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Abstract S5 07164714 is one of the targets in our long term blazar monitor-
ing program carried out with the 1.56-m telescope at Sheshan Station of Shanghai
Astronomical Observatory, China. We report a very rapid variability of A = 0.611+
0.102 mag over 3.6 min detected in our monitoring program during the period from
December 2000 to March 2007. The rapid variability suggests that the mass for the
central black hole is log(M /M) = 7.68 — 8.38.
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1 INTRODUCTION

Blazars consisting of BL Lacertae (BL Lac) objects and flat-spectrum radio quasars (FSRQs) are
an extreme subclass of active galactic nuclei (AGNs). They show variability over the whole electro-
magnetic spectrum with time scales from 30 seconds to years (Fan 2005; Fan 2011, and references
therein). The variability time scales can shed some light on the size of the emission region, the mass
of the central black hole and even the mechanisms for the variability and the emissions (Fan 2010).
However, the very rapid variability can only be detected using a large amount of monitoring time. If
a variability is greater than three times the uncertainty, we can regard it as a real variability, and the
corresponding time can be taken as the variability time scale (Fan et al. 2009b,c).

S5 0716+714, one of the best studied objects (See Raiteri et al. 2003; Gu et al. 2006; Villata et al.
2008; Gupta et al. 2009; Poon et al. 2009; Wu et al. 2009; Zhang et al. 2010) is located at a redshift
of 0.31 (Nilsson et al. 2008). It is one of the blazars monitored in our program with the 1.56-m
telescope at Sheshan Station, Shanghai Astronomical Observatory (ShAO), China (Qian et al. 2002;
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Qian & Tao 2003, 2004; Tao et al. 2004; Fan et al. 2009b,c). It is a good object to search for rapid
variation since it is variable and has a high latitude. Here, we present the rapid observational results
of the BL Lacertae object S5 0716+714. The paper is arranged as follows. In Section 2, we describe
the observations and results; in Section 3, we present discussion and a conclusion.

2 OBSERVATIONS AND RESULTS
2.1 Observations and Data Reduction

The present observations were obtained on the 1.56-m telescope at Sheshan, ShAO from 2000
through 2007. The standard Johnson-Cousins V', R and [ filters were used. Typical integration times
were 300 s for the I and R, and 600 s for the filter V', depending on sky conditions and the brightness
of S5 0716+714. Sometimes, integration time as short as 35 s was also used in our observations of
the I and R bands. The flat field images were taken at dusk and dawn. The bias images were taken at
the beginning and the end of the observations, while the dark-field images were taken at the end. All
observing data were processed using the IRAF software package. The seeing at the Sheshan Station
of ShAO varied from 1.3” to 2.0” FWHM and we have discussed this elsewhere (see fig. 3 of Qian
et al. 2002). We used comparison stars (Stars 2, 3, 5 and 6, see Table 1) from Villata et al. (1998) for
the V', R and I-data (Stars A, B, C and D) from Ghisellini et al. (1997).

Table 1 Field Standard Stars of S5 0716+714
Star 1% R I

A(2) 11.46+0.01 11.124+0.01 10.92+£0.04
B(3) 12.43+£0.02 12.06+£0.01 11.79+0.05
C(5) 13.55+£0.02 13.18+£0.01 12.85+0.05
D) 13.63+£0.02 13.26£0.01 12.97+0.04

Using differential photometry with respect to each comparison star, ¢;,7 = 1 — n, within the
frame we obtain a magnitude m; for the object of interest. Then the object’s magnitude at that time is

= & (1)
n
where n is the number of standard stars. In this case, it is 4. The uncertainty o is calculated as
m; —m)?
oy = =T @)
n—1
The difference between comparison stars is
o2 = (ma —mp) — Amas, (3)

where Amap is the magnitude difference of comparison stars A and B given by Ghisellini et al.
(1997). The absolute value of o5 was used as an additional indicator of the observational uncertainty
(Qian et al. 2002).

2.2 Results

During our monitoring period, the source was variable (Fan et al. 2011, in preparation). Using the
criteria for a real variation, Am can be taken as a real one if Am is greater than three times the
uncertainty. Namely, Am > 3\/072n1 + Ufn , Where o,,1 and o,,2 are the uncertainties for m; and
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Table 2 Variability and Time Scales in the V' Band

