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Gravita&onal	
  waves	
  	
  
in	
  the	
  early	
  universe	
  

•  Sources	
  
–  Infla&on	
  
–  Prehea&ng	
  aNer	
  infla&on	
  
–  Topological	
  defects	
  
–  First-­‐order	
  phase	
  transi&ons	
  

•  Early	
  Universe	
  is	
  transparent	
  to	
  GWs	
  
–  Unique	
  probe	
  of	
  physics	
  at	
  high	
  energies	
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  produc&on	
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Direct	
  detec&on	
  of	
  gravity	
  waves	
  in	
  
Brighton	
  

•  Here	
  they	
  are!	
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•  No	
  detec&on	
  of	
  
gravita&onal	
  waves	
  yet	
  



Electroweak	
  phase	
  transi&on	
  
•  Free	
  energy	
  density	
  of	
  plasma	
  

depends	
  on	
  	
  	
  
–  Temperature	
  	
  T	
  
–  Par&cle	
  masses	
  mi(φ)	
  

•  High	
  T:	
  reduce	
  free	
  energy	
  by	
  
forcing	
  Higgs	
  φ	
  to	
  zero	
  

•  Phase	
  transi&on	
  in	
  weakly	
  
coupled	
  gauge	
  theories:	
  
Kirzhnits	
  1972	
  

•  Electroweak	
  phase	
  transi&on:	
  
Tc	
  ≈	
  vEW	
  ≈	
  100	
  GeV	
  

•  High	
  T	
  (>>	
  mi(φ)):	
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Poten&al	
  barrier	
  from	
  cubic	
  term	
  
in	
  perturba&ve	
  high-­‐T	
  expansion.	
  
First	
  order	
  transi&on?	
  



Standard	
  Model	
  electroweak	
  phases	
  
•  SM	
  is	
  not	
  weakly	
  coupled	
  at	
  high	
  T	
  
•  Non-­‐perturba&ve	
  techniques:	
  

–  Dimensional	
  reduc&on	
  +	
  effec&ve	
  
field	
  theory	
  +	
  3D	
  laece	
  
Kajan&e,	
  Laine,	
  Rummukainen,	
  Shaposhnikov	
  (1995,6)	
  

–  4D	
  laece	
  
Czikor,	
  Fodor,	
  Heitger	
  (1998)	
  

•  SM	
  transi&on	
  at	
  mh	
  ≈	
  125	
  GeV	
  
like	
  a	
  supercri&cal	
  fluid	
  	
  

•  1st	
  	
  order	
  transi&on	
  =	
  beyond	
  the	
  
Standard	
  Model	
  physics	
  	
  
(see	
  talk	
  by	
  S	
  Huber)	
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Linle	
  bangs	
  in	
  the	
  Big	
  Bang	
  
•  1st	
  order	
  transi&on	
  

proceeds	
  by	
  nuclea&on	
  of	
  
bubbles	
  of	
  Higgs	
  phase	
  	
  

•  Expanding	
  bubbles	
  
generate	
  pressure	
  waves	
  
in	
  hot	
  fluid	
  

•  Detectable	
  gravita&onal	
  
waves?	
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MH,	
  Huber,	
  Rummukainen,	
  Weir	
  (2013)	
  
Scalar	
  only:	
  Child,	
  Giblin	
  (2012)	
  

Scalar	
  field	
  

Steinhardt	
  (1982);	
  Gyulassy	
  et	
  al	
  (1984);	
  
Winen	
  (1984);	
  Enqvist	
  et	
  al	
  (1992);	
  	
  



First	
  order	
  phase	
  transi&ons	
  

•  Bubble	
  nuclea&on	
  rate/volume	
  	
  

•  Thermal	
  EW	
  transi&on:	
  	
  
–  S(TN)	
  ~	
  102,	
  	
  β	
  ~	
  104H(TN)	
  

•  Dura&on	
  of	
  transi&on:	
  β-­‐1	
  
•  Average	
  bubble	
  separa&on	
  	
  

	
   	
  R*	
  ~	
  vwβ-­‐1	
  

•  Wall	
  speed	
  vw	
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Hogan	
  (1983)	
  	
