Grovitational  wavee Lrom o lation

23\ OS Qolq \/\/o(lASL\oP Semh/\o\l/
Ken'ichi Sai kawa

Owrline,

1 Tntroduction

2. Te,Y\Sor Per‘mrbaﬁong '(rom inﬂa‘l’(on

3. T\(ans{:er ’Func‘ﬁoﬂ aml ener gy iev\sﬁy

4. Co“isiov’\]es;s Jamp}ng, Jue to y\ewh"mo ’(Yee—S‘WeamMg

I In‘l’\(Oo(\AcﬂoV\

In‘ﬂa‘ﬁon Pveiic’rs not or\'y Sca,or lev\sﬁ/ per{‘urLM’ioY\S

but also tensor Per”mrba‘ﬁomsl

wkich a¥fe Po']'en—Ha”y OLSQY\/OL'C as a (osmofogical GV\/ LachYouncl,

* Why i Ao obeervation of nflatiorary GW, inferesting |

° 11' rlefemiﬂes flr\e e_Y\efgy 6ca(e o"( infﬂaﬁov\_
(aSSuM(n9 the eln@‘c'ﬂaeu 5}ow—roH PaYac!igw\)

¢ Probe of 4he thermal L\iS‘('cry of ter M-C(a‘fiol/\_

. It cliscr“m?na‘rzs omong the Variety of ccenorios

such as 1’\/\053, basei on W\Ocl]'(;ecl Swa\li‘l‘/) OAJ\'HOM\I motter «[;euj etc
<TL\'\5 will not Le covered 0 «4\‘\3 ‘fa“( , See, eg9g. Re‘( (1], >



2

2. T@Y‘SOY PeHurLa—l"iov\s £rom nflation

( Derivgtion based on [1] and [23)
Tehsor Fer*(’urka‘i'{on dl’ouv\ci sfa’r'ta”y -Ha-t FPV\/ LachrouﬂJ

clsz = Ql('[) [——cl‘(z‘f‘ (rga’j + %47*>J7(4<;{7(7‘]
T Conormal tme

Here and hefemcfer, We work in the tonsverse traceless (TT) gauge

1 ;
ho/,-—-O’ }\4:0 9%47:

)

( L‘ *L‘é hheaf PQ«H‘\M’LO\'{';UY\ %OYX, TT wetrie Feb"mrLa‘t';oM are gauge ;AVaY;an'{‘_>

E)(pcmc‘i\/\g ’rl/\e E‘ms tein - HE“Der't a(_‘,’hOY\ Up to ‘LL"C SeCowCI orelef

n 1’119 ,  we —(mol

G W; I ot [ (= (hy)' ] = 9

Le‘(’. us iecovnpose L\«‘j into r]ahe WaVeg |

Ik ,\ A -
. 4 )
hi = (55 5, b e
wlﬂe,\(e, G;; :,&46,;7- =0 and 64‘%7‘ 674\; = 2 SAX .

Fw&‘nexmove, Wwe clefpme, +Lw Canonica['y V\ormalizeA '(ieu

_ QG A
= E‘Mml’\}#

7 =ikl - (- ) ()]

The equ aton Aer‘\vel Lrom +L\'\s action iescr\bes +1\e prepagation o"f

A

Then '

COSma\og\c‘,dl Per{—wLMims‘ ( }J\u\& komov« SasaL({ @_gu(xﬁon>



3
In quasi - cle Sitter loachrounol with €= —H/Hzio but €<< 1
)

N ( a// 2 ‘
aH =~ —(+e)x 5 = 2-aaH = (2+3e)L

The general solution veals
U x) = 7 LG HY ) + G, HY Ao |
with Ve 2ae W HS Harkel £unctins
Initial condition is I]xee\ Ly Bunch Davie vacuum

kC\>»1

M}n\@\us\'& Jacaum in e cub_horizon limi & W — e_iﬁt/ﬁz-.
i) E ®
g W‘%G 7 T H (v

These W\OCIQQ ave ﬁ(ofem n -[-L\e SMPQY—L\DfiZon ,‘M"t I.

