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i

(radio

transients) McLaughlin et al. (2006) Parkes 64 m

Rotating RAdio Transients (RRATs)

Very Large Array (VLA)

(Hyman et al., 2005)

2012 11 (Kuniyoshi et al. 2007, Niinuma et al. 2007a,

Matsumura et al. 2007, Kida et al. 2008, Matsumura et al. 2009, Niinuma et al. 2009)

Bower et al. (2007) VLA 10

8 4 2

(Kuniyoshi et al. 2006;

Takefuji et al. 2007)



ii

Thompson et al. (1986)

(1)

(2)

2010 6 29

3.1 Jy J192417+332929 10−39

J192417+332929

Thompson et al. (1986)

WJN J1443+3439

10−5 Petrov

et al. (2007) 10−5

WJN J1443+3439 10

WJN J1443+3439

2004 1 2009 11

5× 105 deg2

WJN J1443+3439

1.42 GHz 3 Jy

2× 10−6 deg−2

95%

2+9
−1.9 × 10−6 deg−2

WJN J1443+3439 2× 10−6 deg−2



iii

2× 10−6 deg−2 2× 106 deg2 95%

−3/2

3 Jy

Square Kilometre Array (SKA) Phase 1

100 MHz 1 h 15 μJy

3 Jy 2× 10−6 deg−2 15 μJy

200 deg−2 15 μJy 95%

0.02 deg−2

SKA Phase 1 1 deg2

WJN J1443+3439

3 (1) (2)

(3) (1), (3)

Linux 1 1

(2)

(2)

8 8
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1

1

1.1

(Radio

transients)

X Frail et al.

(2012)

4 1.1

Crab Nanoshots Crab

3 ms 33 ms

14 mJy*1

1 MJy

Hankins et al. (2003) Arecibo 305 m

2 ns

5 GHz 1 kJy 1 m

1037 K 2 ns

*1 Jy SI 1 Jy = 10−26 W m−2 Hz−1



2 1

1.1 4

, RRATs, Crab

Nanoshots

,

, GCRTs

FRBs ,

— : Rotating RAdio Transients (RRATs; McLaughlin
et al. 2006), Galactic Centre Radio Transients (GCRTs; Hyman et al. 2005), Fast
Radio Bursts (FRBs; Thornton et al. 2013).

1604 SN 1604

9.25 GHz

0.4 ns 2 MJy Nanoshots

(Hankins & Eilek 2007) 12 cm 1041 K

Weatherall (1998)

Parkes Multibeam Pulsar

Survey Rotating radio transients (RRATs) (McLaughlin et al.

2006) RRATs

5 ms 30 Jy

(Dispersion measure; DM)

(Lorimer et al. 2007)

1

Keane et al.

(2011) Thornton et al. (2013) 5 Fast radio bursts (FRBs)

FRB

(Totani 2013)

Hyman et al. (2005)

1 Jy 1

10 77 5 Very

Large Array (VLA) GCRT J1745-3009



1.1 3

Roy et al. (2010)

Nulling pulsar (Kulkarni & Phinney 2005) (Turolla et al. 2005)

(Zhang & Gil 2005) (Zhu & Xu 2006) (Roy et al.

2010)

GCRT J1745-3009

Orphan afterglow

Orphan afterglow

Levinson et al. (2002) Faint Images of the Radio Sky at Twenty-cm

(FIRST; White et al. 1997) NRAO VLA Sky Survey (NVSS; Condon et al. 1998)

9 Gal-Yam et al. (2006) VLA

9 7

2 2 VLA 121550.2+130654

Very Long Baseline Array (VLBA)

II

Ofek et al. (2010) VLA

Levinson et al. (2002)

Gal-Yam et al. (2006) II VLA 121550.2+130654

1 deg2

Ofek et al. (2010) FIRST-NVSS 2500 deg2

Σ 95% Σ
>6 mJy
1.4 GHz � 1.5× 10−3 deg−2

VLA

10 (Bower et al. 2007) 5 GHz 0.37 mJy

20 7

Bower et al. (2007) “two-epoch survey”

1.5 deg−2 Ofek et al. (2010)



4 1

Σ
>0.37 mJy
5 GHz � 0.75 deg−2

R 0.07 deg−2 year−1 � R
>0.37 mJy
5 GHz � 40 deg−2 year−1

(Bower et al. 2007)

1.1

(Kuniyoshi et al. 2007, Niinuma et al. 2007a, Matsumura et al. 2007,

Kida et al. 2008, Matsumura et al. 2009, Niinuma et al. 2009).

1.42 GHz 1 Jy

WJN*2 WJN J1443+3439

WJN

(Kida et al. 2008)

R
>1 000 mJy
1.4 GHz � 5× 10−3 deg−2 year−1 (Kida et al. 2008)

8× 10−2 deg−2 year−1 (Matsumura et al. 2009) WJN

Bower et al. (2007)

Ofek et al. (2010)

Croft et al. (2011) Allen Telescope

Array 1.4 GHz

Σ
>350 mJy
1.4 GHz < 6× 10−4 deg−2 WJN

8× 10−2 deg−2 year−1 (Matsumura et al. 2009)

WJN

Frail et al. (2012) Bower et al. (2007)

10

4

4 1 RT 19920826

Bower et al.

