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Synopsis
- 45 years radio light curve of PKS 2131-021
- two epochs of strong sinusoidal variation with the same period and phase
- unlikely due to random fluctuations at 4.60 significance level
- suggests a Super Massive Black Hole Binary (SMBHB)




45 years radio light curve: two epochs of periodic signal
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Sinusold fits: two epochs with matching period and phase

Table 1
Sine-fitting Results for Epoch 1, Epoch 2, Epoch 3, and the Joint Epoch 1 + Epoch 3 Data Sets
epoch 1 epoch 2 epoch 3 epoch 1 + epoch 3
P (days) [ 1720.1 +32.4] 3779.1 + 46.0 | 17604 +5.3 | 1737.9 + 2.6
[ 0.89 + 0.46 0.35 £ 0.08 0.60 £+ 0.07 0.88 £+ 0.03
A (epoch 1) 0.709 £ 0.047 0.679 £ 0.045

Sp (epoch 1)
oy (epoch 1)
A (epoch 2)
Sp (epoch 2)
oy (epoch 2)
A (epoch 3)
Sp (epoch 3)
gy (epoch 3)

2553 £0.036
0.333 £ 0.022

0.392 +0.020
1.724 + 0.021
0.140 £ 0.009

0.400 £ 0.007
2.225 + 0.005
0.118 £+ 0.004

2584 £0.034
0.337 +£0.023

0.400 £ 0.007
2.229 + 0.005
0.120 £ 0.004

Note. We also determined the least-squares sine fit to epoch 3 for shifted boundaries between epoch 2 and epoch 3 at MID 51,200 and MID 53,800, with the results
P =1762.9 + 6.1 days and P = 1756.0 £ 5.5 days, respectively. These may be compared with the result above of P = 1760.4 4+ 5.3 days for the boundary set at
MIJD 52.850. The peak periods identified in our WWZ analyses of epochs 1, 2, and 3 were 1740, 3919, and 1779 days, respectively. Those in our GLS analyses were
1730, 3937, and 1788 days, respectively.
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Sinusold fits: two epochs with matching period and phase

Table 1
Sine-fitting Results for Epoch 1, Epoch 2, Epoch 3, and the Joint Epoch 1 + Epoch 3 Data Sets
epoch 1 epoch 2 epoch 3 epoch 1 + epoch 3
P (days) 1729.1 4 32.4 3779.1 £ 46.0 17604 + 5.3 1737.9 £ 2.6
do | 089+046 | 0.35 + 0.08 | 0.60+007 | 0.88 + 0.03

A (epoch 1)
Sp (epoch 1)
oy (epoch 1)
A (epoch 2)
Sp (epoch 2)
oy (epoch 2)
A (epoch 3)
Sp (epoch 3)
gy (epoch 3)

0.709 £+ 0.047
2.553 £ 0.036
0.333 £ 0.022

0.392 +0.020
1.724 + 0.021
0.140 £ 0.009

0.400 £ 0.007
2.225 + 0.005
0.118 £+ 0.004

0.679 £ 0.045
2.584 =+ 0.034
0.337 £ 0.023

0.400 £ 0.007
2.229 + 0.005
0.120 £ 0.004

Note. We also determined the least-squares sine fit to epoch 3 for shifted boundaries between epoch 2 and epoch 3 at MID 51,200 and MID 53,800, with the results
P =1762.9 + 6.1 days and P = 1756.0 £ 5.5 days, respectively. These may be compared with the result above of P = 1760.4 4+ 5.3 days for the boundary set at
MIJD 52.850. The peak periods identified in our WWZ analyses of epochs 1, 2, and 3 were 1740, 3919, and 1779 days, respectively. Those in our GLS analyses were
1730, 3937, and 1788 days, respectively.
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Sinusold fits: two epochs with matching period and phase

Table 1
Sine-fitting Results for Epoch 1, Epoch 2, Epoch 3, and the Joint Epoch 1 + Epoch 3 Data Sets

epoch 1 epoch 2 epoch 3 epoch 1 + epoch 3

P (days)

Do

A (epoch 1)
Sp (epoch 1)
oy (epoch 1)
A (epoch 2)
Sp (epoch 2)
oy (epoch 2)
A (epoch 3)
Sp (epoch 3)
gy (epoch 3)

1729.1 £32.4
0.89 + 0.46
0.709 £ 0.047
2553 £0.036
0.333 £ 0.022

3779.1 £ 46.0
0.35 £ 0.08

0.392 +0.020
1.724 + 0.021
0.140 £ 0.009

17604 £ 5.3
0.60 £+ 0.07

0.400 £ 0.007
2.225 + 0.005
0.118 £+ 0.004

1737.9 £ 2.6
(.88 + 0.03

0.679 £ 0.045
2.584 =+ 0.034
0.337 £ 0.023

0.400 £ 0.007
2.229 + 0.005
0.120 £ 0.004

Note. We also determined the least-squares sine fit to epoch 3 for shifted boundaries between epoch 2 and epoch 3 at MID 51,200 and MID 53,800, with the results
P =1762.9 + 6.1 days and P = 1756.0 £ 5.5 days, respectively. These may be compared with the result above of P = 1760.4 4+ 5.3 days for the boundary set at
MIJD 52.850. The peak periods identified in our WWZ analyses of epochs 1, 2, and 3 were 1740, 3919, and 1779 days, respectively. Those in our GLS analyses were
1730, 3937, and 1788 days, respectively.
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Generalized Lomb-Scargle Periodogram
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Generalized Lomb-Scargle Periodogram: significance
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Table 3
Single-period (Spurious) and All-period (True) Probabilities

Epoch and Test Niot Mpass p-value o
epoch 1 single period 10000 108 1.08 x 10~ 2.3
epoch 1 all periods 10000 1446 145 x 107! 1.06"
epoch 2 single period 10000 122 220 x 1077 2.85
epoch 2 all periods 10000 632 6.32 x 102 1.53%
epoch 3 single period 100000 0 <107 >4.26
epoch 3 all periods 100000 40 4.00 x 10°* 3.35%

Note. The tests using all periods are the “Look Elsewhere” tests.
da . . .

