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IERGEIENEE ( S IG{BANG Gravitational Waves Escape from the
e JfJfOfff Gen on FFH Ure . Earliest Moments of the Big Bang
DELEELO 01 GWS could open a
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ENSpRPEUrbations

nplogicall GWs = linear
f r)s Uvations with
SLorEiiedman-Lemaitre-
=Walker metric

gy =a¥(5; + hy)

E—— - .
e

%= Gl are gauge-invariant
| perturbations governed by
—| ~Einstein equations:

G, =8r GT,

sosielogical gravitational waves:™

—

'ENser mode of perturbations
h},LV= Sguv
— no analogy under
Newtonian gravity
— gauge-invariant
— transverse, traceless h ,
— symmetrich, = h,,
® gauge choice — hy = hy
=0 = hy, — 9 degrees
® h;=h;— 6 degrees
e > h. =0 — 5 degrees
® h;ki=0 — 2 degrees
® Two degrees of freedom

I\ﬂukhanov, Feldman, & Brandenberger 1992

represent two degrees of GWSs

polarization
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ohal waves Vs, CMB
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Po|arized gravitat

9 UC . ~
|tat|onal Chern Slmons term (responsible for mirror
y violation) is present.

/s induce specific parity-odd cross correlations of CMI
~o ples
Lue, Wang, and Kamionkowski, 1999
= ?" = 17 Quinbay, and Rodriguez, 2005
e Satoh Kanno, and Soda, 2007

o _If-mlrror symmetry violation is significant these effects are
possibly detectable via CMB data.

¢ CMB anisotropy affecting polarized GWs might be generated
by others parity violating sources present in the early

Universe (i.e., inflationary helical magnetic field)
— Caprini, Durrer, and T.K. 2004




Po|arized gravitational wavesws. CMB' (continued)

o ) e

. : ——
easurements would show non-zero cross correlations
temperature and B-(magnetic-type) polarization

Jossible parity violation
ing, & Kamionkowski, 1999
an, Vachaspati & Winitzki, 2002, T.K. & Ratra 2005 (vector mode
’r' Durrer, & T.K. 2004
0, Ichiki, & Taruya, 2007

- s ata of parity-odd power spectra can be served as a test

Or parity symmetry breaking scales and magnitudes

- Polarlzed GWSs might leave also specific signatures on CMB
parity-even power spectra, leading to some CMB anomalies
— Alexander & Martin, 2005
- Liu, Lee, & Ng, 2006
— Feng, Li, Xia, & Chen, 2006
— Seto & Taruya, 2007
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amplé: testing magnetic helicity through CMB anisotropIes

al helicity generation:
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:"_-QME amsotropy parity odd
= power spectra (tensor mode)
might reflect the presence of

~ primordial magnetic helicity

C,"®/C/® (black); C®/CFE (red) Caprini, Durrer, & T.K. 2004

1=50, n.=-3
. Even for a primordial magnetic field with maximal helicity such

effects may be detectable if the current magnetic field amplitude
is at least 10-° — 10-10 Gauss on Mpc scales.




Direct detection of polarized'relic gravitationallwaves
Space based missions" . Seto 20060

The primary scientific goal of the Lase
Interferometer Space Antenna (LISA)

mission is to detect and observe GWSs

from massive black holes and galactic
binaries with periods in the range of a
few seconds to a few hours, i.e. in the
frequency range 10 to 10! Hz.

nnnnn

SN limit

~ (T/1iTev)
® |arge Hadron Collider (LHC) +—
relic GWSs;

® |[[SA’s peak sensitivity corresponds .
to ~ 1/10 of Hubble horizon at 1 N ——

Tev energy scale

Ligfi+Sagnac broad band

Tollowon «Sagnoc

Energy density



NGNS Hom pHa&"transitions

PIOHEEnG &
SVIEnr1984; Hegan 1984
Ezrlier 90°s
SNrheER e Wilczek, 1990
SKEseWSKY, Turner, & Watkins, 1992
S EIONKOWsKY, Kosowsky, &

Ti lJmar 994
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hij(X, t) = —167TGS7;3' (x,t).
—

—
= 5 —

=~ ® Bubbles collisions and nucleation
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® Turbulence

_ COSMO-07 Talks by > j
F. Dufaux, R. Durrer, L. Kofman @
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- Bubble walls collision and
nucleation induce turbulent
motions in primordial plasma.