(2007) Frail et al. (2012) 6

Bower et al. (2007)

0

RT 19920826

10

11 WJN

WJN

*2 WJN Waseda University, Jiyugakuen School, and Nasu region



1.2 5

1.1 20 m ( ) 8 30 m
( ) 1

1.2

WJN

2

WJN 3

WJN

WJN 4

WJN

Square Kilometre Array (SKA)

1.2

1998

2004 20 m 8



6 1

1.2 2010 4

36◦56′N 139◦59′E
1420± 10 MHz

20 m

84 m

0.6◦

0.1◦

1 s

100 K

— 2010 4 0.629 2013 6
1420 MHz 1415 MHz

1.42 GHz

2010 4 2012 10

2013 6

2010 4

WJN

2004 1 2009 11

1.2

1.2.1 20 m

20 m Arecibo 305 m

1.42 GHz 0.6◦ (Tanaka et al. 2012)

Takeuchi et al. (2005) 1.2

0◦ 360◦

85◦ 20 m

37◦ 20 m



1.2 7

1.2 20 m

85◦

85◦ 37◦ ± 5◦

1 24

0h 24h

1

1.42 GHz 21 cm

5 cm

1.2.2

(Radio frequency; RF)

1 1

1.3 1.4 GHz RF

1.3

(1) (Low noise amplifier; LNA)

RF 40 dB 1300–

1500 MHz 20 K



8 1

AmpLPF

Mixer

LO

Antenna

Amp AmpBPF

LPF Amp

Mixer

I signal

Q signal

1.3

(2) (Band pass filter; BPF)

1420± 15 MHz

RF 15 MHz 2012 10 1430 MHz

BPF

2

(3) (Amplifier; Amp)

BPF RF 20 dB

(4′) (Local oscillator; LO)

(LO) 20 m

71 MHz

(Phase locked oscillator; PLO) 20 1420 MHz LO

1.3 LO PLO



1.2 9

71 MHz

PLO 2013 6 1430 MHz

70.75 MHz

1415± 10 MHz

(4) (Mixer)

RF LO 1420± 10 MHz

RF 1420 MHz LO In-phase (I)

Quadrature-phase (Q) 2

RF I Q

(5) (Low pass filter; LPF)

0 10 MHz

(6) (Amplifier; Amp)

0–10 MHz 50 dB

(7) (Detector)

2

Analog-to-digital (A/D) 100 Hz 0–100 Hz

2010 4

0–10 MHz I Q

I Q 2 −10 MHz +10 MHz 1

I/Q 1410–1420 MHz

1420–1430 MHz

2 1

WJN

2010 4 I/Q A/D

1410–1420MHz 1420–1430 MHz

RF

2010 4

I/Q A/D

2006

(Niinuma et al. 2007b) 30 1



10 1

1.2.3

20 m 8 2 1 2

4 2

V1, V2 〈V1V2〉
x(t)

x(t) ∝ 〈V1V2〉 = 1
tsmp

∫ tsmp

0
V1(τ)V∗2 (τ − t) dτ (1.1)

tsmp = 1 s 2010 4

tsmp = 0.629 s (1.1)

2010 4

2

V1, V2 V1 + V2, V1 −V2

x = |V1 + V2|2 − |V1 −V2|2 = 2V1V∗2 + (2V1V∗2 )∗ (1.2)

I/Q V1, V2

x = 4V1V2

V1 + V2

2 2 Pin-phase = |V1 + V2|2
A/D V1 −V2

LO π LO

π V2 · eiπ = −V2

Pin-phase LO

Pout-of-phase = |V1 − V2|2 A/D Pin-phase

0.01 s 50 0.5 s 1

Pout-of-phase Pin-phase Pout-of-phase 2

Pin-phase − Pout-of-phase (1.2)

x

4

2 84 m

21 cm 84 m 0.14◦



1.3 11

0.6◦

1 1 1

1 (86400 s) 84600 s 1800 s

1 1 1

13 00 12 30 84600 s

86300 s

100 s

1.3

x(t) (1.1) t̂ x[t̂]

x[t̂] = x(tsmp × t̂) (1.3)

tsmp tsmp =

1 s tsmp = 0.629 s 84600 s

t̂ = 0, 1, 2, . . . , 84599

2 V2

1.4 2

F(t) =
[

2J1(ka sin θ(t))
ka sin θ(t)

]2

cos(kD sin θ(t)) (1.4)

k λ k = 2π/λ a 10 m D

84 m θ(t) θ(t) = ωt cos δ

ω 2π/86164 rad s−1 t δ

J1 1 1 [. . . ]2

cos(. . . )

Ps

P̂s
Ps ≈ λ/(D ω cos δ), i.e., P̂s = Ps/tsmp (1.5)

20 m D, ω

Ps δ (1.5) 20 m

32–42◦ 40–46 s

37◦ 43 s

0.6◦



12 1

Object

Interferometer

Beam
Time (Right ascension)

Fringe

1.4

144 s (u–v )

144 s 1

1.4

20 m

2004 2006 (Niinuma et al.

2007b)

30 1

300 K −100 dBm *3

2010 4

2 LO

I/Q

I/Q Nyquist (20 MHz)

*3 T Δν kB

P = kBTΔν T = 300 K, Δν = 20 MHz P = 8× 10−11 mW = −100 dBm



1.5 13

(1.1)

(Signal-to-noise ratio; S/N) 2

1 s

0.629 s

(Tanaka et al. 2012)

2012 1430 MHz

(Radio frequency interference; RFI)

1400–1427 MHz 20 m

1410–1430MHz

1430 MHz MHz

2012 10

BPF 1 2

2013 6 1405–1425 MHz

RFI

1.2

2004

20 m

2006

(Niinuma et al. 2007b)

2010 4

2012 10

BPF 1 2

2013 6

1420± 10 MHz 1415± 10 MHz

1.5

1.3 x(t)

Kuniyoshi et al. (2006) Takefuji et al. (2007)

WJN

Kuniyoshi et al. (2006) WJN

1.3 (1.4)



14 1

1.4 (1.5)

(Short-time Fourier transform; STFT)

–

STFT

X[t̂, f̂ ] =
n−1

∑
k=0

x[k]w[k− t̂] e−i2π f̂ k/n (1.6)

t̂ f̂ f̂

w[t̂] n

t, f t̂, f̂
t = tsmp × t̂, f = f̂ /(n tsmp) (1.7)

RF

20 m

t̂ t̂ = 0, 1, 2, . . . , 84599 ( 1.3 ) f̂

x[t̂] n f̂ = 0, 1, 2, . . . , n/2− 1

w[t̂] n

Kuniyoshi et al. (2006)

(1.5) 2

n = 2P̂s 1.3 20 m

43 s n = 86 Takefuji et al.

