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3. Sample selection
We selected blazars whose daily flux (E>0.1 GeV) has exceeded 5x10-6 
s-1cm-2. Active periods were defined as top 5% intervals of their daily 
fluxes.Finally we picked up ten intervals according to the peak daily flux. 

1 2 3 4 5 6 7 8 9 10

20

25

30

35

)θROI radius (
1 2 3 4 5 6 7 8 9 10

S

20

25

30

35

)θROI radius (
1 2 3 4 5 6 7 8 9 10

S

20

25

30

35

0.1 - 1 GeV

0.3 - 1 GeV

1 - 300 GeV

Figure 6.5: ROI dependence of source significance over background for several energy

bands.
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Figure 6.6: Exposure variation toward PKS 1510-089 during flare #5. ROI was set to

3◦.
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Searching for Sub-hour Gamma-ray Variability in FSRQ Flares 
with Bayesian Statistics

S. Saito (Rikkyo University),
 L. Stawarz, H. Odaka, T. Takahashi (ISAS/JAXA), and Y. Tanaka (Hiroshima Univ.) on behalf of the Fermi-LAT collaboration

1. Introduction
• Rapid gamma-ray variability in FSRQs
Studying time variability offers an important clue for understanding geometry 
and location of the gamma-ray emitting zone in blazars. Recent TeV 
observations found variability timescale of several minutes during FSRQ 
flares, that indicates an extremely compact emission zone (Aleksic+11). On 
the other hand, in GeV energy range, variability with flux doubling timescales 
of a few hours, sometimes as short as a hour was found for several flares in 
PKS 1510–089, 4C 21.35, 3C 273 and 3C 279 (Foschini+11, Saito+13, Brown
+13, Foschini+13, Rani+13, Hayashida+15). 

• Problems in searching for sub-hour variability
1. Uneven data sampling. Surveying all the sky with LAT inevitably brings 

exposure variation toward any point in the sky, and time intervals when a 
source is out of LAT FOV make gaps in observations. A point source has 
been in LAT FOV typically for 30 minutes in every 90 minutes. 

2. Limited photon statistics.

Abstract:
We performed a systematic study on sub-hour GeV gamma-ray flux variability during the brightest blazar active periods observed with Fermi-LAT. 3C 454.3, PKS 1510–
089, 4C 21.35 and 3C 273 were investigated since they have most prominent GeV flux, which enables a detailed study of short time variability with the best photon 
statistics. In this work, we utilized Bayesian block method in order to investigate sub-hour variability in the ten brightest active periods of FSRQs. The systematic analysis 

found no obvious sub-hour variability throughout the selected active intervals, though only a slight indication for sub-hour variability was found in PKS 1510–089.

2. Bayesian approach
• Bayesian block (Scargle 98, Scargle+13)
 “event cell” is defined as a section ( (tn-1+tn)/2, (tn+tn+1)/2) where tn is arrival 
time of each event. Then the best partitioning of event cells (block 
representation) is found by maximizing modified likelihood function (log L). 

• Example:
In practical, width of each event cell is weighted  
with exposure (effective area x observation time). 

In such a case that we have only four photons  
(right figure), the Bayesian analysis detected 
variability (two block representation). 

• Calculating probability of miss detection
false positive probability (fp): 
probability that variability was falsely detected under 
constant flux. 
→ fp is obtained as a function of ψ (prior parameter) 
by simulating events (the number of events: N)  
subject to constant flux and analysing them with  
the Bayesian block.

4. Searching for sub-hour variability in FSRQs
• Application of the Bayesian block to the LAT data
We picked up arrival times of photons within ROI(3°) from the target during 
the selected intervals, and defined event cells. In the next step, the Bayesian 
block was applied to every exposure window during the flares individually. 

No sub-hour variability was detected for nine of the ten periods, while an 
indication was found for one period in PKS 1510–089. 

•Evaluation of variability amplitude
We simulated events subject to model  
flux, and applied the Bayesian analysis. 
Model flux profile: rectangular variability 
 profiles with T/5, T/3, T/2, and  
T(means constant flux).
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Fig. 6.— Results of Bayesian blocks for 3C 454.3. (left) Orbit-binned light curves with BB

results. Black points represent orbital-binned light curves calculated by aperture photometry.

Red triangle points show flux change derived from Bayesian block analysis. fp value was

fixed at 0.1.(right) Relation of fp value and positively detected fraction. Observational error

is added assuming binomial distribution following B(n, fp).
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Fig. 7.— Results of Bayesian blocks for PKS 1510–089. (left) Orbit-binned light curves

with BB results. Black points represent orbital-binned light curves calculated by aperture

photometry. Red triangle points show flux change derived from Bayesian block analysis. fp

value was fixed at 0.1.(right) Relation of fp value and positively detected fraction. Obser-

vational error is added assuming binomial distribution following B(n, fp).
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Fig. 11.— Bayesian block simulations with rectangle flux profile compared with #5 flare

in PKS 1510–089 (0.1 - 3 GeV). (left) Assumed rectangle flux profile with duration of T/2,

T/3, and T/5, where T corresponds to time window of the LAT exposure. (right) Simulated

detected fraction and observation results.