- These motions might have non-
zero helicity

- Turbulent eddy’s characteristic size
is related to the Hubble scale and
bubbles number

- Turbulence is determined by
Reynolds and Mach numbers and
the Universe temperature when
turbulence occurs

- GWs generation depends also on
turbulence duration and stirring
Scale

h,,ij(X, ﬁ) S 4G/d3X

We assume: that in the early
Universe at time t;,, vacuum
Energy py,c IS converted into
turbulent energy with an
efficiency x over a time scale

T ON @ characteristic length
scale L..

,Sij(x’,t — |x — x’|)

| — x/|



Mg assuh%-en the turbulence model:
StieilEyAdEVEloped case — Kolmogorofi's hypothesis applies —
— .

—

iceounting, for inevitable decay — the emitted GWs
smpwilINeENGIBsEteatNemistationary turbulence

r'oportiona/ Lo, time derivatives appear. But since the decay time:
Ba5t seyeral times /arger than the turnover time, then the adaltiorc

—,-..;:- -
—

ialoay:-acoustic waves generation by turbulence

Eddies length |, and velocity v,
Eddies characteristic frequency v,/ |,
Eddies characteristic wave-number 1/ [,

Because v, /c<1, the dark area is stretched along
K axis.

e GWs generating turbulent elements lie along k=w
line, so o, IS given by eddy inverse turn-over
time v./ | .
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NoEhElicaliKelmogoroff like turbulence: SPECHIMES

—

SRBlllent motion; twe; pointicorrelation

3 Rij(rv T) = <Ui(X7 t)U](X +1,t+ T))

SRPOWERSPECtrUm (space and time auto-correlations)

— —
———

— F.
- Bk, 7)) =A<5ij— )f(mu,T)

A47k2

Kolmogoroff 1941

Er = Cpe?BE™53 for kg <k < kg,

F(e, ) = exp
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RE|CIGVVS energy density and degree of polarization

————

1 G 3 43 (O 1:.'(X t}atsi.}(x }>
p(x.t) = B G{af i (X, t)O¢hij(x,t)) = /d d'x x — x'[|x — x| ’

B encrgy density GWSs source S;; has helical structure

(i (O, ) hym (K, 1))
= (2,”,)3 g (k kf) [JwijimH(k,f:] + 'iflij.[m?‘f(k, f)] .

- ——
—
o

“GWs two-poeint correlation function

(ht*(k)hT (k") — h=*(k)h~
(ht*(k)ht (k') + h—*(k)h—

(K'))
&)

H(k)
H(k)

P(k) =

GWs degree of circular polarization T.K., Gogoberidze, & Ratra 2005



As ymptotzca] ‘M&mo,gs (zero—be]zczty regime, torward cascade)

5  ‘~:0 Chictoy dissipation rate
=SBy VIE= v /'c - Mach nui\ber
=T /k Reynolds number

p 13
A1 LH

K~ vpGpli = M3

Efficiency of GWSs generation
is defined' as a ratio between the
GWSs energy density and dissipated
energy of turbulence
Gogoberidze, T.K., & Kosowsky 2007

o— the ratio between the false
vacuum energy and plasma

thermal energy.
B — time variation rate of bubbles

At11cleatrion



= 1.62 < 10—1% - (—v) ( ' ) > e igig (2w f, 27 .
he(f) = 1.6 L ( 100 GeV ) 100 0.01 0.01 [k FH i (27 f. 27 f)]

"W, 7\ 1/6 YNl T
f=155x10"3Hz | =~ ( H) ( ' ) D |
' ko / \ 100 0.01 100 GeV

® v |s the stirring scale's fraction of the Hubble length and ¢ is the
turbulence duration's fraction of the Hubble length.




KInetic (hydro)Ntarbulence —

'sensitivi stechasti

tween fir

creasra 0 areundiRg
ritC)raition;

RESUILS O)

10-20 at 10~ Hz, for one vear of

piligliEnce with a Mach number M=1 would be a factor of
1000 Mrge the LISA detection threshold at the peak
freeltigy] raround 10 Hz. For a Mach number M=0.1, the
gEaEeal plitude decreases by a factor of 100. However the
r)*‘ requency also shifts to 10~* Hz, at which point LISA's
Sitivity has declined greatly.

