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Small-scale TOBA at Tokyo

Masaki Ando |
. (Department of Physics, Kyoto ‘University)
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Abstract

Low-freq. GW observation
Large amplitude and/or stationary GWs radiated by sources.
with large masses and long time-scales - Different science.

- Difficult with ground-based detectors because of
fundamental limitation and seismic disturbances
- Space-borne detector requires large resources.

ﬂﬂﬁ> Novel GW detector : TOBA (Torsion-Bar Antenna)
Low-freq. GW observation even with ground- based conflg
. °Unexplored band observation with space detector.
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1. TOBA

Concept and Sen5|t|V|ty
Prototype results

2. Rotating TOBA

~ Concept .
Prototype results

3. Summary
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Reference: . _
e | MAndo et. al, Phys Rev. Lett. 105, 161101 (2010) |
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TOBA

Tl TR

TOBA : Torsion-Bar Antenna
Monitors tidal-force fluctuation caused by GWs.

Two test-mass bars, pia'ced orthogonal to each other. _
Monitor differential angular fluctuation by interferometers. .

< Tidal forces by
gravitational waves

y

—Fl//.,—'

"

Test=mass bar Fabry-Perot
x interferometer

M.Ando, et. al, Phys. Rev. Lett. 105,161101 (2010)
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Equation of Motion of a test-mass bar

1 (9 i+ %9 =5 wgﬁ’) = 07 \haE) GWs

I : Moment of Inertia

g4 Dynamic quadrupole moment

|H[> g(w) Z%aﬁx(w) : (w > wq)

o : shape factor, between 0 to 1 | Tidal force :

Dumbbell > a =1 by x-mode GW

Dimension less, ‘
Independent of matter density
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Conventional IFO antenna Torsion-bar antenna
Detect differential length change Detect differential rotation

Strain - hw% . | Angle hN(SQNCSTL

Observe change in tidal forces using free test masses




Conventional IFO e TOBA .
Obs. band 10Hz-1kHz . Obs. band 10mHz-1Hz

*

Suspended as pendulum - Torsion pehdulum ‘
(Res. Freq. ~1Hz) (Res. freq ~1mHz)
Long b_aseline “\ \ Shorter length .
— High sensitivity " > Simple config. |
SQL o 1/(M - L?)1/2 = Common-mode rejection
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Reallstlc deS|gn

Example --- assume realistic parameters °

Test-mass bar
Aluminum
- Bar length : 10m, Mass 7600kg
Bar Q-value : 10>, Temp: 4K
Optical readout (Laser interferometer)
Laser source : 1064nm, 10W . ot
‘Cavity length : 1cm, Finesse : 100
Support Loss : 1010 .Temp: 4K

Requirements
Laser Freq. noise < 10Hz/Hz!/?,
Freq. Noise CMRR>100
Intensity noise < 107/Hz1/2,
Bar residual RMS motion < 1012 m

LCGT Face to Face meetlng (August 4 2011 Kash|wa, Ch|ba)



Fundamental n0|se Ievel of TOBA

Realistic parameters ) }, ~ 3 x 10719 [Hz~1/2] (at 0.1 Hz)

-14

— 10 | I
S as \ Grawty—g radient :
:r|~:l N &r W _ noise
= 107k , ' -
, E 5
£ 10 |
- Shot noise
. —
2 %0 '
c
5 107 |
107° 107 107" 10° 10 10°
Frequency [HZ]
Bar length : 10m, Mass : 7600kg Laser Freq. noise < 10Hz/Hz?2,
Laser source : 1064nm, 10W Freq. Noise CMRR>100
Cavity length : 1em, Finesse : 100 Intensity noise < 107/Hz172,
Bar Q-value : 10>, Temp: 4K Bar residual RMS motion < 10712 m

: Support Loss 10 10
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TOBASenS|t|V|ty

Compérison, with the other detectors

DECIGO/BBO band:
Between ground-based detectors and LISA bands

_12 | | |
1072} TDr‘;EE:ﬁ; DECIGO Short I
10‘14 - Pulsar '\...,.' Fat_ifl_?der IFO

Timing

LIGO/

_20 ) VIRGO Advanced
10 . Ground-based |
22| AGIS Interferometers |

10

Strain amplitude h,
S o
Lok
—
2
e |
K
v
. _

107}
| . , DECIGO/BEBQ | | | .
107 10° 10
Frequency [Hz]

Characterlstlc amplltude hc = h X \/fcenter (Dlmen5|onless straln)
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GWs from binary BH mergers

HHE> Obs. Range ~10Gpc (~ 10°M, SNR = 5)

2 10* =iy -
AT /%// %ﬁq
LIPS~ S
S|

10102 10* 10° ©10°

Total Mass of Black holes [M ]