124

Wi - %”U\A =0 for Al << 1
dt . .
— m o A (OV\J 1AgoQ aj’az . Jewy[ng- go{u‘hon)

= h, o 07'Y o const

We define  tensor powel spectrum

Syt b 0> = [Py

w%ev’e 43
Po) =& S hyl™

Substwrog e saper-baiso lint of K, e bt

ngum = i(” )( k )

Ml;x 2T a H
- M;z 270

<e,\lalua‘fe¢l ot L\ofiZOf\ CYoSsM? ﬂ: a* Hj’ >



4_

o Almost Scale invavriant power spectrum

At 1st order in the leW—Y°l( expansion | Hlt g 9i\Iey\ Ly

HT (/&*) = 2@*
Note +L\at & = — H/Hz
- 1f j’ <0 wd H >0 , F}’ieclman eq implies H <0

= € 20 ad hamee NN; <0 red Spectrum .

—

- Tey\sOr- To - Scalat’ Yot o

Pr (b

]
Lt:{e, Psuz* ""_*“_“—
PS ('éi) ) )

MPJ k= aH

is e 3‘“'“’ power gpectrum

From CMB o,oS. we Lmve PS ~ IO’
COmL]vﬁng wi+% PT oC L—‘IOC \/'mf ) we o[o‘tafﬂ

Ving ~ <B—%><!O'6 Ge,\/)4

r(/&#) =

ek r< oo (959 L, Planck TT+lowP) ot k=0.002M<'[2)

Measarement of v va;ies the energy Scale of intlation |

° COY\Si Stency Ve‘a-l’; on

We can alSo wyite, Y = /éé

> [T

The V'\o\a'ﬁ(?n of +the cons‘\S‘(’ev\cy re lation imPl(eg

Q Aepar‘mve '(:rom 4’\‘\9 SJ(MJOIGI g'mgle_ ‘Ffdé S'ow Yo“ Scey\ario_



3 \ Trams{er 1C\mcﬁon ‘cwxcl ewevgy Aensh‘y

A—p(er ‘f\oV{:‘son exit | H\e aW\PJH’\,{Je o‘€ GWS I —((QZeY\ <}\2 -%Cowg'f) )

l+ starts to e,Vol\/e again wL\en +L\e mo«:le, Ye-enfeﬁ fl'\e, L\OYiZar\

ofter inflation

Hence we can write e omplitule of GWs ofter intlation os
‘L\;Cﬂ = by e T (<. ) i

where by i s e primordisl GW mode satisfying.
Pe (k) = & Sl = e ()

d“cl T(T,L) is the ’rm\sw[er Luvxcﬁo"\ clescriLiv\q the. subhorizon evolurtion.

d T LT,/L) 'S obiained \oy 50‘vin9 the wave eguwation
TN Cy TN
ha +3Hhy + —é;luz = 16 GTT,
with  the 'm“’ﬁa‘ Qon::)}f;oy\s FC - 1 onl T/'—> 0 as /z_c‘_’o.

. . . . P
® I-F %ere 1S ho aniSofropic Strese TU; :o} mL-lnoriZon e\/olu-ﬂon

s approximated by +the WK B lution

‘u . l‘[,LT= I
LPTim '

Tt ac a et

\ 1
— AV.Y I
3‘ [ Ene»’gy JeV‘SH’y o—p 9YO\V"'t'a‘l"uov\aI waves i\/ \/\I"*j_c

Energy density of GWs is given by [4]

<hi b1
322G AQ'(x)

l
321G

< [,;1.7. Ir.\{"> =

P (0 =

Su\osﬁm-l"m? \(\,(,L = LM‘,P”M T(T,J\) , We Linc‘



| , 2
fgw(r) = SZTDG Oz ;‘“"’L PT(/L) [’I (T,,&)J ‘

T[’\e SPeC'\‘YuM o‘F GV\/S IS flescr\'LeJ n Terms oﬁ Jrl/le
’Lo“owin% guaw'ﬁfy‘\

l APQW(T,/L)
Ao (k) = 50 T Ik

_ l o ! 2
T2 o) Hx) PT(L) [T (T”&)]

WL‘CVB P; = 3HZ/87T:G s ftse To’rall energy J,eMS"Ty of -ﬁlnc uwivefse'

Le us focus on the wodes enteying the horizon Jur‘mg the rodiation clomina‘fe,J

era, and estimate the 'f'ypica[ ampl"’fufle o GWs.

