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What are Blazars?

Observational properties:
* high amplitude, rapid variability,
* high optical and radio polarization,
* broadband non-thermal SED is
highly Doppler boosted
* Dominant gamma-ray emission

. Doppler Factor § =1/[I'(1 — Bcos#
Blazars are a small subset of active /TA-p5 )

galactic nuclei (AGN), powered by central v =19
black hole and ejecting relativistic jets I(v) = &31'(V)


http://en.wikipedia.org/wiki/Image:Galaxies_AGN_Jet_Line-of-Sight.jpg
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Blazar Multi-wavelength variability

Mrk 501 from Ahnen et. al 2007
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As in many case, the sources are
not resolved in any of the current
Instruments the MWL variability
studies become of the of the most
power tools to explore the
sources.



Motivation: multimessenger approach
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« It becomes important to
study the dynamics of AGN 4
central engines



Sample sources

Fractional variability
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Table 1
Source Sample of the Fermi/LAT Blazars
Source Name 3FGL Name Source Class R.A. (J2000) Decl. (J2000) Redshift FV (%) 8+ AJ
(1) (2) (3) 4) (5) (6) )] )
3C 66A 3FGL J0222.6+4301 BL Lac 02"22M41%6 +43%02m35%5 0.444 5843 + 1.78 0.90 £ 0.17
AO 0235+164 3FGL J0238.6+1636 BL Lac 02"38™M3859 +16%36™59° 0.94 05.53 + 1.12 1.40 + 0.19
PKS 0454—-234 3FGLJ0457.0-2324 BL Lac 04"57M03%2 —23924m52¢ 1.003 68.25 4+ 1.06 1.10 + 0.09
S5 07164714 3FGL J0721.947120 BL Lac 07"21Mm53%4 +71920m36° 0.3 62.20 £+ 1.05 1.00 &+ 0.15
Mrk 421 3FGLI1104.443812 BL Lac 11°04™273* +38912m32° 0.03 43.65 + 1.45 1.00 4+ 0.08
TON 0599 3FGL J1159.5+2914 BL Lac 11593158 +29414™m44° 0.7247 111.69 £ 0.88 1.30 &+ 0.15
ON 4325 3FGL J1217.843007 BL Lac 12°17™525 1 +30%7™01° 0.131 43.78 + 4.60 0.80 £+ 0.14
W Comae 3FGL J1221.4+2814 BL Lac 122173137 +28413m59¢ 0.102 24.770 &+ 8.87 1.10 £ 0.09
4C +21.35 3FGLI1224.942122 FSRQ 12"24™545 4 +21d22"146“ 0.432 114.91 £ 0.59 1.10 £ 0.12
3C 273 3FGL J1229.1+0202 FSRQ 12"20™065 6997 +02%03™08 % 598 0.158 94.66 4+ 0.98 1.20 £ 0.17
3C 279 3FGL J1256.1-0547 FSRQ 12"56™11% 1665 —05%47m21%523 0.536 104.29 £+ 0.46 1.10 £ 0.16
PKS 1424—418 3FGLJ1427.9-4206 FSRQ 14"27™565 3 —42%6™19° 1.522 70.44 £+ 0.69 1.5 £ 0.13
PKS 1502+106 3FGLI1504.44-1029 FSRQ 15"04™25%.0 +10929™39¢ 1.84 90.11 &£ 0.70 1.3 £ 0.10
4C+38.41 3FGL J1635.2+3809 FSRQ 16"35™1555 +38d()8'"{)4* 1.813 92.99 + 0.72 1.2 £ 0.15
Mrk 501 3FGL J1653.9+3945 BL Lac 1675375252167 +39945™365 609 0.0334 33.47 £ 3.76 1.10 £ 10
1ES 1959465 JFGL J2000.0+6509 BL Lac 19"59™5958521 +65d{)8"154f 652 0.048 49,55 £+ 2.84 1.10 £ 0.14
PKS 2155—-304 3FGL J2158.8-3013 BL Lac 21"58™5250651 —30913™325 118 0.116 4593 £ 2.02 0.90 £ 0.20
BL Lac 3FGL J2202.7+4217 BL Lac 2280274353 +42416™40° 0.068 64.10 4+ 1.05 1.0+0.10
CTA 102 3FGL J2232.5+1143 FSRQ 22323654 +1 1943™51° 1.037 117.42 £ 0.37 1.20 £ 0.19
3C 454.3 3FGL 12254.0+1608 FSRQ 22h53m5757 +164908™54° 0.859 81.30 &+ 0.30 1.30£0.17




Decade-long gamma-ray light
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https://ui.adsabs.harvard.edu/abs/2020ApJ...891..120B/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...891..120B/abstract

Gamma-ray flux distribution

The histogram of the decade-long

optical observations were fitted with BT - im
Gaussian and log-normal PDF .
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RMS-flux relation
In blazars

A linear RMS-flux relation usually
iIndicates a linear correlation
between the short-term flux
fluctuations to the longer term
flux state of an AGN, and the
relation is widely found to hold
among black hole X-ray binaries.

