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High Luminosity (~ 1048-49 erg/s) 

Broad-Band Spectral Energy Distribution (SED)  

Very weak or featureless optical/UV spectra  

violent variability through the entire electromagnetic spectrum at different 
timescales (from years down to TeV flares of ~ 5 min duration) 

strong and variable linear polarization from radio to UV wavelengths (up to 
40%, Jostad et al. 2006 & 38 % for OJ 287 from MIRO) 
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Content
• Introduction of the conventional SED modelling 

• Importance of the magnetic fields  

• How can we understand the morphology of the 
magnetic field, during flares ? 

• The historical flare of S5 0716+714 in 2015 

• Hope for a better understanding of blazars and 
underlying processes using AstroSat + Ground based 
observatory consortium (SALT, MIRO, HCT, ARIES +…)



Blazars: SED - Modeling 
Leptonic Blazar Model 
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Figure 4. Leptonic model fits to the six FSRQs in our sample. See Table 2 for parameters. Dotted: synchrotron; dashed: accretion disk; dot-dashed: SSC; dot-dash-
dashed: EC (disk); dot-dot-dashed: EC (BLR).
(A color version of this figure is available in the online journal.)

the distance to the black hole is not a necessary input parameter
for our model.

While BL Lac objects detected at >100 GeV γ -rays by
ground-based Atmospheric Cherenkov Telescopes have often
been found to be well represented by pure SSC models, the
careful analysis of the simultaneous SEDs of the VERITAS-
detected IBLs W Comae and 3C 66A (Acciari et al. 2009b;

Abdo et al. 2011) revealed that also in these two cases, a pure
SSC fit would require rather extreme parameters with magnetic
fields far below equipartition. This situation could be remedied
allowing for a contribution from EC to the γ -ray emission. These
findings are confirmed in this study. However, the unusual,
apparent upward curvature of the Fermi-LAT spectrum of 3C
66A and W Comae cannot be satisfactorily represented with

9
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Figure 4. Leptonic model fits to the six FSRQs in our sample. See Table 2 for parameters. Dotted: synchrotron; dashed: accretion disk; dot-dashed: SSC; dot-dash-
dashed: EC (disk); dot-dot-dashed: EC (BLR).
(A color version of this figure is available in the online journal.)

the distance to the black hole is not a necessary input parameter
for our model.

While BL Lac objects detected at >100 GeV γ -rays by
ground-based Atmospheric Cherenkov Telescopes have often
been found to be well represented by pure SSC models, the
careful analysis of the simultaneous SEDs of the VERITAS-
detected IBLs W Comae and 3C 66A (Acciari et al. 2009b;

Abdo et al. 2011) revealed that also in these two cases, a pure
SSC fit would require rather extreme parameters with magnetic
fields far below equipartition. This situation could be remedied
allowing for a contribution from EC to the γ -ray emission. These
findings are confirmed in this study. However, the unusual,
apparent upward curvature of the Fermi-LAT spectrum of 3C
66A and W Comae cannot be satisfactorily represented with
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Table 2
Parameters for the Leptonic SED Fits Shown in Figures 4–6

Object γe,1 γe,2 qe B [G] D fBLR
a Le

b Lp
b LB

b ϵBe tvar,min
c

3C 273 1 × 103 5 × 104 3.5 2.0 13 5.4 × 10−5 6.0 130 0.63 0.11 4.1
3C 279 1 × 103 1 × 105 3.0 0.7 17 1.7 × 10−2 5.8 29 5.4 0.94 29
3C 454.3 800 5 × 104 3.0 2.1 15 8.0 × 10−2 22 870 75 3.5 52
PKS 1510−089 1 × 103 2 × 105 3.1 0.8 20 4.1 × 10−3 2.1 41 2.1 1.0 9.4
PKS 0420−01 1.4 × 103 5 × 104 3.4 2.5 8.0 1.0 × 10−1 6.9 670 38 5.4 110
PKS 0528+134 700 1 × 104 3.0 3.0 19 9.1 × 10−3 9.4 600 110 11 45

BL Lacertae 1.1 × 103 1 × 105 3.2 2.5 15 1.3 × 10−1 0.44 4.6 0.41 0.94 1.8
AO 0235+164 700 5 × 104 3.7 1.3 25 1.1 12 87 33 2.8 21
S5 0716+714 1.9 × 103 5.5 × 104 3.8 3.8 20 · · · d 1.3 6.7 14 10 4.9
OJ 287 800 5 × 104 3.8 3.5 15 1.5 × 10−1 1.8 16 15 8.2 9.7