These are the true significances; the others are totally spurious unless the
periods have been selected “a priori.”
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A highly significant detection

Table 2
Probabilities and Significance Levels of GLS Tests Computed from Simulations with Matched Red-noise Tail
Test Test GLS Bear Period Range (AP) Total Number of Simulations p-value Significance
Number (max = 1) (days) Simulations That Pass Test (o)
1.1 epoch 1 B, pin < . 0.71 All 10,000 1446 1.45 x 107! 1.06
P I Psim ppeah
1.2 epoch 2 Pogi, Py S Pogal 0.76 All 10.000 632 6.32 x 102 1.53
1.3 epoch 3 Boeaks Pim < Ppeak 0.81 All 100,000 40 40 % 107* 3.35
2 epoch 1 Pjim, APepoch 3 =0.50 1661.9-1858.9 10,000 197 1.97 x 1072 2.06
3 1.3+2 7.88 x 107° 432
4 3+phase 1.58 x 10°° 4.66
O’Neill+2022 12



A highly significant detection

Table 2
Probabilities and Significance Levels of GLS Tests Computed from Simulations with Matched Red-noise Tail
Test Test GLS Bear Period Range (AP) Total Number of Simulations p-value Significance
Number (max = 1) (days) Simulations That Pass Test (o)
1.1 epoch 1 Foeaks Pim < Ppeak 0.71 All 10,000 1446 1.45 x 107! 1.06
1.2 epoch 2 Break, Pim < Ppeak 0.76 All 10,000 632 6.32 x 1072 1.53
1.3 epoch 3 Pheaks Pim < Ppeak 0.81 All 100,000 40 40 % 107* 3.35
2 epoch 1 Pjim, APepoch 3 =0.50 1661.9-1858.9 10,000 197 1.97 x 1072 2.06
3 1.3+2 . 7.88 x 107° 432
4 3+phase 1.58 x 10°° 4.66
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A highly significant detection

Table 2
Probabilities and Significance Levels of GLS Tests Computed from Simulations with Matched Red-noise Tail

Test Test GLS Bear Period Range (AP) Total Number of Simulations p-value Significance
Number (max = 1) (days) Simulations That Pass Test (o)
1.1 epoch 1 Preak, Pim < Ppeak 0.71 All 10,000 1446 1.45 x 107! 1.06

) epoc heaks Po = i ) A , 32 x 107 .
1.2 poch2 T Psim S Ppeak 0.76 11 10,000 632 6.32 x 1072 1.53

. epoc eaks P = . A , O x 10 .
1.3 poch 3 P Pin S Poei 0.81 11 100,000 40 40 % 10°* 3.35
2 epoch 1 Pjim, APepoch 3 =0.50 1661.9-1858.9 10,000 197 1.97 x 1072 2.06
3 1.3+4+2 . T x 107 4.52
4 3+phase 1.58 x 10°° 4.66
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A highly significant detection

Table 2
Probabilities and Significance Levels of GLS Tests Computed from Simulations with Matched Red-noise Tail
Test Test GLS Bear Period Range (AP) Total Number of Simulations p-value Significance
Number (max = 1) (days) Simulations That Pass Test (o)
1.1 epoch 1 B, pin < . 0.71 All 10,000 1446 1.45 x 107! 1.06
P I Psim ppeah
1.2 epoch 2 Pogi, Py S Pogal 0.76 All 10.000 632 6.32 x 102 1.53
1.3 epoch 3 Pheaks Pim < Ppeak 0.81 All 100,000 40 40 % 107* 3.35
2 epoch 1 Pjim, APepoch 3 =0.50 1661.9-1858.9 10,000 197 1.97 x 1072 2.06
3 1.3+2 7.88 x 107° 432
4 3+phase 1.58 x 10°° 4.66
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Model: Doppler boosting in black hole binary system
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.......................
"ne

.
-

e
---------
....................

v

orbital angular
momentum axis
jet axis ,

J Jline of sight
4

n

/

S = DZ—(I‘SI

dIns =

2(2 — a)¥%03, cosi

(5 9079

cos(2mt/P).

16



Why is the periodicity turning on and off?
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A unigue super-massive black hole binary candidate

Binary separation and orbital period

r~0.001—-0.1pc for

P =2yr

Implications for gravitational
wave emission
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Additional slides



WW/Z transform: two epochs with matching period
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Data GLS
peak power
Data GLS
peak period
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Super Massive Black Hole Binary candidates

O) 287 ~0.1 pc 1.8x10% M
1.5x10° M

9 yr Sillanpaa+ 1988,
Valtonen+ 2016,
Dey+ 2021



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23