(2007) STFT (1.6) Wiener–Khinchin

STFT

Kuniyoshi et al. (2006)

2

x[t̂]

S[t̂, f̂ ] = |X[t̂, f̂ ]| (1.8)

S

Jy 1.5 WJN J1443+3439

WJN J1443+3439

0 s 500 s

( 1.2 )



1.5 15
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 -6
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 0
S/N

Spectrogram

0

F

00  500  1000

]]

Signal

Noise band

Spectrum at a time of 0 s

Fringe signal

Signal

Receiver gain calibration artifact

Mean

 0

1.5 WJN J1443+3439
S/N

(1.5)

fs = 1/Ps, i.e., f̂s = n tsmp/Ps (1.9)

1.5

S[0, f̂ ] f̂s

(1.8) S[t̂, f̂ ]

S/N Kuniyoshi et al.

(2007) S/N

R[t̂, f̂s] =
S[t̂, f̂s]

〈S[t̂, f̂n]〉
(1.10)

〈S[t̂, f̂n]〉,
f̂s f̂n 	= f̂s

〈S[t̂, f̂n]〉 = 1
n/2− 2 ∑

f̂ 	=0, f̂s

S[t̂, f̂ ] (1.11)

1.5 S/N R[t̂, f̂ ]



16 1

t̂

(1.5)

WJN

(Kuniyoshi et al. 2007; Niinuma et al. 2007a;

Matsumura et al. 2007; Kida et al. 2008; Matsumura et al. 2009; Niinuma et al. 2009)

BPF

A

STFT

1σ 300 mJy

(Niinuma et al. 2007a)

500 mJy

WJN J1737+3808

J0445+4130 5σ 3σ (Kuniyoshi et al. 2007; Matsumura

et al. 2007) 5σ 3σ

3

WJN

1.6 WJN

20 m 2004 1 2009 11

11 WJN (Kuniyoshi et al.



1.6 WJN 17

2007; Niinuma et al. 2007a; Matsumura et al. 2007; Kida et al. 2008; Matsumura et al.

2009; Niinuma et al. 2009) WJN

1.42 GHz 1 Jy 11 10 1

48 h WJN

J1443+3439 2

24 h 72 h (Niinuma et al. 2007a)

Kida

et al. (2008) R
>1 000 mJy
1.42 GHz ≈ 5× 10−3 deg−2 year−1

Matsumura et al. (2009) 8× 10−2 deg−2 year−1

20 m

Ω t 0.6◦ ω δ

Ω ≈ 0.6◦ × ωt cos δ

Ofek et al. (2010) 3

WJN 4
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2

STFT

S/N

S/N

( 1.5 )

WJN

2

(e.g., Thompson et al. 1986)

(Aoki et al. 2012) 2

S/N

2.1

S/N Kuniyoshi et al. (2006) (1.10)

1.5

Kuniyoshi et al. (2006) (1.6) STFT n = 86

(1.9) f̂s = 2

{ f̂n} = {0, 1, . . . , n/2− 1}\{0, f̂s}
〈S[t̂, f̂n]〉 (1.11) n = 86



20 2

 0
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[d
B

]

Frequency [1/256 Hz]

 0

 0.5

 1

 0  64  128  192  256

A
m

p
li

tu
d
e

Time [1/256 s]

-3

-2

-1

 0

-2048 -1024  0  1024  2048

A
m

p
li

tu
d
e 

[d
B

]

Frequency [1/256 Hz]

Rectangular window

Hann window

2.1 1 s

n = 256

w[t̂] =

{
0.5− 0.5 cos(2πt̂/(n− 1)), if 0 ≤ t̂ ≤ n− 1,
0, otherwise

(2.1)

0 2.3.2

0.6◦ 144

n = 256 Kuniyoshi

et al. (2006) 2.1

40–46 s

(1.9) f̂s = 6

f̂s = 6

{ f̂n} = {10, 11, . . . , n/2− 1} Kuniyoshi

et al. (2006) (1.11) n = 256

〈S[t̂, f̂n]〉 = 1
n/2− 10 ∑

f̂≥10

S[t̂, f̂ ] (2.2)



2.2 1 21

S/N (1.10)

R[t̂, f̂s] =
S[t̂, f̂s]

〈S[t̂, f̂n]〉
(2.3)

t̂ S[ f̂ ]

Kuniyoshi et al. (2006)

Takefuji et al. (2007)

2.2 1

2 1

1 1

Thompson et al. (1986)

20 m (1.1) 2

tsmp V1, V2

x(t) x[t̂]

x[t̂] N(0, σ2)

x ∼ N(0, σ2) (2.4)

x[t̂] (1.6) X[ f̂ ]

ReX ImX

ReX ∼ N(0, σ2), ImX ∼ N(0, σ2) (2.5)

N(0, σ2)

2.1 X N(0, σ2)

(1.8) S Rayleigh(σ)