Future space-based interferometers could be configured to
give strain sensitivities comparable to LISA, but with a frequency

window between 104 and 10° Hz. Such an experiment would
easily detect turbulence at the electroweak scale with a Mach
number M=0.1, and would even lirt with a detection at M=0.01



BV\/SIPOWEN SpECtrarare sharply peaked at the frequency Which!is

cJeterer 20l by . tie largest eddy turn-over time

El/BNIECOmE observable Wé‘ stron

PIESE cr SItions

.t-

St=order

o g . : =

It nelical MrlD Inverse cascacde tirolllerice §s grasarlt
istensoon, Hindmarsh, & Brandenburg 2003,

‘_:-f nerjee & Jedamzik 2004

R the Kii etlc energy might be transferred to large scales, and
PIES mlng helicity presence, a primordial magnetic field is
Sgenerated which induces an additional GWSs signal
4 _'*" e peak frequency of this secondary GWSs is shifted at low
== freguency range
—— 'si This allows to make GWs observable even if phase transitions
== 'J ~ occur at high energies
s. Another advantages

— the maximal length scale is (could be) now comparable with
Hubble horizon

— the duration time of turbulence and correspondently the
amplitude of the signal are changed



VD gnverse cascade) turbulence model

Biskamp & Mueller 1999 _—_—
Chirstenssony Hdmarst, & Branaenpurg 2005

o Dygenies of encelis apminaies b Alfven waves whereas the
INEEELOS0 | t fola

BEGaUSENNENMagNELICc and Kinetic parts off wave ener y are equal for Alfven
WEVESRWENASSUME Vi, ~ by, where by =B,/ [4 © (p+P)]? is the characteristic

MEGHECHIE]d perturbatlon in Ve|OCIty units.

AsHbISTkneown MHED turbulence even if is isotropic on large scales becomes
NeEally anisouropic in smaller scales

—
R =
- _;_-I-.- —

s B Ut because GWs are mainly generated bY low frequency perturbations for the
study oft GW generation we assume global isotropy.

®  Fourier transform of the magnetic field two-point auto-correlation function

M(t) ki HHH

1'11 ’ | — ic
Flj‘ {kﬁ T} {L} _1_ 'Il_: -I_ 1“’ ]El b IIL-

]Tfn..*‘}
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— Bo h Reynolds (Usual and magnetic) numbers are large
5—‘?—3 nough

'H_

——l'

~— Magnetic energy transfer reflects kinetic energy
~— transfer




acond (GM‘Cascade) stage

BVAIETEYend of the first, stage helicitysreachigstits max Valte
BEEREE & Jedamzik 2004

Eg]g\/'r'_ IEGVERENENCESCEEENITIESSCRIES EVOIVE

11—

efouty and magnetic field perturbations v; and b,
= determine magnetic and kinetic energy (now time
dependent) transfers

Tie ~ T1{1 +t/71),

Teas ~ T1{1+t/ J1}“

.

-—
-
ﬂ-r
-

E;"'rf - (:fl.;::_j-i,-“km for ke < k< kg, k-l:é‘;M(t)=(1+t/T1)1/2/k0

A N B ~ .
HM = 20102 /(kok), for ks <k < k.




GWs By MEBPMElicall turbulence model

Oli-G0oJig Project ks, Gogéber/dze, and Ratr.

i s e i mmma

dary — turbulent S :

netic field induced o o=k E
deak. The amplitude < E
~of this peak could be 3 )
- higher that first peak R
~ones, because inverse g |
cascade lasts longer g wom| .
period. :;”’ :

f/Hz (g./100)-1/8(»/0.01){T./100 GeV)~!

FIG. 1: The spectrum of gravitational radiation from turbulence. The three solid lines are for different Mach numbers, wi
M = 0.01, M = 0.1, and M = 1 from lowest to highest amplitude. Note that these three cases have also been scaled by a factor
M2 for display, since this is how the low-frequency tail scales with M. The dotted lines, which are virtually indistinguishak
from the solid lines except for the M = 1 case, show the k¥ = 0 approximation to the gravitational wave source.




BONCIUSIONS: . J’

0 HQJrJrj/r\rJ GIWS friom! phase transitions are possibly

~ -

J RO ienough helical sources during inflations —
G \/\/J Brel detectable through CMB precise data (parity-
9EEFSpPECtia)

J Q\/.A polarization measurements can be used as a test
= Sforparticle physics and cosmological models beyond
= standard' scenarios

= ; '"MHD inverse cascade could play a crucial role for GWs
generation

e Future GW astronomy would open a window onto new
physics
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