W Comae 1 × 103 8 × 104 2.4 1.5 30 2.8 × 10−2 0.30 1.52 0.30 1.0 0.68
3C 66A 9 × 103 3 × 105 2.8 0.065 40 · · · d 13 8.2 0.45 0.034 13

Notes.
a The factor fBLR, determining the energy density of the re-processed disk radiation field, is defined as fBLR ≡ ηBLR/R2

BLR; values are in pc−2.
b Powers are in units of 1044 erg s−1.
c Minimum allowed variability timescale in hours.
d For S5 0716+714 and 3C 66A, no accretion disk luminosity has been measured/constrained; for S5 0716+714, an isotropic external radiation field with
uext = 5 × 10−5 erg cm−3 and TBB = 2 × 104 K has been used for the SED fit; for 3C 66A: uext = 1.3 × 10−8 erg cm−3 and TBB = 103 K.

the hadronic model) and the magnetic field. This is motivated by
two arguments: (1) if the relativistic jets of AGNs are powered
by rotational energy from the central black hole (Blandford
& Znajek 1977), the jets are expected to be initially Poynting-
flux-dominated, and the energy carried in electromagnetic fields
needs to be transferred to relativistic particles in order to produce
the observed high-energy emission. This energy conversion is
expected to cease as approximate equipartition between the
magnetic field and relativistic particles is reached, so that the
jets are not expected to become matter-dominated in the central
few parsecs of the AGN, where the high-energy emission in
blazars is believed to be produced (Lyubarsky 2010). (2) If
magnetic pressure plays an essential role in collimating AGN
jets out to kiloparsec scales, the particle pressure cannot largely
dominate over the magnetic pressure in the inner few parsecs of
the AGN. For these reasons, we prefer model parameters with
magnetic fields dominating the pressure and energy density in
the emission region over particle-dominated scenarios.

For all objects, we produced one leptonic and one hadronic
model fit to the contemporaneous SED. In the case of 3C 66A,
the catalog value of the redshift of z = 0.444 is highly
questionable. The recent analyses of Prandini et al. (2010)
and Abdo et al. (2011) place the object at a likely redshift of
z ∼ 0.2–0.3, while Furniss et al. (2013) provide a lower limit
on the redshift of z ! 0.3347, based on UV absorption features
of the intervening intergalactic medium. In our modeling, we
assume a fiducial redshift of z = 0.3 for 3C 66A. While,
of course, the parameter values slightly change when using
a slightly higher redshift (say, z = 0.35 to be consistent with
Furniss et al. 2013), the overall conclusions from the modeling
remain unaffected. All our model SEDs are corrected for γ γ
absorption by the extragalactic background light using the model
of Finke et al. (2010).

4.1. Leptonic Model Fits

Figures 4–6 show the SEDs and our leptonic model fits for
the 12 blazars we selected for this study. The fit parameters used
and a few quantities derived from those parameters, are listed
in Table 2. In general, satisfactory fits to most blazar SEDs
with parameters close to (within an order of magnitude of)

equipartition can be achieved with the leptonic model described
above.

In agreement with many previous studies, we find that FSRQs
require a dominant contribution from EC (on the direct accretion
disk and the BLR emission) in order to provide acceptable SED
fits (e.g., Sambruna et al. 1997; Ghisellini et al. 1998; Mukherjee
et al. 1999; Hartman et al. 2001). In our model fits, we are
able to produce the spectral breaks observed in the Fermi-LAT
spectra of many blazars, with a superposition of two different
γ -ray emission components, as previously proposed for the
case of 3C454.3 by Finke & Dermer (2010). Typical minimum
variability timescales from light-travel time arguments are of
the order of 1–2 days, consistent with the day-scale variability
seen in most Fermi-detected FSRQs.

As argued previously, e.g., by Madejski et al. (1999) and
Böttcher & Bloom (2000) for the case of BL Lacertae, LBLs
are also represented with more plausible parameters when
including an EC component using a low-luminosity accretion
disk and BLR compared to a pure SSC model. In the case of
S5 0716+714, where no observationally motivated estimates
of the luminosity of the accretion disk or the BLR could be
found, we have assumed the existence of a dust torus with a
very low infrared luminosity, consistent with the absence of
any direct observational evidence for it. Our models allow for
variability on timescales of a few hours for the LBLs modeled
here. While the SEDs of BL Lacertae objects, S5 0716+714 and
OJ 287, are well represented by a leptonic SSC+EC model, our
model has problems representing the very hard γ -ray spectrum
of AO 0235+164 above a few GeV as our model γ -ray spectra
are truncated by Klein–Nishina effects.