To this ev\c[, we use the approximation +"\at TG, k) s replaCeJ ‘oy H‘eWKB

solu‘ﬁon Just mffer the  horizon crossing '(=ch’
2
T ] )7 0T )1 a*(t) H ()
[.’C (T,/L) ~ ——<Q(T) /—\ 202(‘() |

2
| ' k = () H(x,)
T« 0—16*54&\'

av\i avevage over Vapi‘“y osciﬂa-ting -Fac;tor to oL’tain \/7_.

M - This oscillation 1S not a ¢purious ‘pea'fure but a genuine ‘(ea-l'we,

In\cla-ﬁona\fy GW is coherent in Temgoval pkase,
(MOAQS are “ gynckron'nzed y ot inﬂa—tionory ePocL\_)

Howe‘/ef, Jirec’c Jefec-rion experiment s migkf not resolve i < osc;“afion

since AT, >>1 . (?w& It mi;ht Le Yelevant at  the CMB sca’e.)

~

We 6\150 note that

p
o Ll
( 0 means the quantity at 41,,3 present time )

2 * - *
Huc - Q _?flf:r_."_c- = <9’t"“' ><9#,kc> H3< a,
Ht " 9*,07:4 " 50 / Nis,o e

W\r\efe .SZR = PR(To)/ﬁ(.Q) - 4’.'5%!0_5 }’\-Z’




T
Then we obtain

Qputeb) = L 0, (Be) (BexYp )

Trs,o0

Tl'\e spectrum is alW\oS't ‘C{at ér moies enteying +L\e horizon Jwivw the RD era .

Fwtl«ermore, since P‘r o H,: oC \/;...@ , We obtain

06.1%

By 0 167" () () (o

106.15 [O”’ GeV

The 'gveg,meﬁcy o GWe s given '0)’

—5_ _ ,& Hk¢ Qhe '

9*, he & Fic,he s —n\c
= = = 2 65Hz (—= '
270 0 270 Qe [06.75 lo§.ns [03GeV

3, 2 Eguaﬁm of State of +L\e ecurly universe

Iwglorr'uonary G\/\/ speCtrum s sensitive fo the e.0.5 O‘F +Le eav{y umverse [g,él

Lot ws ih[-(evewﬁafe ng with Yespeck to +he scale factor

InQp _ dlnfe _ dlhk
c“V\ a J ln a cHV\ a

The e,Vo{u-Hon O'F +"'\e ‘toi’a' energy Jemsify (S Je‘(’eminei Ly #\e e.0.§
d1n £
Tlha -~ 301+w) W=4j':—

Tke enevgy Jewsi‘f‘f O‘F GWS a‘(fer *L\e "\orizw\ entry e\/ol‘/eg ag

fwoe 0 [T e 074

—)

Twa - %
Comly;h;r\g +]y\ew\) we obtain

Q’“Dw = éxP[Li(%w"')Jl“a] 'QW(T“JL)

where ng(‘fkc,}*) ~~ PT (’&)



There ¢« fregquency clePeV\tleV\(,e even i+ Pr (L) = const.

0 () _ G- dis ]
.Q'av/(ﬂln) = o ’:Sch,z(gw 1)4 ’

I£ W s constant for The. STST’M—,

mafhr—roliaﬁon end of
2 (3w-1) Lo eguality reheating
Tawat
ng oC 'L
- (3w-1) )
Agw £ 4 \ |
) i &y i
. \ - e < Po Hz-C a 30rw) Modes entered | Vodes enteved hotizen !
O £ ,'-' horizon ' durina RD :
N L,
o A/ 304w bong WD) TP TSR
- H oo /{( 3w+l . !

e

E;r instonc e,
‘—Q?V o< /2\ '(OY W\OJeS ev\'tefeJ lﬂorizor\ lm’ing RD eva (W': \/3 )

’(29“’ oC /&—Z 'ﬁor modes enteved hotizon J‘W-'ﬂg MD era (w= 0 )

Comments

. Spe,ch(uw\ '(0.“5 °'F‘F at +1\e maJe enteying into +1\e, lnor'nzon at the encl o'F Vel\ewh'n}