JD 2450000 V. oy JD2450000 V oy oM AT AV o op  Vari
(1) 2 “4) (5) (6 (7) (8) ) (100 (1) (12)
3049.9939 12.967 0.064 3050.0092 12.456 0.071 0.105 22.0 -0.511 4 0.096 53 34 Y
3072.995 12.819 0.041 3073.0236  13.404 0.014 0.087 41.2 0.585 £0.043 13.5 4.8 Y
3073.0236 13.404 0.014 3073.0541 12.438 0.087 0.087 439 -0.9664+0.088 11.0 7.9 Y
3073.0622 12.439 0.02 3073.0877  13.272  0.06 0.087 36.7 0.833 £0.063 132 6.8 Y
4166.9913 13.918 0.073 4167.0139 13.511 0.037 0.099 32.5 -0.407 4 0.082 50 29 N
4167.0139 13.511 0.037 4167.0234 13.997 0.064 0.099 13.7 0.486 £+ 0.074 6.6 35 Y
4167.0234 13.997 0.064 4167.0736  13.496 0.082 0.099 72.3 -0.501 4 0.104 48 3.6 Y
Table 3 Variability and Time Scales in the R Band
JD 2450000 R or JD2450000 R or oM AT AR o oap  Var
() (2) 3) 4) ) ® D (8) ) (10 (a1 12)
2934.3255 13.658 0.001 2934.3381 13.319 0.002 0.07 18.1 -0.339 +£0.002 151.6 3.4 Y
2934.3381 13.319 0.002 2934.3502 13.49 0.032  0.07 17.4 0.171 £ 0.032 53 1.7 N
2934.3502 13.49 0.032 2934.3745 13.234 0.044 0.07 35.0 -0.256 £ 0.054 47 2.6 N
3050.988 12.433 0.022 3051.0152 13.086 0.113 0.113 39.2 0.653 £ 0.115 57 4.1 Y
3051.0152 13.086 0.113 3051.0526 12.3 0.016 0.113 539 -0.786 +0.114 6.8 4.9 Y
3387.1028 12.627 0.006 3387.1269 11.933 0.017 0.117 347 -0.694 £+ 0.018 385 42 Y
3387.1269 11.933 0.017 3387.1432 12.632 0.088 0.117 23.5 0.699 + 0.090 7.8 4.2 Y
3387.1586 12.601 0.066 3387.1673 11.983 0.004 0.117 12.5 -0.618 £ 0.066 93 3.7 Y
3388.1352 13.618 0.021 3388.138 13.019 0.059 0.114 4.0 -0.599 £ 0.063 96 3.7 Y
3388.138 13.019 0.059 3388.1499 13.574 0.103 0.114 17.1 0.555 £0.119 47 34 Y
4166.9804 13.166 0.031 4166.988 13.616 0.084 0.091 109 0.45 £ 0.090 50 35 Y
me respectively. In this work, we will take the variation as a real one if Am > 307]‘,{[ , where 07]‘,{[

is the largest uncertainty of a certain observing day. Therefore, the time corresponding to the real
variation is the timescale. From our monitoring results, we can get the variabilities and the time
scales in the V, R and I bands as shown in Tables 2, 3 and 4. In the table, Cols. 1 and 4 are
JD time; Cols. 2 and 5 are the magnitudes corresponding to Cols. 1 and 4; Cols. 3 and 6 are the
magnitude uncertainties corresponding to Cols. 2 and 5; Col. 7 is the largest uncertainty (o) of the
observing day; Col. 8 is time scale in minutes; Col. 9 is the variability, where a positive value means
brightness is decreasing and a negative value means brightness is increasing. Col. 10 is the times of

the uncertainty (\/02,; + 02,,); namely it is equal to Am/+\/02,; + 02,5; Col. 11 is the times of

the uncertainty (o }); it is equal to Am/+/2c}; for Col. 12, ‘Y’ means the variability is real, ‘N’

means the variability is false.

In Table 2, we can clearly see the V' variability of JD 2453072; the source brightness decreases
by 0.585£0.043 mag over 41.2 min, then increases by 0.966+£0.088 mag over 43.9 min; finally it
decreases again by 0.83340.063 mag over 36.7 min. The shortest time scale of 13.7 min was detected
in the V' band of JD 2454167.

In the R band, a brightness decrease of 0.653£0.115 over 39.2 min followed by a brightness
increase of 0.78640.114 over 53.9 min in JD 2453050 was observed. Rapid variabilities over time
scales of 4, 10.9 and 12.5 min were also detected in JD 2450000+ 3388, +4166 and +3387 respec-
tively (see Table 3).