S = |X| =
√
(ReX)2 + (ImX)2 ∼ Rayleigh(σ). (2.6)

1.5

Rayleigh(σ)

Rayleigh(σ) Thompson et al. (1986)

S m

Smax = max{S1, S2, . . . , Sm} Smax Rayleigh(σ)m

Smax = max{S1, S2, . . . , Sm} ∼ Rayleigh(σ)m (2.7)



22 2

2.1

N(0, σ2) p(x) = (1/
√

2πσ2 ) e−x2/(2σ2)

Rayleigh(σ) p(x) = (x/σ2) e−x2/(2σ2)

Rayleigh(σ)m p(x) = m(1− e−x2/(2σ2))m−1 · (x/σ2) e−x2/(2σ2)

— x
p(x)

1 (false detection rate; FDR) FDR1

FDR1 =
∫ ∞

Ss
m
(

1− e−S2/(2σ2)
)m−1 × S

σ2 e−S2/(2σ2) dS (2.8)

Ss f̂s S[ f̂s] σ

x[t̂] m 1

m

Ss

(2.8)

σ

S (2.3) S/N R

(2.3) S/N R = S/〈S〉 (1.8)

S Rayleigh(σ) 〈S〉 = σ
√

π/2

(2.3)

R =
S
〈S〉 =

S
σ
√

π/2
(2.9)

S/N R Rayleigh(
√

2/π) (2.8)

FDR1 =
∫ ∞

Rs
m
(

1− e−πR2/4
)m−1 × π

2
R e−πR2/4 dR (2.10)

Rs S/N

Rs =
S[ f̂s]

〈S[ f̂n]〉
=

Ss

σ
√

π/2
(2.11)

(2.10) σ

1 FDR1
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2.3 2

1 x[t̂]

RFI

1 1 (2.10)

S/N Rs 1

(Aoki et al. 2012) 2 1

1 2

1 2

2

3

tsmp

2.3.1 2

2 x(t)

20 m

2.2

1200 –

[t̂, f̂ ] = [1200, 4]

Δts 20 m Δts = 144 s ( 1.2

) 2

(1) S/N Rs

(2) Δts
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Time index
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 400  800  1200  1600  2000

S
N

R

 0

 7

 14

S
N

R

Freq. index 63

Freq. index 4

0

1

2

3

4

5

6

7

Time index

2.2 (1.4)
Gnu Scientific Library (Matsumoto &

Nishimura 1998)

2 *1 2.2

(2) (1)

S/N

(2)

(1), (2)

2.2 –

[t̂, f̂ ] ≈ [450, 63] R = 4

(2)

1

1

*1 (2) 43 s
50 s

2.2 (2)
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2.2 2

tsmp 0.629 s 1 s

Δt̂s 228 144

P̂s 68 43

f̂s 4 6

STFT w[t̂]

n 256 256

— Δts 20 m 0.6◦ Δts =

144 s

2.3.2

Δt̂s (2)

20 m Δts = 144 s

tsmp

2.2 1.2

tsmp = 0.629 s (1.5)

Δt̂s = 228 tsmp = 1 s

Δt̂s = 144 3

Δt̂ Δt̂s

R[t̂, f̂ ] f̂ f̂ S/N R[t̂]

Δt̂

S/N 2

f̂ = 4 2.3

S/N R[t̂] R[t̂]

2.3 R[t̂]
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 0

 400  800  1200  1600  2000

S
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e

Time index
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S

/R

Peak value R

Duration

Freq. index 4

2.3 Δt̂s f̂ = 4 S/N
R[t̂, 4] 2.2 R[t̂, 4]

20
20 2.2 Δt̂s � 200 1/10

1/10
Δt̂s w[t̂]

Δt̂
2 Δt̂s S/N

STFT R[t̂]

2.2

2.3

2

Δt̂ Δt̂s

S/N R

(2)

2.3.3 2

Δt̂s

S/N

2.2 [t̂, f̂ ] � [450, 63] S/N R ≈ 4

Δt̂s



2.3 2 27

S/N (duration > 228)
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o
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n

ts

Signal band Noise band

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

0
1

0
2

0
3

0
4

0
5

0

2.4 Δt̂s (= 228) S/N 1
1

f̂s = 4 4
3 S/N R < 2 1 R > 7

R > 7 2.2 [t̂, f̂ ] � [1200, 4]
228

f̂n = 10, 11, . . . , 127 S/N

f̂s

Δt̂s S/N R ≈ 4

Δt̂s S/N

2.4

2.3

S/N

2.4

Δt̂s S/N

2.2 2400

2.7 2.4

S/N 5

2 RFI

2.4

S/N Rj, j = 1, 2, . . . , N N

S/N Rj
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2.4 Rj 1 1

p(R)

Rj p(R) [0, ∞)

(Silverman 1986)

Rj ρj = ln Rj ρj

ρ q(ρ)

K(ρ) =
1√
2π

e−ρ2/2 (2.12)

q(ρ) ddρ =
1

Nh

N

∑
j=1

K
(

ρ− ρj

h

)
dρ (2.13)

h

Scott (1992)

R stats package ρ

q(ρ) R p(R)

p(R) dR = q(ρ) dρ (2.14)

dρ = dR/R p(R)

p(R) =
q(ln R)

R
(2.15)

2.4 N = 10 082, h = 0.052

p(R) 2.4

2.3.4 2

2 p(R)

FDR2

FDR2 =
∫ ∞

Rs
p(R) dR (2.16)

2.2

Δt̂s

(2) S/N R ≈ 13 (1)

S/N S/N



2.3 2 29

(2.16) Rs = 13

FDR2 =
∫ ∞

13
p(R) dR < 1.0× 10−25 (2.17)

p(R)

S/N R = 13

(1), (2) 2

(1), (2)

FDR2

Aoki et al. (2012) .