;RH ~ O(‘l)Hz ——Tﬁ'——>

[o® GeV
= This ‘(eo:mYe, can Le useJ to PVoLe the Vel‘\ea‘f;"l} {'eMPem‘i'uYe, [7_’

v Cl(\av\ge o( ‘*L\e Yela‘r'»visd'}c A.o.‘F. (eaJ; to ¢Le nor\—‘h'iv'»a, spec,'h’\ﬂm [3]

Q o< 9., 9 s Y3
gw khe  Gs, he ~ U

For instance,
v At ete amihilation T~0.5MeV (7( ~ !O—”Hz)
{
3.9 \7
<\o.79> ~ 0.1
At QCD phase transition T~ l0oMeV (F~ 107" Hz)

v/
(e 0




4’, Couisioﬂless ciavnpir\g— J\Aa to Y\ew\’r;v\o /F(ee—S‘l'reamfv\c}

Ne,wl-r\'nog ciecmp\e ’@ow« +l'\e Hﬂerma' !90+L\ wLen Tf_ ZM&\/)

and ngegv«eﬂ—Hy 1—\ney behave as He,e, streaming. PaY'ﬁCJCS'

The existence of  inflationary GWs  canses tensor type perturbations
in the nentring distribution dunction F (£, %%, Pi)  uhich give rise to

the amsotyopic stress oncl the energy '(:{ow Le‘l’ween reutrines and G\A/S:
We-inLer9 (2004) [1]

hi; — F=F+SF — T0;

Consi&éf o 'cfee g»i-ream{ng neutyinoe W'I-I'L\ a momentam P .

T+ evolution 1s lescribed l?}' the geo desic eguation

»w .
d A - r\oLp P P "2 [9F%V+9‘*9AV'9V3¢5]

At  the f‘:fst orier in 1\1‘;' ,  Wwe -Cl'v\cl

° ’
_l.. éf__ - _ a4 [ <a) F P9 h(
p° dt o 2 P
[ 1
Redshide of E“5r97‘£|°w ‘ . '()h
hewtrine enef@y Neuffmo (o Ses energy |‘F >0.
NeM’\'Y.IY\o 90‘"‘5 e“efg\/ I‘F 2’:2 <0 ,

ot

. Tlr\e/ _nergy 'How ocCurs qromm:l the time u'(fhe horizon u'oss'm9 :

9 hij . ,
22 -0 Le ore the hovizon crossing

h
20y - rar-ouy oscillate o#‘fer the l'tov';z(,n c,rossiv\g.

ot
¢« Neutrinos w\os’c’y gain energy aml GWs lose ener gy

since  ohii/ < 0 just after the horizon crossin
ot - 7

— (lamping O\C _ng,



1 0

The evolution of the neutrivo Aisﬂilouﬁon Function alter ‘i'Le\'r Jecoupfing

is described by +‘/\e cO“}s{on[ess Bol‘fzmann equation

IE _ 9F , drioF AP _
dt T ot 4+ '5{« + 1t 9P 0

wh — \ = 3
¢ F= F o+ SF(exp) | Fs 2 9=

A+ linear order in P”"'WL’“’HOV‘ "J’\eo")’/

one can ﬁlnc\ +l'\e ‘po“owing soleow [g'q]

S cljl 4,&%7\
oF = 35 Lal(t,a,m) e M? 9z 9 =ap®

(2=)?
9 2F Sy k) 77 drection csines
fr=335f ihiwe o
Vdee M = 71',41./1(

Todee CoM[orvnq\ time at the heutrino iecoulo'.‘ng ’

(SF=0 for TETyue is asmmed )

Sulzs—ﬂhrring fL\‘\s Solwﬂow into +L1e neutrino Stress - energy tensov,

) P P
T v = JSP F -
g =) a
We o[o“‘a\'w Mhe aniSotropic Stress
- _ — L% .
Ty = < +J T, e €’ Tij = P9 + o' T

Tri = "Wu(ﬂj I 7, Lk (x- ‘t)] L

‘CUJQ(, 4‘ (T "T/

P,, (T): (’J\efgy (l,e,nsii'fy O‘C Ylw‘frimos

jn (%) - SPl‘!eY'uco«l Qesse,l \Cunc-ﬁon

a0 = [(——-—'] Suv\’)(-—-Cos'x]



W;S contributes o the Yi?l’\’f-L\cW\J side od the
prop aga-tion eg,vlo\-i"non of G\A/S

h; +3Hl:\i + é;lr\z = IénGT\—z

. MoCleS that entered the horizon Le ore

the neutyring Ae,c;ou}alif\g <7C |0 '° Hz ) a¥e hot Su\opreSSeJ)

Since l’\i 18 Ya;o;cuy asci“aﬁn? alfeaJy at f=’cv&ec.

