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Introduction

Gravitational waves (GWs)

* Spacetime fluctuations predicted by general relativity
* Indirect observation using binary pulsar (Hulse & Taylor)

* Many ongoing/upcoming missions to detect GVVs

Laser interferometers
(Fabry-Perot)




Laser interferometers in the world
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Laser interferometers in space

NGO (New Gravitationa-wave Observatory) 2020+22?

BBO (Big-Bang Observer) 2025+
DECIGO 2027+

(DECi-hertz Interferometer Gravitational wave Observatory)

Advantage of space

Free from seismic noises » low-frequency GWs
il skl




Targets

GW observations as astronomical & cosmological tool

e Coalescence of BHs

* Inspiral/merging of binary systems
(WD-WD, NS-NS, BH-NS, ...)

* Stochastic backgrounds :

Phase transition, cosmic string, ...

Inflation (Qzwh®~10"'°) BBO/DECIGO

—— a large benefit to ‘early universe physics’




Plan of this talk

4 Cosmology with space-based detectors :
dark energy and primordial GWs

PRL 99, 121101 (‘07); PRD 77, 103001 (‘08)
PRD 85, 044047 (‘12)

Collaborators

S. Kawamura, A. Nishizawa, S. Saito, M. Sakagami,
N. Seto, T. Tanaka, K. Yagi




Statistical description of GVVBs

GVWBs: defined as stationary and random
superposition of plane waves

ds’ =—-dt’ + [0, +h, |dx' dx’

A ER A= / df/thA(f»Q)6i2”f(t_ﬁ'f/c>624;;(9)

A=x,+"

random variable transverse &
traceless
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(@, 00) = 2L O R 5| 67,3y

(un-polarized)



Spectrum of GVVBs

S.(|f,Q) : Power spectral density [1/Hz]

anisotropies

In most of cosmological origins, GVWB is

e

Strain amplitude h(f)=3S, AAVEM S DR

e d el

saa a0l

Density parameter Q. (f)=

\

Amplitude is supposed to be small, indistinguishable from detector noises:

» % Cross-correlation with multiple detectors
% Long-term monitoring (months~years)




Observational window

Terrestrial Detectors
(Adv. LIGO, KAGRA, etc.) ~

- eLISA/NGO ??

DECIGO, BBO
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Observational window
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Cross correlation analysis

Allen & Romano ('99)

t)y=h(t)+n/(t :
Interferometric signals { S O ) h(t): GW signal
NOEVNOGEI NG n(t): detector’s noise

(scalar)

S

A=X,+

Detector’s Polarization

response tensor  tensor GW amplitude

Quadratic estimator

T/2 T/2
/ dt/ dt' s1(t)s2(t") Q(t — t)

T/2 T/2

Optimal filter (given later)



Cross correlation analysis

-

ensemble mean
average )

* Detector’s noises >> GVWVB signals

_ dispersion

e Two detectors’ noises are uncorrelated, and are described
as stationary Gaussian statistics

w=1T <h1 (H)h, (f)> GW signal is dominant

D sy D

o fa’t fa’t' <n1(f)”1 (t')> <n2 (), (t')> dominated by noise

e ey 3 (O< T)

» : sighal-to-noise ratio




Signal-to-noise ratio

(optimal filter )

SNR = %@/j@ df ] 7 O(f) = =7(£)Sh(f)

—— ,
Sn,l(f)S

(f)

i

¢ S,(f): power spectral density [|/Hz]

G overlap reduction function

To increase SNR,

* L ong-term observation is necessary

S (f): noise spectral density for detector

Sn,l (f)Sn,2(

4 °
3H;

W

2,,(f) = /78,

€¢I
|

* detector’s noise is not the only important factor (next slide)



Overlap reduction function

[e.g., for LIGO pair ]
m

IAZ| = 3001k
In most pDab }(qu(b i f/_ayb) Abbott et al. ('04)
case, : Dpasalasisd el - _—