In blazars in which we find that a substantial contribution
from EC on direct accretion disk emission is relevant, we find
a best-fit distance of the γ -ray emission region from the central
black hole in the range z0 " 0.1 pc. An important contribution
from EC on BLR emission would imply a characteristic distance
of z " 1 pc, while a much larger distance would be consistent
with situations in which EC on infrared emission (from warm
dust) dominates the γ -ray production. As described in Section 2,
the external radiation fields from the BLR and/or warm dust are
modeled as isotropic in the AGN rest frame so that for such fits,

8
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Figure 7. Hadronic model fits to the six FSRQs in our sample. See Table 3 for parameters. Dotted: electron-synchrotron; dashed: accretion disk; dot-dashed: SSC;
dot-dot-dashed: proton-synchrotron.
(A color version of this figure is available in the online journal.)

photo-pion production, and uses a new, semianalytical
method for calculating the output from UHE gamma-ray-
induced pair cascades.

We have used both leptonic and hadronic models to fit the
contemporaneous SEDs of 12 Fermi-LAT-detected blazars with
good multiwavelength coverage and additional observational
constraints on model parameters. We find that the SEDs of all

types of blazars can be well represented with leptonic models
with parameters close to equipartition between the magnetic
field and relativistic electrons in the emission region. However,
our leptonic model is unable to provide a good fit to the hard
Fermi-LAT spectrum of AO 0135+164. The problem lies in the
mismatch between the very steep synchrotron (IR–optical–UV)
continuum, as opposed to the very hard γ -ray spectrum, and
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Table 3
Parameters for the Hadronic SED Fits Shown in Figures 7–9

Object γe,1 γe,2 qe Ba D γp,max qp Le
b Lp

c ϵBe
d ϵBp

d ϵep
d tvar

e

3C 273 350 1.5 × 104 3.4 15 15 4.3 × 108 2.4 0.13 25 3300 1.7 × 10−3 5.2 × 10−7 11
3C 279 100 2.0 × 104 3.0 100 15 6.4 × 108 2.2 0.19 3.5 1410 7.9 × 10−3 5.6 × 10−6 1.7
3C 454.3 300 1.5 × 104 3.2 10 15 1.1 × 109 2.1 1.0 35 1.2 × 104 0.035 2.9 × 10−6 138
PKS 1510−089 150 1.5 × 104 3.2 10 20 1.1 × 109 1.7 0.57 2.5 24 5.4 × 10−4 2.3 × 10−5 1.9
PKS 0420−01 75 1.0 × 104 3.2 100 10 4.3 × 108 1.3 0.52 0.42 2200 0.27 1.2 × 10−4 9.7
PKS 0528+134 150 1.0 × 104 3.8 30 20 1.1 × 109 2.0 1.9 44 1020 4.4 × 10−3 4.3 × 10−6 17

BL Lacertae 700 1.5 × 104 3.5 10 15 1.9 × 109 2.4 0.087 9.8 39 3.4 × 10−5 8.9 × 10−7 1.3
0235+164 200 750 3.0 15 25 4.3 × 109 1.9 1.5 10 130 1.9 × 10−3 1.5 × 10−5 4.3
S5 0716+714 900 3.0 × 104 2.9 20 15 2.7 × 109 2.0 0.089 0.14 1.4 × 104 0.85 6.2 × 10−5 15
OJ 287 350 4.0 × 104 4.1 20 15 1.0 × 109 1.6 0.53 8.3 66 0.042 6.3 × 10−4 2.6

W Comae 800 2.1 × 104 2.6 30 15 1.9 × 109 2.0 0.014 0.021 560 0.037 6.6 × 10−5 0.68
3C 66A 750 1.3 × 104 2.8 10 30 1.2 × 109 2.0 0.32 1.2 24 6.5 × 10−4 2.7 × 10−5 0.57

Notes.
a Magnetic field in units of Gauss.
b Kinetic luminosity in relativistic electrons in units of 1044 erg s−1.
c Kinetic luminosity in relativistic protons in units of 1048 erg s−1.
d Partition fractions defined as ϵij ≡ Li/Lj .
e Minimum allowed variability timescale in hours.

objects and FSRQs, and neither are the characteristic electron
energies (represented by γe,1) systematically different between
the two classes of objects. If charge neutrality in blazar jets is
provided by cold protons (rather than positrons), our fits indicate
that the kinetic energy carried by the jets should be dominated
by protons.

