
  	
  	
  	
  quadraKc	
  and	
  quarKc	
  divergences	
  in	
  field	
  theories.	
  	
  	
  
But	
  power	
  divergences	
  may	
  be	
  just	
  	
  calculaKonal	
  	
  arKfacts	
  	
  
	
  	
  	
  	
  	
  	
  that	
  should	
  be	
  simply	
  subtracted.	
  
	
  
They	
  may	
  be	
  dynamically	
  generated	
  via	
  
	
  	
  	
  dimensional	
  transmutaKon	
  =	
  MEW	
  	
  
	
  	
  	
  remnant	
  of	
  the	
  early	
  universe	
  =	
  ΛDE	
  
	
  
-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
Part	
  1:	
  	
  predicKon	
  =	
  TeV	
  B-­‐L	
  and	
  light	
  scalar	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  future	
  issues	
  =	
  top	
  down	
  approach	
  and	
  finite	
  Temp	
  effect	
  
Part	
  2:	
  	
  future	
  issues	
  =	
  	
  How	
  can	
  we	
  make	
  it	
  (w<-­‐1/3)	
  ?	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  BEC,	
  	
  gravity	
  effect	
  ...	
  interacKon	
  is	
  necessary	
  to	
  be	
  considered.	
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Thank	
  you	
  	
  
多谢！	