The RMS is defined as the
square-root of the excess
variance
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Power Spectrum Response

P(v) v

Power spectral density (PSD):
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Gamma-ray quasi-periodic oscillations
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https://ui.adsabs.harvard.edu/abs/2020ApJ...891..120B/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...891..120B/abstract

Optical blazar sample sources

Table 1
The Source Sample of the -Ray-bright Blazars

Source Name R.A. (J2000) Decl. (J2000) Redshift Source Class Mean mag. + stdv. FV (%)
(1) (2) 3) 4) (&) (6) )

3C 66A 02"22™41%6 +43902™m3555 0.444 BL Lac 14.69 + 0.38 37.83 £ 0.23
AO 0235+164 02"38™M3839 +16936™59° 0.94 BL Lac 18.19 + 0.87 115.00 + 0.24
S5 0716+714 07"21™53%4 +71920™36° 0.3 BL Lac 13.62 +0.59 53.74 + 0.09
Mrk 421 11°04™273° +38912™32° 0.03 BL Lac 12.96 + 0.31 29.95 + 0.15
3C 273 12"29™06 6997 +02903™08 3598 0.158 FSRQ 12.80 £ 0.16 14.44 +0.28
3C 279 12"56™11°% 1665 —05947™215523 0.536 FSRQ 15.73 £ 0.82 80.60 + 0.10
PKS 1424-418 14P27™563 3 —429%06™19° 115522 FSRQ 17.15+1.01 114.24 + 0.14
Mrk 501 16"53™5252167 +39945™36 5 609 0.0334 BL Lac 13.90 + 0.07 6.00 £+ 1.46
PKS 2155-304 21"58™523 0651 —30913™325118 0.116 BL Lac 13.49 £ 045 46.01 +0.22
BL Lac 22024333 +42916™40° 0.068 BL Lac 14.44 + 0.51 46.22 + 0.07
CTA 102 22"32™365 4 +11943™51° 1.037 FSRQ 16.34 + 1.02 335274 0.02
3C 454.3 22"53™5757 +16%08™54° 0.859 FSRQ 1575+ 0.63 78.16 = 0.11

11



Decade-long optical light curves of blazars
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Optical observations
from four
observatories
AAVSO, Catalina,
SMARTS and
Steward obs.

were compiled to
obtain densely
sampled light curves

Bhatta, 2021, ApJ

)
{a?
N

M s

*-,

14 i
Pog ﬁ( éi 2

15!‘," ‘{# “ ‘,‘J '3.-.1 A
AAVSO —— * 39
Arizona ——
SMARTS

&M#ﬁ#ﬂ%ﬁ%f



https://ui.adsabs.harvard.edu/abs/2021ApJ...923....7B/abstract
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Just like gamma-ray
observations, the
histogram of the decade-
long optical observations
were fitted with Gaussian
and log-normal PDF

In majority of the cases,
log-normal was found to
be the best fit

For short-term optical flux
distribution see

Pininti, Bhatta et al. 2022, MNRAS
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https://ui.adsabs.harvard.edu/abs/2023MNRAS.518.1459P/abstract

Optical RMS-flux relation

The linear fit was performed
in the two cases: a) when
the offset parameter fixed
to zero and b) when it is
free.

As in the gamma-ray band, the
optical light curves also showed
Indication of a linear RMS-flux
relation.

A linear RMS-flux relation is
often linked with the
viscosity driven instability in
the accretion disk.
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Cross-correlation between optical and gamma-ray

observations

Z-transformed discrete cross-correlation study shows remarkably strong

correlation between the optical and gamma-ray emission. However, in

15

the case of the 3C 273 no significant correlation was observed.




Multi-wavelength
QPOs

In some of the source, LSP peaks in
both the bands were found to coincide in
the temporal frequencies.

Because the red-noise nature of the
optical and gamma-ray are different, and
also the data sampling are not exactly
the same, the observed peaks could not
have arisen due to some artifact.

MWL QPOs provide important insight
into the underlying physics of the central
engines.

o
o

Power (Arbitrary unit)

Power (Arbitrary unit)

1.2
= 1.0
[ -

3

>038

o

o 0.6

|

<

& 0.4

E

£ 0.2
0.0

S50716+714

10 100 1000

R TN
— optical ! ]

10 100 1000

Period (day)
Mrk 501

\I\Il T T II\I\Il E I[l_
— optical ; c
--- y-ray ST
S S | 21 ]

Period (day)

PKS 2155-304
T L

t)

Power (Arbitrary uni

wer (Arbitrary unit)

[=]
a

Mrk 421
12 i

--- yray
10l— optical

08F
0.6F
0.4F

02

g0 10 100 1000
Period (day)

PKS 1424-418
mr

1.2 T T T TTII T T T AT

---yray |
1.0 — optical

0.8
06F
04k

02F

L et A AR
a4 10 100 1000

Period (day)

T
— optical

--- y-ray E
- 2sed || 1, J
r .' ]
1 =
C il : ]
C § {0 E
[ 11 ]
g ...', : v

v 1.2, T ANV
10 100 1000
Period (day)

PKS 2_1.55—304
PKS 1424-
o
Mrk 501
®

Mrk 421
°

0716:;?14

observed period (days)

TIPS B SR SR B
200 400 600 800 1000 1200



Conclusions

I. Blazars are found to be highly variable in both optical and gamma-ray band, with
larger fractional variability in gamma-ray that in the optical.

II. The overall gamma-ray PSD can be fairly approximated by single power-law model
with the C{)ower-law index nearly unity. Such processes are widely referred as flicker
noise and represent long-memory process.

III. Observed RMS-flux relation and lognormal distribution of the flux indicate
multiplicative and non-linear nature of the variability processes.

IV. In most of the sources, the correlation between the optical and gamma-ray is strong
within a lag/lead of a couple of months. However, it in interesting to note that the
correlation does not hold in 3C 273.

V.Year timescale quasi-periodic oscillations were observed both in the optical and the
gamma-ray light curves. In the context that not such MWL QPOs are not well-
established, these could be important observation. The QPOs can have several
explained in various scenario, e. % binary black holes, Lense-Thirring pression, jet
precession and helical magnetic field models.
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