  
Moore	
  &	
  Rummukainen	
  (2000)	
  

Linde	
  (1983)	
  	
  

vw	
  

vw	
  
<	
  cs	
  deflagra&on	
  
>	
  cs	
  detona&on	
  	
  
Steinhardt	
  (1982)	
  	
  



GWs	
  from	
  first	
  order	
  transi&ons:	
  
envelope	
  approxima&on	
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Assume:	
  Gravita&onal	
  waves	
  	
  
generated	
  by	
  colliding	
  bubbles	
  
(Kosowski,	
  Turner,	
  Watkins	
  1992	
  	
  
Kamionkowski,	
  Kosowsky,	
  Turner	
  1994)	
  

Spherical	
  maner	
  	
  
distribu&ons	
  do	
  not	
  radiate	
  



•  Parametrise	
  transi&on:	
  
–  α	
  =	
  (Vacuum	
  energy)/(Total	
  energy)	
  

–  vw	
  =	
  Bubble	
  wall	
  speed	
  
–  H*	
  =	
  Hubble	
  rate	
  at	
  transi&on	
  

–  β	
  =	
  bubble	
  nuclea&on	
  rate	
  
–  κ	
  =	
  conversion	
  efficiency	
  of	
  vacuum	
  

energy	
  to	
  fluid	
  kine&c	
  energy	
  

•  Frac&on	
  of	
  energy	
  density	
  in	
  GWs:	
  

GWs	
  from	
  first	
  order	
  transi&on:	
  	
  
envelope	
  approxima&on	
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GW	
  power	
  spectrum:	
  	
  
α	
  =	
  0.2	
  …	
  0.03	
  
H*/β	
  =	
  0.1	
  …	
  0.003	
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Kosowsky,	
  Turner,	
  Watkins	
  1992;	
  Kamionkowski,	
  Kamionkowsky,	
  Turner	
  1994	
  

Huber,	
  Konstandin	
  2008	
  

Espinosa	
  et	
  al	
  2008	
  



Direct	
  numerical	
  simula&on	
  of	
  an	
  early	
  
universe	
  phase	
  transi&on	
  

•  Ingredients:	
  
–  Higgs	
  field	
  

•  η	
  coupling	
  to	
  fluid	
  (models	
  energy	
  transfer)	
  

–  Rela&vis&c	
  fluid	
  

•  E	
  energy	
  density,	
  Zi	
  momentum	
  density,	
  Vi	
  velocity,	
  W	
  	
  γ-­‐factor	
  

– Metric	
  perturba&on	
  

– Metric	
  projected	
  from	
  uij	
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Igna&us	
  et	
  al	
  (1994),	
  Kurki-­‐Suonio,	
  Laine	
  (1996)	
  	
  

Garcia-­‐Bellido,	
  Figueroa,	
  Sastre	
  (2008)	
  



Numerical	
  simula&on	
  details	
  1	
  

•  Discre&sa&on:	
  
–  Fluid:	
  Wilson	
  &	
  Manhews	
  (2003)	
  

–  Scalar	
  field	
  and	
  metric:	
  	
  
	
  O(δx2)	
  finite	
  difference,	
  leapfrog	
  	
  

•  Laece	
  spacing:	
  δx	
  =	
  2/Tc	
  
•  Time	
  step:	
  δt	
  =	
  0.2/Tc	
  
•  Laece	
  size:	
  24003	
  

•  Machine:	
  Cray	
  XC40,	
  CSC	
  Finland	
  
–  CSC	
  Special	
  Grand	
  Challenge	
  750k	
  CPU-­‐hours	
  

•  Code:	
  D	
  Weir	
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Different	
  approach:	
  Giblin,	
  Mertens	
  (2013)	
  



Numerical	
  simula&on	
  details	
  2	
  
•  	
  Poten&al	
  

•  	
  Domain	
  wall	
  surface	
  tension	
  σ,	
  width	
  l	
  
•  	
  Nuclea&on	
  temperature	
  TN,	
  latent	
  heat	
  L
•  	
  Transi&on	
  strength	
  parameter	
  αTN	
  =	
  L/ε
•   Cri&cal	
  bubble	
  radius	
  Rc
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Hydrodynamics	
  of	
  phase	
  transi&ons	
  