Q éf GW
}A/ ~  Detector’s
P/

Reduction in sensitivity at f > ¢/(2|AZ))
(irrespective of detector’s sensitivity)

Overlap reduction
-0.81 function for LIGO pair -

-1. l l l l ] l 1
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SNR for ground-based detectors

________________________

_detector |

normalized SNR

detector 2 |
0 60 120 180

Flanagan (’93), Seto & AT (’08)

Bldeg]
normalized w.r.t. Qe T, 1/2 co-located & co-aligned
SNRg = 5.5 (10_9) < | yr) detector pair




SNR for ground-based detectors
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SNR for ground-based detectors

Dl

normalized SNR

Correlation with KAGRA
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SNR for ground-based detectors

Correlation with KAGRA
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Combining all advanced detectors,
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cf. LIGO+VIRGO: Q. < 6.9 x 10~ ° (Abbott et al.’09)



From detection to characterization

Relaxing several simplifications, characterization of stochastic
GW is made possible

Isotropic GVWB - Mapping anisotropies

Kudoh & AT (05); AT & Kudoh ('05); AT (06)

Tensor component - Detecting scalar/vector/tensor GVVBs
Nishizawa, AT et al. ('09,’10)

'Un- polarized state - Probing polarized states of GVVB
| Seto ('07); Seto & AT ('07,708)




Polarization basis

plus-mode /.;‘, cross-mode

propagatlon
direction

L-mode

—

Unpolarized : <th;> = <thZ> Circularly polarized: <h h;> = <thZ>



Stokes parameters

. . spin-2 polarization
GW in Fourier space tensor (L,R)

hij (Z,t) = Z / df/thA(fv Q) g 2 S (1= T /) 6{;(@)/

A=L,RY ™ NANN

B 2 47

Ensemble( (hrhy) (hohy) ) 5(f — 1) 5(Q,Qf)< I+V Q+ iU )

average Q —U I -V

(hrhy) (hrhi)

G : intensity (spin 0) Note--.

: o : Linear polarization states
@ : linear polarization  (spin +4) ki : .
are inevitably anisotropic

@ : circular polarization  (spin 0) (£ > 4)

. i How well we can
I- and V-modes possess isotropic component [ jSuse identify ?




SNR with non-zero polarization

1/2

(F) Qg (f) + v () Qg ()}
fO Sn1(f)Sn,2(f)

i ; :
Q. (f) :energy density spectrum of GWB for I-, V-modes

v1,v(f) :Overlap reduction functions for I-, V-modes

5 A : ; y G e s
vi(f) = e /dﬂ DAL DS [e;fb(ﬂ)ecd o 2m fQAZ e
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Overlap reduction functions

1![\[ T T 111|

LIGO pair (H, V) -

d Even if the detector pair is
A aden insensitive to |-modes, it
’ could be sensitive to V-mode

—— 7(f) ]
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normalized SNR

Sensitivity to polarized GVWBs
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Sensitivity to polarized GVWBs

. . normalized w.r.t.
Correlation with LIGO (L) 0 T 1/2
gw obs
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Sensitivity to polarized GVWBs

normalized w.r.t.

Correlation with KAGRA 0 T, 1/2
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Separate detection of /-, V-modes

Taking a linear combination of 2 correlation signals
out of 4 detectors

W E<SaSb> x Yib[ +YZbVa W.q E<Scsd> x Ycld] +YCI;V

4

YW =Y o & (Pl —vivi I

f

L Ycll/bu“cd chuab x (Yabch chab) V

With more than 4 detectors,
separate detection of I-,and V-modes can be optimized:

Minimum. detectable 5 h2 {2 2%107° (SNRI/S)( obs/lyear)m

amplitude

(5 detectors) 4.5%10°(SNR, /5)(T.,. /1year )"

Seto & AT ('08)



From ground to space
With cross correlation & long-term obs,

* detection capability of GVVBs sensitively depends on
separation & geometric configuration of detectors