4.2. Hadronic Model Fits

Overall, we find that the SEDs of BL Lac objects, both
IBLs (Figure 9) and LBLs (Figure 8), can be well represented
with our model. The typically low ratio of γ -ray to X-ray
flux and the hard γ -ray spectra observed in BL Lac objects
(as compared to FSRQs) is naturally obtained by photo-pion-
induced cascade emission with substantial contributions from
proton-synchrotron radiation. In some cases, an additional
contribution from the leptonic SSC emission aids in producing
the observed X-ray flux. However, even though the addition of
photo-pion-induced cascade emission to a proton-synchrotron
component is, in principle, able to reproduce concave γ -ray
spectra, the steep upturn of the Fermi-LAT spectrum of 3C
66A and W Comae at GeV energies is also still not well
represented by this model, and may indicate the need for
an additional emission component (possibly from muon/pion
synchrotron radiation, with consequences for the values of the
fit parameters). We note that the required power in relativistic
protons, Lp, is very large, in the range ∼1047–1049 erg s−1, which
is significantly higher than the observed radiative luminosities
of these objects.

Fits within the framework of the hadronic model to the SEDs
of the FSRQs in our sample are shown in Figure 7. Although the
hadronic model appears to satisfactorily fit most of the snapshot
SEDs, the typically observed spectral break at GeV energies
seems problematic in the cases of 3C 273 and 3C 279.

Also, here the γ -ray component is dominated by proton-
synchrotron radiation, with some contribution from proton-
initiated pair cascade emission above ∼10 GeV. The too steep
decline of the proton-synchrotron emission at a few GeV may
indicate too steep a decline of the radiating proton distribution
in the cutoff region (here considered a hard cutoff), and hence
possibly an impact of the acceleration mechanism in this region

(e.g., Protheroe 2004; Aharonian 2000). The observed hard
X-ray to soft γ -ray spectral shapes can be fitted if proton-
synchrotron emission is the dominant radiation channel (in order
not to overpredict the X-ray flux due to reprocessing of UHE
γ -ray emission in cascades). This indicates the presence of high
magnetic field strengths in the emission region.

The hadronic FSRQ fits also require extreme jet powers, in
some cases exceeding 1049 erg s−1 in relativistic protons.

In summary, we find that the hadronic model presented here
provides satisfactory fits to most of the bright blazar SEDs of
our sample. However, the declining (in νFν) broken power-
law shape observed in many Fermi-LAT spectra of FSRQs
causes problems for adequate fits in two cases within the limits
of this model. Fits to most objects have been achieved with
magnetic fields in the range B ∼ 10–30 G. All fits required
proton acceleration to energies of Ep ! 1017−18 eV. Nearly all
model fits used a strong cascade component to aid modeling
the high-energy GeV data. This leads to the requirement of a
disproportionately large proton luminosity as compared to the
magnetic field luminosity. As a consequence, in all hadronic
model fit parameter sets presented here, the total jet power
is dominated by protons. Alternatively, hadronic models that
take charged π/µ synchrotron radiation into account (e.g.,
Mücke et al. 2003) could lower the strength of the pair cascade
component, thereby reducing the proton contribution to the
jet power at the expense of magnetic field power. In order to
produce the observed (electron-synchrotron) IR–UV emission,
the model requires lower characteristic electron energies for
FSRQs (γe,1 ∼ 100) than for BL Lac objects (γe,1 " 103), along
with harder electron spectra in BL Lac objects. All our fits were
achieved with characteristic Doppler factors of D ∼ 10–30.