Calculation by K.Yagi
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Prototype test

Reference: -
- K.Ishidoshiro, et. al, Phys Rev. Lett. 106, 161101 (2011)
- A, Shoda presentat|on at GWPAW2011
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Small-scale TOBA

mmmmmmmmmmmmmmmmmm

*Optical readout
Mirrors at both edges of the test-mass bar
- Form Michelson mterferometer
Sensitive angular sensor
Nd:YAG laser source
Wavelength 1064nm
Power. 50mW

*Test-mass bar
Length ~200mm, Weight 160g
Made of Aluminum
Room temperature

*Vacuum system
Pressure 10> Pa by TMP+RP
Acoustic shield enclosure

Acoustic Shield

*Suspension . \ Lamrrce Modulators
Magnetic levitation by pinning
effect of type-II superconductor
Superconductor bulk
Gd,Ba,Cu;04 5 : 70.9%
Gd,Ba,Cu,0, :19.2%
$600mm, t 20mm, Tc ~»92K
. Low-vibration cryo-cooler
Operation temp. ~65K,

mmmmmmmmmmm
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Small-scale TOBA at Tokyo _

Optical bench
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SenS|t|V|ty of small TOBA
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Small-scale TOBA at University of Tokyo
Sensitivity f ~ 2 x 10~°2 [Hz=1/2] at0.2Hz
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Limited by magnetic disturbances and seismic coupling

mmm.x...Taa.)m.x..?(aa.)m.x...Taa.)m.x..?(an.)m.xmTﬂdmngwmngwmngﬂdmm
" APCTP2011 (August 2, 2011, Pohang, Korea)




GWB observation by sm‘aII TOBA

[ mmmmmm
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*Observation run by small-scale TOBA at the Unlver5|ty of Tokyo
One-night observation - 7.5 hours’ data
Use stahle 3.5 hours’ data -

b o

'-Data analysis for stochastic background GW
Assume isotropic, unpolarized GWB .

Estimator
2.9 x10"

GWB energy density ratio

Qeqlfo) = g‘}; R

Hubble constant H, = 70 [km/s/Mpc ]

3
Z

Divide obs. data into 120 segments

- Average and distfibution
fo =0.2[Hz], fgw = 0.01[HZ]

mmmmmmmmmmm
" APCTP2011 (August 2, 2011, Pohang, Korea)




Upper limit on GWB

- Distribution - Averaged power at 0.2Hz
Qeq = 2.9 X 1017. : . B Estimator

17
2.9 =10

=> Upper limit on Qg

i
2
o
=
=
Z

A *[nglv — 4.3 x 1017 (C.L 95%).}

Conservative upper limit including
calibration error (dh/h ~ 10%)
"and the other systematic errors.

Some details...

Pfobability to have | \ 00 . G
larger result than €2eq = /Q—eq P(S2es|Q2gw) dQes

Distribution with ng' (Qes — Qqw)?
assuming Gaussian dist.  P(€2es|€2gw) o exp [— 202 /N ]
: gw/ -+
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Comparison with previous results

T T T T T T TR T T TR T S S TR L L TR T, - - - WSO TR TN

New upper limit at unexplored frequency band of 0.2Hz

Qpw = 4.3 x 1017 at C = 0.95. Synchronous
mterferometers

This work

Doppler tracking

bv Cassini Bar detectors
[ CMB and  BBN

[ Matter spectra Pulsar
[“\COBE timing
I\ | | | | | |
-18 -16 -14 -12 -10 -8 -6 -4
log(f)

mmmmmmmmmmm
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Observation with two detectors places at Tbkyo and Kyoto, Japan.

Comparable sensitivity, Separation : 370km

> Better upper limit on GWB
Possible detection |

Original fig. by
« A.Shoda
. (GWPAW 2011)

On-line calibration
(for monitoring the gain):
10 Hz signal
! Monitored GPS signal:
On-line calibration . Al 1pps signal
(for monitoring the gain): =34 Temperature: ~70K
8.7 Hz signal :

]

Monitored GPS signal:
1pps and serial signal

DATE: 0:00 - 5:00, July 20, 2010

Temperature: ~40K Sampling frequency: 1kHz

S Direction of Test-mass bar: north-south




Sensitivities

One-night observation runs x three times
Data analysis underway > Qg5 <9 x 1 is expected
(1/50 better ‘upper- I|m|t than that by one detector)

015-

frequency [Hz]

mmmmmmmmmmﬁ’mm
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Rotating TOBA

Rotate the detector along its axis

) Very low-freq. GW signal (~108 — 10 Hz) is
up-converted to 2 x (Rotation freq.)