In the I band, variability time scales of 3.6, 10.1 and 10.2 min were detected in JD 2450000+
3388, 3438 and 3388 respectively (see Table 4). The shortest time variability of AT = 0.6114+0.102
mag over 3.6 min is shown in Figure 1.
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Table 4 Variability and Time Scales in the / Band

ID 2450000 I or ID 2450000 I or oM AT AT o oy Vari
)] @ 3 “ ) (6) @) ®) ©) 10 (1n 12

3385.1081  12.224 0.007 3385.1378 12.519 0.073 0.073 428 -0.418+0.073 40 29 N
3388.1043  12.286 0.102  3388.1068 12.897 0.003 0.113 3.6 0.611+0.102 6.0 3.8
3388.1068  12.897 0.003 3388.1296  12.492 0.073 0.113 328 -0.405+0.073 55 25
3388.1972  12.481 0.081 3388.2112 12.063 0.041 0.113 202 -0418+0.091 4.6 2.6
3388.2112  12.063 0.041 3388.2183 12.697 0.053 0.113 102  0.634 +£0.067 94 4.0
3438.0557  12.067 0.03 3438.0605 12.427 0.115 0.115 6.9 036 +0.119 3.0 22
3438.0605  12.427 0.115 3438.0625 12.15 0.011 0.115 29 -0277+0.116 24 1.7
34389797 12,592 0.048 34389867 13.043 0.03  0.086 10.1  0.451 +£0.057 80 3.7

< ZZKZZ<

3 DISCUSSION & CONCLUSIONS

Variability is one of the most common phenomena in blazars, which sheds lights on the emission
mechanisms operating in those sources and the nature of the variability. Optical photometric ob-
servations are important for obtaining light curves of blazars (see Fan et al. 1998). S5 0716+714
is a well observed BL Lacertae object, whose host galaxy is found to have an R magnitude of
18.3+0.5 (Nilsson et al. 2008). It is a well known intraday variability (IDV) object; a typical vari-
ation rate of 0.02 mag hr—! was detected (Nesci et al. 2002) and a 4-day period was found in its
optical band (Wagner et al. 1996). Montagni et al. (2006) reported the fastest variability rate of
0.1—0.12 mag hr~L. In our previous work, a variability of ~ 0.87 mag in 9 min was detected in a
monitoring program over 5 yr (Qian et al. 2002). Variabilities over 2 to 8 hr were reported in our
recent work (Poon et al. 2009).

In our analysis, if the variation is greater than three times the uncertainty, then it is taken as
a real variation. Very short time scale variability did not occur often during our several years of
observations. We only detected a 3.6 min timescale case in JD 2453388, and the corresponding
variation is about six times the uncertainty, therefore, we take this as a true variation. During the
night, we also observed using the R filter. However, the source did not show clear variation over
a period of 13.8 min between JD 2450000+3388.0999 and +3388.1095 in the R band when the
source showed a 0.611 mag variation over 3.6 min between JD 2450000+3388.1043 and +3388.1068
in the I band. If the 3.6 min short variability is real, then we missed a variability in the R band
between JD 2450000+3388.0999 and +3388.1095. This is quite possible since the very short time
scale variability does not often occur. Both the I and R light curves are shown in Figure 1.

The short time scale is assumed to shed information on the emission size,

R < 6cAT/(1 + 2).

If R is the radius of the innermost stable orbit around a black hole, then we can get an upper limit
for the mass of the central black hole (Fan 2005). Using the relations R = 66;2M for thin accretion
disks surrounding a Schwarzschild black hole, R = 4C§2M for thick accretion disks surrounding a
Schwarzschild black hole, and the radius of the event horizon of a Kerr black hole with a mass M
and an angular momentum parameter a gives R = 1.2 x Gcé” for a = 0.9982 (Espaillat et al. 2008).

From a short time scale, we have R < c¢AT§/(1 + 2) ~ 1.8/(1 + z) x 102AT (min)é.
Therefore, the central black hole masses are in the range of [2/(1+2),10/(1+ 2)]AT (min)§. When
the shortest time scale of 3.6 min and the redshift of 0.31 are taken into account, we find that the
upper limits for the central black hole masses are 5.50 x 106 M, for a thin accretion disk surrounding
a Schwarzschild black hole, or 2.746 x 1O7M@ for a Kerr black hole with an extreme momentum

parameter of @ = 0.9982. So, the central black hole masses are ~ (0.55 — 2.74)§ x 10" M, for S5
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Fig.1 Light curves of JD 2453388 for I (open circles) and R (filled circles) bands of S5 0716+714.

Magnitude

0716+714. In our previous work, a § = 8.76 was estimated (Fan et al. 2009a), then the masses for
the central black hole are log(M /M) = 7.68 — 8.38.

Its host galaxy is found to have an R magnitude of 18.3 (Nilsson et al. 2008), which suggests an
absolute magnitude of M = —22.66 for z = 0.31. There is a correlation between the central black
hole mass and the absolute magnitude, log M /Mg = —0.5 %« Mg + 3.0 (Urry et al. 2000). So, we
have log(M /M) = 8.33 for S5 0716+714, which is consistent with log(M/M¢) = 7.68 — 8.38.

In our monitoring program, we detected a variability of Al = 0.61140.102 mag over 3.6 min.
The time scale is the shortest time scale for S5 0716+714, and it suggests a black hole mass of
M = 107-58=8:38 /1 at the center of the object.
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