•  Latent	
  heat	
  of	
  transi&on	
  
goes	
  into	
  fluid	
  
compression	
  waves	
  –	
  
sound	
  	
  

•  Sound	
  waves	
  remain	
  
long	
  aNer	
  transi&on	
  is	
  
complete	
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Fluid	
  energy	
  density	
  as	
  transi&on	
  proceeds	
  

MH,	
  Huber,	
  Rummukainen,	
  Weir	
  (2013,2015)	
  
See	
  also	
  Giblin,	
  Mertens	
  (2013)	
  

Fluid	
  energy	
  density	
  

Hogan	
  (1986)	
  

MH,	
  Huber,	
  Rummukainen,	
  Weir	
  (2014)	
  



Sources	
  of	
  gravita&onal	
  waves	
  

•  GW	
  source	
  contained	
  in:	
  

•  Look	
  at	
  	
  
–  rms	
  fluid	
  velocity	
  

–  equivalent	
  field	
  quan&ty	
  

Acous&c	
  produc&on	
  of	
  gravita&onal	
  
waves	
  ...	
  Mark	
  Hindmarsh	
  



•  Sound	
  damped	
  by	
  viscosity	
  and	
  Hubble	
  damping	
  

•  Shear	
  viscosity	
  
•  Life&me	
  of	
  scale	
  R:	
  
•  Longer	
  than	
  Hubble	
  &me	
  for	
  scales	
  	
  

•  Hence	
  sound	
  wave	
  life&me	
  is	
  Hubble	
  &me	
  

Life&me	
  of	
  sound	
  waves	
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•  Fluid	
  sources	
  GWs	
  
con&nuously	
  

•  Source	
  goes	
  as	
  	
  
(enthalpy	
  density)2	
  

•  GW	
  energy	
  density	
  
grows	
  with	
  &me	
  

•  Fluid	
  length	
  scale	
  Lf	
  

GW	
  energy	
  density	
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Acous&c	
  GW	
  produc&on	
  formula	
  

•  Spectral	
  density	
  of	
  gravita&onal	
  radia&on:	
  

–  Π2	
  –	
  shear	
  stress	
  UETC	
  	
  

–  Π2	
  –	
  dimensionless	
  shear	
  stress	
  UETC	
  	
  

•  Hence:	
  

-­‐	
  where	
  	
  

Acous&c	
  produc&on	
  of	
  gravita&onal	
  
waves	
  ...	
  Mark	
  Hindmarsh	
  

Caprini,	
  Durrer,	
  Konstandin,	
  Servant	
  (2009)	
  

~	
  



•  Fluid	
  sources	
  GWs	
  
con&nuously	
  

•  Source	
  goes	
  as	
  	
  
(energy	
  density)2	
  

•  GW	
  energy	
  density	
  
grows	
  with	
  &me	
  

•  Fluid	
  length	
  scale	
  Lf	
  
–  Integral	
  scale	
  	
  

•  	
  	
  

GW	
  energy	
  density	
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Velocity	
  power	
  spectra:	
  	
  
weak	
  deflagra&on	
  

•  Weak	
  transi&on:	
  
	
  αT	
  =	
  0.01	
  

•  Subsonic	
  wall:	
  
	
  vw	
  =	
  0.44	
  

•  Approx	
  k-­‐1	
  spectrum	
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•  NB	
  “ringing”	
  due	
  to	
  
simultaneous	
  bubble	
  nuclea&on	
  



Velocity	
  power	
  spectra:	
  	
  
weak	
  detona&on	
  

•  Weak	
  transi&on:	
  
	
  αT	
  =	
  0.01	
  

•  Supersonic	
  wall:	
  
	
  vw	
  =	
  0.68	
  

•  Power	
  spectrum	
  s&ll	
  
evolving	
  with	
  R*	
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Velocity	
  power	
  spectra:	
  	
  
weak	
  near-­‐Jouguet	
  

•  Weak	
  transi&on:	
  