2.3.5 2

2.2 2

2

2010 6 29

19 30 7 (2010-06-29 10:00:00 UT 2010-06-29 22:00:00 UT) 12

33◦30′

14h–24h 0h–2h 2.5

9

9 2.7

(2)

S/N 9 2 S/N

5 < R < 6 7 R > 7 9 1

2.6 NVSS J004055+331007 S/N

Rs = 10.2 (2)

S/N

p(R) NVSS J004055+331007 (Rs = 10.2) (2.16)

FDR2 = 5.9× 10−68 < 10−67 2.6 NVSS J004055+331007

2.3 1 Jy

WJN
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2.5 2010 6 29 19 30 7 33◦33′

9
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2.6 NVSS J004055+331007 (3.2 Jy) (Condon et al. 1998) 2.5
(6)
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S/N R (duration > 228)
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0
5

1
0

1
5 Signal band Noise band

2.7 2.5 2 Δt̂s (= 228)
S/N

2.3 1

FDR2

(1) J160207+332653 2.9 Jy 10−40

(2) J190348+331920 0.8 Jy 10−10

(3) J192417+332929 3.1 Jy 10−79

(6) J004055+331007 3.2 Jy 10−67

(7) J012644+331309 3.7 Jy 10−123

(8) J013741+330935 14.0 Jy 10−300

— 1 2.5 2, 3
4 2

(4), (5)
20 m (9)

J013741+330935
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3

WJN

WJN 2 2

WJN J1443+3439

3.1 1

WJN J1443+3439 ( 1.5) 2.2

1

N(0, σ2) σ

500 mJy (2.3) S/N R

Rayleigh(
√

2/π) WJN J1443+3439 S/N Rs = 4.8

20 m 1 m

1.2 84 600 144

m = 84 600/144 ≈ 600 (3.1)

Rs = 4.8, m = 600 (2.10)

FDR1 =
∫ ∞

4.8
600

(
1− e−πR2/4

)599 × π

2
R e−πR2/4 dR = 8.32× 10−6, (3.2)

FDR1 = 10−5.08 3.3

3.2 2

WJN J1443+3439 ( 1.5) 2.3

2 2 WJN J1443+3439 1

3.1
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S/N (duration > 144)
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C
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0
1

0
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0
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0
4

0
Signal band

(1)

0 1 2 3 4 5 6 7

3.1 WJN J1443+3439 Δt̂s (= 144)
WJN J1443+3439 S/N

S/N Rs = 4.8

p(R)

(2.16) Rs = 4.8

FDR2 =
∫ ∞

4.8
p(R) dR = 10−6.47 (3.3)

3.3

3.3

2

FDR1, FDR2

2

1− FDR = (1− FDR1)(1− FDR2) (3.4)

FDR 1− FDR1 1

1− FDR 1

2

FDR (3.4)

FDR > FDR1, FDR > FDR2 FDR 1

2 WJN

J1443+3439 FDR1 = 10−5.08, FDR2 = 10−6.47

FDR = 10−5.06

WJN

S/N
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WJN

Petrov et al. (2007) 10−5

10−5

10−5

FDR > 10−5

FDR < 10−5

3.4 WJN

1 WJN 11

3.1 11

WJN J1443+3439 10−5

10−5 5 J0645+3200

J1039+3300 J1737+3808 J0951+3300 J1039+3200 10−5

10−3 5 J0200+4142 J0202+4142

J0205+4142 J0445+4130 J1043+4130 10−3

10−5 WJN

J1443+3439 1 10
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3.4.1 WJN J0200+4142

WJN J0200+4142 2005-02-09 17:00:00 JST 1 3.12

WJN J0200+4142 S/N Rs = 2.4 1 FDR1 = 1.0 =

100.00 1 Rs = 2.4

S/N 3.2 2

WJN J0200+4142 Rs = 2.4

Rs = 2.4 FDR2 = 10−1.26

(3.4) FDR1 FDR2

FDR = 100.00 WJN J0200+4142

S/N (duration > 144)

P
ro

b
ab

il
it

y
 d

en
si

ty

0 1 2 3 4 5 6 7

0
.0

0
.4

0
.8

Noise band

C
o

u
n

ts

0
1

0
2

0
3

0
4

0

Signal band

0 1 2 3 4 5 6 7

3.2 WJN J0200+4142 Δt̂s (=

144) WJN J0200+4142

3.4.2 WJN J0202+4142, J0205+4142, J0445+4130

WJN J0202+4142, J0205+4142, J0445+4130 2

3.3 3.5 3.13 3.15

S/N Rs = 3.0, 3.0, 3.8 3.1
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3.4.3 WJN J1043+4130

WJN J1043+4130 2005-01-02 15:00:00 JST 1 3.16

WJN J1043+4130 S/N Rs = 4.2 1 FDR1 = 10−3.24

3.6

3.16

t̂ = 46800

*1

3.3 FDR2

3.3 FDR2 = 10−3.00

FDR = 10−2.80 WJN J1043+4130 10−5

S/N (duration > 144)
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3.6 WJN J1043+4130

3.4.4 WJN J0645+3200

WJN J0645+3200 2005-03-27 14:00:00 JST 1 3.17

WJN J1043+4130

3.7

FDR2 FDR2 = 10−3.20

WJN J0645+3200 S/N Rs = 4.6 1 FDR1 = 10−4.44

FDR = 10−3.18 Petrov et al. (2007)