* a network of ground-based detecters would provide a nearly

optimal detection & characterization with Qg h* ~ 107°

(polarization states and/or scalar/vector/tensor modes)

For space-based detectors,
detection & characterization further depends on

 orbital trajectory & constellation of space crafts
Seto ('06); Kudoh et al. ('06); Seto ('07); Nishizawa et al.(’ 1 0)

L foreground removal Cutler & Harms ('06);Yagi & Seto (I 1)



Dark clouds over deci-Hz 6

A large number of NS-NS binaries will be detected at 0.1~ IHz

sources of confusion noise to be subtracted

On the other hand,
The system can be treated as a point-particle system until last 3 min of
coalescence mmmmp very “clean” system (free from systematics)

Tobs = 3 yr

In general,

Safely subtracting these systems to
detect GVVBs, how well we can use
them as cosmological tool ?

Number of merger events

# of NS-NS binaries




NS-NS binary as a standard siren

Schutz ('86)

Quadrupole formula
{1+ DM : e
peth ='s R A Lf“f-) oC [{1 + :}Mf]ﬁﬂ f‘l 1.*'3!

hy x and f, f
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Provided redshift information for host galaxies from optical follow-up, NS-NS
binaries can be used as “ "’ to trace cosmic expansion like SNe la




Ultra precmon cosmology

Cutler & Holz (’09)

I 2.0 2.1 22 2.3 24 251
215 IR R I R i B e R e i
0 1 2
2z
0.310F "
0.305 I
g 0.300 |-
G ., 3 g
0.295 - T y Y _ |
0-290 F ] —02F +CMB (Planck)
0698 IIIII 0699 IIIII O7OO IIIII 0701 IIIII OI.I702 -1.02 -1.01 -1.00 -0.99 -0.98 -0.97
h wO

Big assumption--Redshifts of binaries are all measured by follow-up obs. I




Standard sirens w/o follow-up obs.

Nishizawa, Yagi, AT & Tanaka (’12)

redshift drift :

At : time to coalescence at observer
AT = (1 + z)At. : redshifted time to coalescence at source

Sandage (°62),
Loeb (°98)

Red: GWV signal
Black: template w/o redshift drift

_ orfi g T, 3 ~5/3
I L ]

—13/3 3,7—10/3

Seto, Kawamura & Nakamura ('01)



Cosmic acceleration from dv & X

amplitude —— dp(2)

0.05 F

0.00 F

-0.05

0.05 ¢+

phase —— X(2)

0.05 ¢

0.00

* long observation time
=observe many binaries)

* improved detector sensitivity




Self-consistent analysis

Taking the binary confusion noise into account, Nishizawa, Yagi, AT & Tanaka ('12)

What is the required detector sensitivity for
cosmological science on dark energy & primordial GVVB ?

Assume detector’s sensitivity =72 S (f)

¥
Estimate fraction of un-resolved
NS-NS binaries out to z=5 Rys(f)

St () = S (f) . DECIGO

’ % BBO corresponds to 7, = 1/3
Estimate SNR for primordial GVWB & expected constraint on dark
energy in the presence of residual noises: S, (f) = S™(f) + SyP(f) + SY5(f)Rus(f)




Result (1)

Fraction of un-resolved NS-NS binaries Rnxs below SNR=20

rn | year 3 year 5 year

- | - « based on the Monte Carlo results by
1 4.66 X 1073 4.64 X103 4.62x 1073

1/2 0 0 0 Yagi & Seto (' 1)
1/3 0 0 0
1/5 0 0 0

T3t
Tops = 5yt
— — - T =10yt

. Minimum detectable

SNR for Primordial GVWB 5 s | amplitude

9K s : T/S ratio @
SNR = 0 S/ Noon L ahe Ncorr = 2 [ CMB scales
20272 16 |

\
~

fux . D2 0[Q..— ONS(HRNe]T1/2
K [f/ (I/ = [ : ) / \.\]]
/




Resu It (2) 6 params including dr, X

8 max ~* 7 .
L,y = 4 Re/f w ]}(f). GW waveform )