Tidal forces by
gravitational waves

Test-mass bar Fabry-Perot
interferometer
X

mmmmmmmmmmm
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Rotatlng TOBA

Equétion of Motion of a test-mass bar

o e ¥ o > o e S I : Moment of Inertia
S X 1) > .
. (9 ) 5 69 18 WOQ) ) Zq hij(t) g’/ : Dynamic quadrupole moment

= 2 | ;
Rotation WE> D ey (2“’9 ) i COS(2wrott) + ha- SIN(2wrott)| ,

Wrot

GW with very-low freq. ((og)
appears as high freq. (2o,) signal by up- conversion.

Advantage:
«Extract two mdependent polarization signals. |
-Observable at high freq.-> easy to avoid low-freq. noises.
- Allow intermitted observation.
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SenS|t|V|ty by R-TOBA

Sensitivity example

Rotation freq. 5x10~ Hz Bar length : 10m, Mass : 7600kg
Laser source : 1064nm, 1mW
Laser power ImW . Cavity length : 1cm, Finesse : 1

Bar Q-value : 105, Temp: 4K

$ Brldge the Pulsar-timing and LISA bands  support Loss : 1010

. oant12[ T | Dobpler | | | | | i—
<10 7| Tracking DECIGO Short
_ N Pathfinder . IFO
D 10 141L.0p - -
-g 16 i.' imin N
1 TOBA :
g’ 10‘13 — Rot. Freq. \I;:gglo =
- 5x10* Hz »// Advanced
=0 L1 Grond-based|
g 1 0_22_ AGIS terferometers
\ 24| ; N -
10179 | DECIGO/BBO | | | |
10° 107" 10° 10 10°

Frequency [Hz]
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'Rotating TOBA prototype
'..( SWIM on SDS-1 satellite )

_ Reference: '
il W Kokuyama presentatlon at GWADW201O

' APCTP2011 (Augustz 2011 Pohang Korea)



SWIM Iaunch and operatlon .

T|ny GW detector module
Launch in Jan. 2009, Decommission in Sept. 2010
Successful operation and data-taking ;

TAM: Torsion Antenna Module with free-falling test mass
(Size : 80mm cube, Weight : ~500g)

Test mass

~47g Aluminum; Surface polished
Small magnets for position control

TWSE RBNASICLD
WESMONF
(200941 §238) cUAXA

Photo sen_so'r\\

: N %
Reflective-type optical vd
_ displacement sensor
Separation to mass ~1mm
Sensitivity ~ 10-2 m/Hz1/2
6 PSs to monitor mass motion

; AmaId|9 (July 15, 2011 Cardlff U. K)



Observation by SWIM

Continuous data taking

Jun 17, 2010 ~120 min. ; S ,’_DS—1
July 15, 2010 ~240 min. Tokyo N
Simultaneous observatiOn_ Kyoto
- with ground-based detectors _
L) Data analysis X Oroial period

©JAXA/NHK

=

Orbital Periog

o o
o O
N

|
=
=
N

o
5
£
§ 0
=
s
>_

©
S
o
N
5
o

|
o
o
H

40 60 80
Time [min]

mmmmmmmmmmm
" APCTP2011 (August 2, 2011, Pohang, Korea)



Sensitivity

_ Obsérvatio_n by SWIM and ground-based detectors
15t run June 17 2010, 2" run July15 2010 -
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SWIM obsewatlon
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| Summary (1/2) ‘

Propose a novel type GW detector : TOBA
- Low-freq. observation (~10° — 1 Hz) .

«Observable Range of 10Gpc for BH binary inspiral
. with realistic detector parameters.
| -Havmg sensitivity to low-freq. (1mHz-0.1Hz) GWs
even with ground-based conﬁguratlon
Rotation operation enables us lower freq. (<1mHz) GWs.

»Ground-based configuration
Simpler and lower-cost detector.
Reduction of seismic and Newtonian noises is critical.
«Space-borne mission |
Free from seismic disturbances.
Spin spacecraft naturaIIy becomes a rotating TOBA.
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| Summary (2/2) ‘

Ground-based prototype tests
-Single small-scale TOBA with length ~20cm
- Set a new upper limit at 0.2Hz for GWB.
- *Observation run with two separated small-scale TOBA
- Data analysis in progress.
1/50 better GWB upper limit is expected.

Prototype in space
+Tiny module named SWIMpv, length ~5cm
- In orbit operation for ~1.5 years.
More than 6-hours’ observation data.
> Data analysis+in progress.
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Dlscussmns

New motivations for GW research field...

Optical readout noise
-Low freq. seismic isolation and reduction of Newtonian noise.
- Material, bar shape, and thermal noise

~«Cryogenic system

*New possibility as a space mission -

-GW sources at different freg. band
- Between pulsar timing and LISA
-.Between LISA and ground-based detectors
«Data analysis schemes |
. Rotatihg TOBA configuration
- Distributed multiple detectors
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