10−3 “marginally detected” 10−5 “reliably detected”

*1 D
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WJN J0645+3200 “marginally detected”

Petrov et al. (2007) WJN

10−5 WJN J0645+3200

S/N (duration > 144)
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3.4.5 WJN J1039+3300, J1737+3808, J0951+3300

WJN J1039+3300, J1737+3808, J0951+3300 2

3.8 3.10 3.18 3.20

S/N Rs = 3.9, 4.4, 4.4 3.1

10−5

S/N (duration > 144)
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S/N (duration > 144)
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3.4.6 WJN J1039+3200

WJN J1039+3200 2005-03-04 14:00:00 JST 1 3.21

WJN J1039+3200 S/N Rs = 4.9 1 FDR1 = 10−5.41

2

FDR2 = 10−4.53 FDR = 10−4.47 10−5

3.21 t̂ = 52000

3.11 S/N > 5

WJN J1043+4130

WJN J1039+3200 S/N



42 3 WJN

S/N (duration > 144)
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3.4.7 WJN J1443+3439

WJN J1443+3439 2005-02-14 17:00:00 JST 1 3.22
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4

3 WJN J1443+3439 10−5

2004 1 2009 11

WJN J1443+3439 1

S (1.8)

4.1

Σ
Σ = N/Ω (4.1)

Ω deg2 N Ω

Σ

deg−2 1

20 m

WJN WJN J1443+3439 1

N = 1 Ω

4.1.1

20 m 1 (1 )

Ω1 =
∫ 2π

0
dφ

∫ π/2−δ+θHP

π/2−δ−θHP

sin θ dθ = 4π cos δ sin θHP (4.2)

δ θHP 0.3◦

1.2 20 m δ = 37◦
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4 1

4Ω1 WJN

2004 1 2009 11 1 200

Ωtot = 4Ω1 × 1 200 = 8× 105 deg2

.

B

Ω = Ωtot × 0.62 = 5× 105 deg2 (4.3)

4.1.2

2004 1 2009 11 Ω

WJN J1443+3439 1

1.42 GHz 3 Jy 3 Jy 10−5

(2.10) FDR1 = 10−5 , m = 600 S/N

Rs = 4.8 S/N (2.11) Ss = 6.0σ

σ = 500 mJy FDR1 = 10−5

3 Jy

1.42 GHz 3 Jy

(4.1) N = 1, Ω = 5× 105 deg2

Σ
>3 000 mJy
1.42 GHz = 2+9

−1.9 × 10−6 deg−2 (4.4)

95%

N 20 m

WJN J1443+3439 1 N = 1

N 95% [0.0253, 5.57]

(4.1)

R

τ

R = Σ/τ (4.5)

(Ofek et al. 2010) 1 Kida et al. (2008)

Matsumura et al. (2009)
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(4.5)

R
>3 000 mJy
1.42 GHz = 1+7

−1 × 10−3
(

τ

0.5 day

)−1
deg−2 year−1 (4.6)

WJN J1443+3439 1

R
>3 000 mJy
1.42 GHz = 5+35

−5 × 10−4 deg−2 year−1 Kida et al. (2008)

5× 10−3deg−2 year−1 Matsumura et al. (2009) 8× 10−2 deg−2 year−1

1 WJN J1443+3439

N = 1

WJN J1443+3439

WJN J1443+3439

N = 0 N

95% [0.00, 3.00] 20 m

0 95%

Σ
>3 000 mJy
1.42 GHz � 6× 10−6 deg−2 (4.7)

R
>3 000 mJy
1.42 GHz � 4× 10−3

(
τ

0.5 day

)−1
deg−2 year−1 (4.8)

4.2

20 m (4.4)

WJN J1443+3439 4.1

Σ 95%

Σ 5%

95%

Bower et al. 2007 (Bow07 2-month/single), Bower et al. 2010 (Bow10a/b),

Ofek et al. 2011 (Ofe11), Jaeger et al. 2012 (Jae12), Gal-Yam et al. 2006 (Gal06), Bannister

et al. 2011 (Ban11), Croft et al. 2010 (Cro10), Bower & Saul 2011 (Bow11a/b), and Lazio

et al. 2010 (Laz10). Bell et al. (2011)



58 4

Gal06:

Levinson et al. (2002), Gal-Yam et al. (2006), Ofek et al. (2010)

Σ
>6 mJy
1.4 GHz = 4.1+19

−4 × 10−4 deg−2

1 Levinson et al. (2002)

1/17

Gal-Yam et al. (2006) Ofek et al. (2010) II VLA

J172059.9+385226.6 1

95%

Bow07 single:

Bower et al. (2007), Frail et al. (2012) Σ
>0.37 mJy
5 GHz � 0.64 deg−2

Bower et al. (2007) 5 GHz 1 7

1.5 deg−2

4.7 deg2 Frail et al. (2012)

RT 19920826

RT 19920826

Frail et al. (2012)

0 Bower et al. (2007)

0

RT 19920826 1

Σ
>0.37 mJy
5 GHz = 0.21+0.97

−0.207 deg−2

Bow07 2-month:

Bower et al. (2007) 2 1.9 deg2

Frail et al. (2012) 0 Σ
>0.2 mJy
5 GHz � 1.6 deg−2

4.1 “Bow07 single” −3/2

N S

dN/dS ∝ S−5/2 N(> S) ∝ S−3/2

4.1

0.1 Jy 1 Jy

Σ(> S) ∝ S−3/2

“Bow07 single”
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Σ(> S) < 0.15×
(

S
mJy

)−3/2
deg−2 (4.9)

“Gal06”