	
  αT	
  =	
  0.01	
  

•  Just	
  subsonic	
  wall:	
  
	
  vw	
  =	
  0.54	
  

•  Power	
  spectrum	
  s&ll	
  
evolving	
  with	
  R*	
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GW	
  power	
  spectra:	
  	
  
weak	
  deflagra&on	
  

•  Weak	
  transi&on:	
  
	
  αT	
  =	
  0.01	
  

•  Subsonic	
  wall:	
  
	
  vw	
  =	
  0.44	
  

•  Approx	
  k-­‐3	
  spectrum	
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•  NB	
  “ringing”	
  due	
  to	
  
simultaneous	
  bubble	
  nuclea&on	
  



GW	
  power	
  spectra:	
  	
  
weak	
  detona&on	
  

•  Weak	
  transi&on:	
  
	
  αT	
  =	
  0.01	
  

•  Supersonic	
  wall:	
  
	
  vw	
  =	
  0.68	
  

•  Power	
  spectrum	
  s&ll	
  
evolving	
  with	
  R*	
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GW	
  power	
  spectra:	
  	
  
weak	
  near-­‐Jouguet	
  

•  Weak	
  transi&on:	
  
	
  αT	
  =	
  0.01	
  

•  Just	
  subsonic	
  wall:	
  
	
  vw	
  =	
  0.54	
  

•  Power	
  spectrum	
  s&ll	
  
evolving	
  with	
  R*	
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A	
  new	
  model	
  for	
  GW	
  produc&on	
  
•  Acous&c	
  produc&on:	
  

–  Fluid	
  source	
  “on”	
  for	
  &me	
  τv	
  	
  (~	
  Hubble	
  &me)	
  
–  Fluid	
  source	
  length	
  scale	
  Lf	
  	
  (~	
  bubble	
  separa&on	
  R*)
–  Fluid	
  kine&c	
  energy	
  density	
  frac&on 	
  	
  

–  Dimensionless	
  constant	
  	
  

•  Compare	
  with	
  envelope	
  approxima&on:	
  

	
  Note	
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Acous&c	
  GW	
  signal	
  boost	
  
•  Ra&o	
  of	
  acous&c	
  produc&on	
  to	
  envelope	
  approxima&on	
  	
  

NB	
  R*	
  =	
  (8π)1/3	
  vw/β	
  

•  Using	
  
•  sound	
  life&me	
  τv	
  	
  ~	
  Hubble	
  &me	
  	
  

•  wall	
  speed	
  vw	
  <	
  1	
  

•  GWs	
  are	
  parametrically	
  larger	
  by	
  a	
  factor	
  which	
  is	
  
O(102)	
  for	
  a	
  thermal	
  electroweak-­‐scale	
  transi&on	
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Implica&ons	
  for	
  GW	
  detec&on	
  

•  Preliminary	
  sketch:	
  
–  Peak	
  amplitude	
  increases	
  
–  High	
  frequency	
  GW	
  power	
  
spectrum	
  ~	
  f-­‐3	
  (deflagra&on)	
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Summary:	
  GWs	
  from	
  phase	
  transi&ons	
  
•  Source:	
  sound	
  waves	
  from	
  the	
  

nuclea&ng	
  droplets	
  of	
  the	
  low	
  
temperature	
  phase	
  

•  New	
  O(1)	
  “constant”	
  	
  
–	
  	
  slope	
  of	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  vs.	
  t	
  

•  GWs	
  O(102)	
  larger	
  than	
  old	
  
es&mates	
  (weak	
  transi&ons)	
  

•  Approx	
  k-­‐3	
  spectrum	
  	
  
(weak	
  deflagra&ons)	
  

•  c.f.	
  envelope	
  approx	
  k-­‐1	
  	
  
(OK	
  for	
  vacuum	
  transi&on?)	
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Outlook:	
  GWs	
  from	
  phase	
  transi&ons	
  
•  Larger	
  simula&ons	
  needed	
  

–  18M	
  CPU-­‐hours	
  PRACE	
  Tier	
  0	
  	
  
–  Detona&on	
  power	
  spectra	
  
–  Long	
  wavelengths	
  
–  Wall	
  instabili&es?	
  