5. Summary and discussions
  We performed Bayesian block analysis to the brightest intervals of FSRQs 
detected with Fermi-LAT. Among the ten periods selected, only one period in 
PKS 1510-089 indicated a sub-orbit variability. The results are reasonable 
considering PKS 1510–089 showed the fastest superluminal motion reaching 
45c (Jorstad+05), and consistent with a recent study studying gamma-ray 
sub-hour variability in blazars (Sobolewska+14).  
  On the other hand, the light-crossing time of the black hole’s event horizon 
(tg) is typically tg=100xM/(6x108M☀) min for FSRQs studied in this work. The 
Bayesian analysis in this work focused on timescale of ∼ 30 min, and found no 
significant variability. This supports a hypothesis that tg characterizes the 
minimum variability timescale of a bulk energy of blazar jet, which was 
pointed out in Begelman+08.

Obs start
T

Obs end

Obs start
T

Obs end

1. event time edge

2. exposure edge

Figure 6.1: Event cell definitions for the Bayesianblock analysis. Open circles represent

arrival times of photons, and blue vertical lines represent edges of event cells. Difference

of two types of definition is whether the first and the last event cells include all the

exposure toward the start and end of the observation. We use definition of (2) for the

analysis in this thesis.

2. Find block representation which maximize teh likelihood value of Eq.(6.16).

(This is the application of the Bayesian Block.)

3. Repeat 1. and 2. for 100,000 times.

4. Estimate fp. Assuming the number of trials which result in more than two block

representation as n, fp could be calculated as n/100, 000.

We performed the above simulations for every N within 2 ≤ N ≤ 200, and − logψ

within 0 ≤ − logψ ≤ 9.0 in every 0.1 steps. We note that − logψ always takes positive

value since 0 < ψ ≤ 1. Figure 6.2 shows the results of simulations for both manners of

event cell definitions. There are obvious differences in the fp − ψ relation, especially

for small number of events, while as the number of events becomes larger the difference

becomes smaller. We also note that the following formula gives good approximation of

the relation for the conventional manner of event cell definition, namely for the first and

60

2   x  2    x   2 = 8 ways of partitioning

event cell
(t0+t1)/2 (t1+t2)/2 (t2+t3)/2

t0 t1 t2 t3

Table 4.1: Flaring periods with peak flux values above 5.0 × 10−6 ph cm−2 s−1. “ * ”

mark means that only single day is over the flux threshould, which is excluded in this

study.

ID Source MJDStart MJDStop Fpeak[10−6 ph s−1 cm−2]

1 3C 454.3 55501 55558 67.38

2 3C 454.3 55164 55177 20.10

3 3C 454.3 55561 55572 18.39

4 3C 454.3 55287 55305 15.02

5 PKS 1510-089 55850 55856 14.32

6 4C 21.35 55307 55319 11.82

7 4C 21.35 55362 55393 11.69

8 PKS 1510-089 55865 55878 11.27

9 3C 273 55088 55113 9.43

*10 3C 454.3 55304 55307 8.97

*11 3C 454.3 55194 55197 8.79

12 PKS 1510-089 54944 54955 8.73

13 PKS 1510-089 54913 54919 8.03

14 PKS 1510-089 55743 55748 7.91

15 PKS 1510-089 55979 55995 7.12

16 PKS 1510-089 56552 56560 6.79

17 PKS 0402-362 55820 55915 6.68

18 PKS 1510-089 55997 56005 6.44

19 4C 21.35 55339 55346 6.41

20 CTA 102 56187 56213 6.20

*21 PKS 1510-089 54960 54963 5.87

*22 PKS 1510-089 55766 55769 5.76

23 4C 21.35 55355 55363 5.42

24 PKS 1510-089 55957 55964 5.29

*25 PKS 1510-089 56563 56566 5.27

26 4C 21.35 55232 55241 5.21

27 PKS 1510-089 54844 54848 5.01

35

For 9 of the 10 intervals, p ≒ fp
→ No variability within exposure windows                       

p=0.8 when fp=0.5.
P(p > 0.8) = 1.6x10-4 based on binomial distribution 

There are tens of photons at 
most from the target within one 
LAT orbit even for the brightest 
blazars. In such a case, 
arbitrary binning significantly 
loses information of variability 
which could potentially lie within  
the bin width. 
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