2.3× 10−3 deg−2

Σ(> S) < 0.034×
(

S
mJy

)−3/2
deg−2 (4.10)

20 m 3 Jy 5× 105 deg2

(4.9) 0.5

20 m 2009 11

1 WJN J1443+3439

(4.10) 0.1

“Bow07 single” “Gal06”

WJN Frail

et al. (2012) “Bow07 single” RT 19920826 1

20 m

95% 0.8

WJN J1443+3439 1

WJN J1443+3439



60 4

C
ro

1
0

B
o
w

0
7

si
ng

le

B
o
w

0
7

2
-m

o
nt

hs

B
o
w

1
0
a

B
o
w

1
0
b

B
o
w

1
1
a

B
o
w

1
1
b

L
az

1
0

O
fe

1
1

B
el

l1
1

G
al

0
6

B
an

1
1

Ja
e1

2

T
h
is

 s
tu

d
y

1
0

-1
1
0

0
1
0

1
1
0

2
1
0

3
1
0

4
1
0

5
1
0

6
1
0

7
1
0

-8

1
0

-7

1
0

-6

1
0

-5

1
0

-4

1
0

-3

1
0

-2

1
0

-1

1
0

0

1
0

1

1
0

2

 

 

Sky-surface density [deg-2]

F
lu

x
 d

en
si

ty
 [

m
Jy

]

U
p
p
er

 l
im

it
s 

b
as

ed
 o

n
 n

o
 d

et
ec

ti
o
n

E
x
p
ec

te
d
 v

al
u
es

 b
as

ed
 o

n
 d

et
ec

ti
o
n

T
id

al
 d

is
ru

pt
io

n 
fl
ar

es

Ty
pe

 I
I 
R

SN
e

L
on

g 
G

R
B

 o
rp

ha
n 

af
te

rg
lo

w
s

N
S-

N
S 

m
er

ge
rs

SN
 1

99
8b

w
 li

ke

4.
1

Σ
(>

S)
S

Fr
ai

le
ta

l.
(2

01
2)



4.3 61

4.3

4.2

(Cordes et al. 2004).

SD2 = 2πkBT(ντ)2 (4.11)

S D T

ν τ kB (4.11)

C 4.2

Crab Nanoshots: Crab

(Hankins et al. 2003; Hankins & Eilek 2007) ν = 9.25 GHz

τ = 0.4 ns S = 2 MJy

Crab D = 2 kpc 4.2

12 cm 1041 K

RRATs: Rotating radio transients (RRATs)

McLaughlin et al. (2006)

Lorimer bursts: Lorimer et al. (2007)

1.4 GHz 5 ms 30 Jy

500 Mpc

Keane et al. (2011) 1.4 GHz

7 ms 410 mJy 500 Mpc

XTE J1810-197: X

1.4 GHz 0.15 s 6 mJy

3.3 kpc

Pulsars: ATNF Pulsar Catalogue

0.4 GHz (Manchester et al. 2005)

GCRT J1745-3009: Hyman et al. (2005)

0.33 GHz 1 Jy 10
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77 5

: (Kulkarni & Phinney 2005)

(Turolla et al. 2005) (Zhang & Gil 2005), (Zhu &

Xu 2006) (Roy et al. 2010)

Flare stars: AD Leonis, Luyten 726-8A LP944-20

AD Leonis, Luyten 726-8A 1.5 GHz 5 GHz

5 mJy 30 (Jackson et al. 1989) LP 944-20

6 0.1 mJy 2.6 mJy 2

(Berger et al. 2001)

SN 1998bw: Ib 4.8 GHz 10

50 mJy 80 (Kulkarni et al. 1998).

VLA 121550.2+130654: Gal-Yam et al. (2006)

II 16 Mpc VLBA

1.4 GHz 15 mJy 10

Swift J1644+57:

(Zauderer et al. 2011) 5 GHz

1 mJy 1 1 Gpc

AGN IDV, GRB: (active galactic nuclei; AGN) 1 (intraday

variability; IDV) (gamma-ray burst; GRB)

Cordes et al. (2004)

WJN 1.42 GHz 1 Jy

4.2

WJN J1443+3439

2 3 (Niinuma et al. 2007a)

WJN

AGN IDV

WJN

4.2 WJN
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J1443+3439 Niinuma

et al. (2007a) WJN J1443+3439

LP 944-20 GCRT J1745-3009

WJN J1443+3439
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4.4 WJN J1443+3439

WJN J1443+3439

x

Σ−1

x

P(x) = 1− e−Σx (4.12)

95% 1

x P(x) ≥ 95%
x ≥ ln 20/Σ (4.13)

WJN J1443+3439

Σ
>3 000 mJy
1.42 GHz = 2× 10−6 deg−2 ( 3 ). (4.13) 95%

1

x ≥ 2× 106 deg2

Σ
>3 000 mJy
1.42 GHz = 2× 10−6 deg−2

S

Σ>S
1.42 GHz = 0.3×

(
S

mJy

)−3/2
deg−2 (4.14)

S

WJN J1443+3439

x > 10×
(

S
mJy

)+3/2
deg2 (4.15)

Square Kilometre Array (SKA)

SKA Phase 1 Aeff/Tsys ∼
103 m2 K−1 ΩFoV ∼ 1 deg2 (SKA Science Working Group 2011)

Aeff Tsys SKA

Phase 1 Δν Δt

σSKA1 ∼ 5 μJy
(

Δν

100 MHz
· Δt

1 h

)−1/2
(4.16)

Lien et al. (2011) Smin = 3σSKA1

1 Smin ∼ 15 μJy 15 μJy
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WJN J1443+3439 95%

0.02 deg2 99% 0.03 deg2 SKA

ΩFoV ∼ 1 deg2 WJN J1443+3439
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5