- min Sn(f) "~ (restricted 1.5PN)

The errors in do(z) & X(z;) obtained from Fisher matrix
are translated to the uncertainties in cosmological parameters

(QHU Wo, wa)
VV alone iha Dark energy E.O.S
68%CL) w(a) = wy + we (1 — a)




Resu It (2) 6 params including dr, X

[ S DI () W vaveforn )
(restricted 1.5PN)

min

The errors in do(z) & X(z;) obtained from Fisher matrix
are translated to the uncertainties in cosmological parameters

(ern wo, wa)

‘ GW alone  Tow-=10yr Dark energy E.O.S
(68%CL) w(a) = wy + we (1 — a)




Result (2)

R (f) Buhsy (f)

5 Fmax Qg b, .
'y, = 42 Re/ (2) _ df (h(f): GW waveform )
Sn(f) (restricted |.5PN)

6 params including dr,, X

1=1 min

The errors in dr(z) & X(z;) obtained from Fisher matrix
are translated to the uncertainties in cosmological parameters

(ern wo, wa)

: GW al'one' 1} :'1 u_w' Dark energy E.O.S
(68%CL) w(a) = wy + we (1 — a)

Figure-of-Merit
n=1
p — for Dark energy
FoM = [o(wo)o(wa)] ™
rn=1/3
= 1/5 . 105 —5 il
4| 70 =10""Mpc™! === = ;(())—6 Mpc™yr




Result (2)

R (f) Buhsy (f)

5 Fmax Qg b, .
'y, = 42 Re/ (2) _ df (h(f): GW waveform )
Sn(f) (restricted |.5PN)

6 params including dr,, X

1=1 min

The errors in dr(z) & X(z;) obtained from Fisher matrix
are translated to the uncertainties in cosmological parameters

(ern wo, wa)

: GW al'one' 1} :'1 u_w' Dark energy E.O.S
(68%CL) w(a) = wy + we (1 — a)

Figure-of-Merit
n=1
p — for Dark energy
FoM = [o(wo)o(wa)] ™
rn=1/3
= 1/5 . 105 —5 il
4| 70 =10""Mpc™! === = ;(())—6 Mpc™yr




GW cosmology in space

With a detector sensitivity comparable to BBO (7, < 1/3)

* Foreground removal will be made satisfactory

* Detectable primordial GWB will be down to- (r<0.01)

* Long-term obs. (10 yrs) will lead to a tight constraint

on dark energy@

adding optical follow-up samples
FoM=100 further improves FoM

% Even a partial follow-up (< 72 of total )
is enough to reach FoM=100

10°  10* 10° 1072 107 10°
fraction of optical follow-up




Summary

Detection & characterization of GVVBs
and cosmology from space-based detectors

Ground-based

network of multiple detectors would give a nearly
optimal characterization of GWBs (polarization states)

Space-based

it will provide a way to directly detect primordial GVVBs.
Further, a large amount of NS binaries may be used as
alternative cosmological probe w/o optical follow-up,

though we still need a further investigation



Appendix




resolution of BBO

Cutler & Holz (09)
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Noise curves: DECIGO & BBO

DECIGO

N




Number of merger events

For single binary
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Waveform of GWVs

(\/gﬂz/?,)—l

=

X A A: sky-averaged amplitude over
W(f) = MB/6 £=T/6i(f) . ination of bi
do(z) inclination of binary system
(detector response is also taken into account)

_ a3 ar 5/
\Ij(f) — 27Tftc ch A + 128(7T zf)
20 /743 11
1 —2/5 2/3 _1 —3/5
><[ + 3 <336+ 477>77 (mM., f) 6mn > (m M, f)

M, : redshifted chirp mass (1 + 2) i Pmily

7 . symmetric mass ratio 1/ Mot

te, @c : time & phase at coalescence