° Moées 'I'L\O't ewereA +L\e, L\0\f;rZoV\ a—Cer

‘H‘\e, matter- racliom‘}on 6&\/&&{31')/ (7(_ f ’O’”’ Hz)
are aISo hot S\AFPVCSS@A} Since +he nentrine e"“ﬁ)’
i"’“s.“w F)/ () loecomes W\Mc}\ sma”er -{’l‘\ay\ +L'\e, +o+a|

energy tlezns"fy ﬁ;(").

RHS = l4n G Ty o G)DC% ~ HZ —P—” << Hz
AS o YﬁSMl’f , ,Q%w 'S AOLW\P‘ZCl only '
the Yonge 0" H 2 3[ < 0" 2 Ly 25.S,

' The. SMPPYES sion ‘Focfor izPeMls oh H\e ‘(mc-f"‘ow o'@

‘Cree— Streaming pa\rﬁcles QCV = PU/)OC [é] .



pe'(:e\r ences

[1]1 M. C. Guzgett ) N. Bano‘o/ M. L?guor; , anJ S. Ma{'arr’ese)

(¢ Y
Gravitational waves Lrom Rn-Ha-Hon, Riv. Nuovo Cim. Vel.39 Teue 9
(olb), 399 Licos 01615 ]

[2] D. BGUMOM‘, "TAST lectures on L\'Ha—t}om”/ 09071. 5424

[3] PLANCK ca“aloom'{'{oﬂ, P.AR. Ade et “l-/ ALA 594 Al3 (2016)
[1502. 015 89]

[4’] M Magg\ore, ‘ val‘l’a‘l"\ov\al Wa\\les_ \/o‘ 1 Tl‘\eory anc' ExpeY]Menfs ",

OK’ForJ Un\\l&(c'\'fy Pve $S (200"1).
(5] N Seto and T Yokoyama, J. Phys. Soc. Jap. 12, 3082 (2003) [grgc/0305044 ]

[6] L.A Boﬂe and P.T. Sfemb\anlt, PRDﬁ’ 063504 (2008)
Lostro.ph /05 (2014 ]

L7 K Nakayams, S Saito, Y. Suwa and J. Yokoyawa,
JCAP 0806,020 (2008) [0Z04 (821 ]

(8] Y. Watanabe and E. Komatsu, PRD T2, 123515 (2006 ) Lame/060414]

[91 S. Wewberg PRDET , 023503 (2004) [astro-ph/0306304 ]

[lo] S. Kuroyanagi ) T Cl\i\oo, dV\J N Sdg}yaw\a) PRDﬁ’ |03%0 | (2009)
[08 04, 3249]

L11] R, Jinno, T. Movoi, and T. Takohashi JCAP 1412, 004 (2014)
[1406. 1666 ]



® The evolution of tensor perturbations is governed by the
integrO'diﬂerentiaI equatiOnI Watanabe and Komatsu (2006) [8]

2/
Z—F(%) ;€+I€2hk

— 241, (r) [“'(T)r | [j]jng__ T')]] Wy ()

a(T) 7/)?

where fo(T) = pu(7)/pe(T)

v dec

® This can be solved numerically with initial conditions:
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Gravitational wave spectrum
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Various events in the early universe are imprinted on the spectrum of GWs.
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Effects of relativistic d.o.f. and neutrino anisotropic stress
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QGW
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—-12 -10 -8 -6 —4
log(fo[Hz])  Kuroyanagi, Chiba, and Sugiyama (2009) [10]

® Frequency range relevant to pulser timing observations:

f~0(1077-10"%) Hz

¢ Difficult to observe as the amplitude is too small.
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Probing reheating temperature
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TRzoo
Jinno, Moroi, and Takahashi (2014) [11]

® A detailed statistical analysis was performed to estimate how well we can determine
the shape of GWs, taking Q,,, 7, and T as fundamental parameters.

® T can be determined with the error of < 30% if T ~ 10%°-10"° GeV.
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