(

)

20 m

S/N

2.2 1

RFI

1

2.3 2 2 1

1

2

2 1
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1 2 WJN

1 2

3.3

WJN

10−5

3.1 11

WJN J1443+3439 10−5

10−5 5

J0645+3200 J1039+3300 J1737+3808 J0951+3300 J1039+3200

10−5 10−3 5 J0200+4142

J0202+4142 J0205+4142 J0445+4130 J1043+4130 10−3

10−5 WJN J1443+3439

1 10

2004 1 2009 11

5× 105 deg2

WJN J1443+3439

1.42 GHz 3 Jy

2× 10−6 deg−2

95%

2+9
−1.9 × 10−6 deg−2

WJN J1443+3439

2× 10−6 deg−2

2× 10−6 deg−2

2× 106 deg2 95%

−3/2

3 Jy

Square Kilometre Array

(SKA) Phase 1 100 MHz 1 h

15 μJy 3 Jy

2× 10−6 deg−2 15 μJy 200 deg−2

15 μJy 95%
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0.02 deg−2 SKA Phase 1 1 deg2

WJN J1443+3439

1 1

20 m 1

8 8

20 m

8 8
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4 ( )

( )
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A

1.5

(1.4)

sin ωt [t0, t0 + Δ]

u(t− t0) u(t0 + Δ− t) A.1

f (t) = sin ωt · u(t− t0) u(t0 + Δ− t) (A.1)

ω T

ω = 2π/T u(t)

j = 0, 1, . . . , N − 1 R[j]

R[j] =
N−1

∑
i=0

f [i] f [i + j], f [N] = f [N + 1] = · · · = f [2N − 1] = 0 (A.2)

(Kuniyoshi et al. 2007; Niinuma et al. 2007a; Matsumura et al. 2007; Kida et al.

2008; Matsumura et al. 2009; Niinuma et al. 2009)

(A.1) f (t)

R(τ) =
∫ +∞

−∞
f (t) f (t− τ) dt (A.3)
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1

-1

0

C
o
rr

el
at

io
n

Delay time [sec]

0 45 90 135 130 135 140

A.1 : f (t)
(A.7) : 45 s

R(0) r(τ) = R(τ)/R(0) :
3 3

135 s (= 45 s× 3)

R(τ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, τ ≤ −Δ,

τ + Δ

2
[cos ωτ − sinc ω(τ + Δ) · cos ω(2t0 + Δ)] , −Δ ≤ τ ≤ 0,

−τ −Δ

2
[cos ωτ − sinc ω(τ −Δ) · cos ω(2t0 + Δ)] , 0 ≤ τ ≤ Δ,

0, Δ ≤ τ

(A.2) 0 ≤ τ ≤ Δ

sin ωt

R(τ) = −τ −Δ

2
[cos ωτ − sinc ω(τ −Δ) · cos ω(2t0 + Δ)] (A.4)

A.1 [ ]

ω

T

ω(2t0 + Δ) =
π

2
+ nπ, n = 0,±1,±2, . . . (A.5)
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t0 Δ cos ω(2t0 + Δ) = 0 [ ] cos ωτ

t0

T t0 = T/4

(A.5) Δ

Δ =
2n− 1

4
T (A.6)

A.1 t0 = T/4, Δ = 13T/4

(A.4)

R(τ) = −τ −Δ

2
cos ωτ (A.7)

A.1 t0 = 0

Δ T/4 R(τ)

(A.5)

(A.7)

(A.4)
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B

4

( )

Ofek et al.

(2011)

Σ′ = dN/(dΩ dS)

S

Σ(> S) =
∫ ∞

S
Σ′(S′)dS′ = αS−γ (B.1)

γ ≈ 3/2

θHP

P(θ, φ) = exp

[
−1

2

(
θ

θHP/
√

2 ln 2

)2
]

(B.2)

θ = 0

Smin,0 θ

Smin(θ) = Smin,0/P(θ, φ)

N =
∫ 2π

0
dφ

∫ θHP

0
dθ sin θ

∫ ∞

Smin(θ)
Σ′(S′) dS′ (B.3)

θ < θHP sin θ ≈ θ

Σ(> Smin,0) =
N

πθ2
HP
· γ ln 2

1− e−γ ln 2 (B.4)
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πθ2
HP γ ln 2/(1− e−γ ln 2)

Ω =
1− e−γ ln 2

γ ln 2
· πθ2

HP (B.5)

γ = 3/2 0.62

(B.5)
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C

(4.11)

(4.11)

Iν ≈ 2ν2kBT/c2 ν kB T

c θsrc Rsrc

D θsrc � 1 θsrc ≈ Rsrc/D

S =
∫ 2π

0
dφ

∫ θsrc

0
dθ sin θ · Iν cos θ (C.1)

θsrc ≈ Rsrc/D

S ≈ π

(
Rsrc

D

)2
· 2ν2kBT

c2 (C.2)

τ Rsrc Rsrc ≈ cτ

SD2 ≈ 2πkBT(ντ)2 (C.3)

τ SD2

θsrc ≈ Rsrc/D Rsrc ≈ cτ 3

h

SD2 = 2πh
ν3τ2

ehν/(kBT) − 1
(C.4)

hν/(kBT)� 1 (C.3)
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D

D.1

20 m

D.1 1.3–1.5 GHz RF 60 dB

20 m

24 D.2

20 m

2009 12 20 ( ) 11 2009 12 21 ( ) 10

8 8
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Antenna

LNA Amp

Spectrum

analyzer

-70

-60

-50

-40
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