–  Strong	
  transi&ons	
  	
  
–  Turbulence?	
  (Next	
  talk:	
  R	
  Durrer)	
  
–  Inverse	
  acous&c	
  cascade?	
  

–  Vacuum,	
  runaway	
  transi&ons	
  

•  Implica&ons	
  for	
  eLISA	
  2034,	
  
DECIGO,	
  BBO	
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Megevand,	
  Membiela,	
  Sanchex	
  (2014)	
  

Kalaydzhyan,	
  Shuryak	
  	
  (2014)	
  



Back-­‐up	
  slides	
  

Acous&c	
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Sound	
  waves	
  dominate	
  rota&onal	
  
mo&on	
  of	
  fluid	
  

•  Longitudinal	
  mo&on	
  =	
  
sound	
  waves	
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Longitudinal	
  mo&on	
  (solid)	
  
Rota&onal	
  mo&on	
  (dashed)	
  
[weak	
  deflagra&on]	
  



Ringing	
  in	
  velocity	
  power	
  spectrum	
  

•  Simultaneous	
  bubble	
  
nuclea&on	
  makes	
  bubbles	
  
closer	
  in	
  size	
  

•  Causes	
  “ringing”	
  in	
  
velocity	
  power	
  spectrum	
  

•  Check	
  by	
  nuclea&ng	
  with	
  
probability	
  density	
  

•  (β =	
  200	
  Tc)	
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Scaling	
  to	
  physical	
  parameter	
  values	
  

•  Leaves	
  latent	
  heat	
  alone	
  
•  Surface	
  tension	
  σ	
  	
  
wall	
  width	
  l 

•  Physical	
  limit:	
  r	
  large	
  
(constant	
  bubble	
  sep.	
  R*)	
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Scaling	
  with	
  r	
  =	
  2	
  



GWs	
  from	
  field	
  +	
  fluid	
  vs.	
  fluid	
  only	
  

•  Early	
  stages	
  dominated	
  by	
  
field	
  (GW	
  pow	
  spec	
  ~	
  k-­‐1)	
  

•  Num	
  sims	
  exaggerate	
  
rela&ve	
  importance	
  of	
  GWs	
  
from	
  field	
  

•  Surface	
  tension	
  σ	
  	
  
wall	
  width	
  l 
latent	
  heat	
  L ���
bubble	
  radius	
  R	
  

•  Energy	
  in	
  field	
  ~	
  R2σ	
  

•  Energy	
  in	
  fluid	
  ~	
  R3L
•  Ra&o	
  ~	
  l/R*	
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Fluid	
  only	
  (dashed)	
  
Field	
  +	
  fluid	
  (solid)	
  

k-­‐1	
  

k-­‐3	
  



Laece	
  spacing	
  checks	
  

•  Calculate	
  GWs	
  from	
  single	
  
bubble	
  self-­‐collision	
  

•  Laece	
  spacings	
  up	
  to	
  
δx	
  =	
  4/Tc	
  

•  Wall	
  width	
  l =	
  6/Tc	
  
•  Run	
  with	
  δx	
  =	
  2/Tc	
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Radial	
  velocity	
  profiles	
  

•  Bubble	
  surrounded	
  by	
  a	
  
radial	
  velocity	
  field	
  Vr(r,t)	
  

•  Tends	
  towards	
  self-­‐similar	
  
asympto:c	
  profile	
  

•  Func&on	
  of	
  ξ =	
  r/t	
  
•  Higher	
  speed	
  bubbles	
  
have	
  shorter	
  &me	
  to	
  
reach	
  asympto&c	
  profile	
  
before	
  collision	
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Fluid	
  length	
  scale	
  

•  Fluid	
  length	
  scale	
  Lf	
  
extracted	
  from	
  velocity	
  
spectral	
  density	
  PV(k)	
  

•  Use	
  integral	
  scale	
  

•  ξf	
  ~	
  R*	
  =	
  (average	
  bubble	
  
separa&on)	
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