5. SUMMARY AND CONCLUSIONS

In this paper, we have described the development of new im-
plementations of stationary, single-zone leptonic and hadronic
models. Our leptonic model allows for arbitrary external photon
sources, and solves self-consistently for an equilibrium between
relativistic particle acceleration (injection), radiative cooling,
and escape. Our hadronic model is based on the Kelner &
Aharonian (2008) templates for the final products of

11

Leptonic Model (Stationary)

Hadronic Model (Stationary)

Bottcher, M. et al. 2013, ApJ, 768, 54
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Fig. 5.— The above figures represent the SEDs for four different sets of flaring events.
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S. Kiehlmann et al.: Polarization angle swings in blazars: The case of 3C 279

Fig. 1. Optical photometry and polarimetry and �-ray light curve of 3C 279. Fermi-LAT �-ray light curve at > 100 MeV binned into 3 day
intervals (panel a) as published in Hayashida et al. (2015). Combined R-band light curve (panel b). Measured, optical polarization fraction
(panel c) and EVPA (panel d); red circles: Calar Alto (R), red squares: CrAO-70cm (R), red diamonds: Perkins (R), orange up-sided triangles:
SPM (R), orange right-sided triangles: St. Petersburg (R), green down-sided triangles: KANATA (V), green left-sided triangles: Steward Obs.
(spec. and V), blue circles: Liverpool (V+R), blue squares: KVA (white light). Combined, de-biased, and averaged polarization fraction (panel e).
Combined, averaged, and adjusted EVPA (panel f); open symbols are added from the non-averaged EVPA curve. Pointwise, local derivative of the
adjusted EVPA (panel g). The grey area highlights the period of �-ray flaring activity coinciding with a rotation of the optical polarization angle.
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Fig. 1.— Sketch of the geometry employed to carry out calculations within the TEMZ
code. The number of fixed computational cells across the jet cross-section (view down axis,

in which × marks the Mach disk) can be as high as 1140, not including the Mach disk. A

turbulent cell of plasma, moving at laminar velocity βu upstream of the shock and at laminar
velocity βd after it passes the shock, crosses one computational cell during each time step.

The emission occurs between the conical standing shock and the rarefaction. The entire
region sketched lies ! 1 pc from the central engine.

TEMZ: Turbulent Extreme Multi-Zone Model

-20

The Astrophysical Journal, 780:87 (10pp), 2014 January 1 Marscher

Figure 3. Sample light curves (left), polarization vs. time (middle), and SED at two times (right) from TEMZ simulations. Flux levels are scaled arbitrarily so that
the shape of each light curve is apparent. Top row: parameters selected to be similar to BL Lacertae: nrad = 7 (168 cells across the shock front), zMD = 1.22 pc,
Z = 0.069, α = 0.55, b = 1.7, B = 0.04 G, fB = 1.0, Rcell = 0.003 pc, γmin = 300, γmax,high = 140, 000, γmax,low = 7000, βu = 0.990, βt = 0.577, ζ = 10◦,
θlos = 7.◦7, φ = 1.◦9, AMD = 0.01, and no significant thermal emission from dust. The SEDs correspond to times of 70.76 days (red) and 107.6 days (black). Temporal
resolution is 0.129 days (3.1 hr) over 1000 time steps. Bottom row: parameters selected to be similar to PKS 1510−089: nrad = 10 (270 cells across the shock front),
zMD = 1.18 pc, Z = 0.361, α = 0.7, b = 1.7, B = 0.04 G, fB = 1.0, Rcell = 0.001 pc, γmin = 1800, γmax,high = 37, 500, γmax,low = 5000, βu = 0.99969,
βt = 0.577, ζ = 6◦, θlos = 0.◦5, φ = 0.◦2, AMD = 1, Tdust = 1200 K, Ldust = 1 × 1046 erg s−1, rdust = 3.0 pc, and Rdust = 0.8 pc. The SEDs correspond to times of
3.0 days (red) and 10.0 days (black). The temporal resolution is 0.0159 days (23 minutes) over 1027 time steps.

common when the degree of polarization is low (see also Jones
1988; Marscher et al. 1992). If the randomness in the magnetic
field directions causes the polarization integrated over N–M of
the cells to cancel, with N ≫ M, the net polarization is low and
determined by the other M cells. Since a small number of cells
is involved, time variations can occur that resemble rotations
of the polarization vector. However, such apparent rotations are
unlikely to explain the systematic optical EVPA rotations re-
ported in BL Lac (Marscher et al. 2008) and PKS 1510−089
(Marscher et al. 2010). Both of these observed events occurred
prior to the time when the emitting plasma crossed the core,
and hence took place upstream of the location where the TEMZ
calculations apply. Despite the slower variations of polarization
at longer wavelengths, rotations of the polarization vector still
occur at millimeter wavelengths both in the simulations and in
observations (e.g., Larionov et al. 2008).

Both the degree and position angle of the quasar-like simula-
tion vary more erratically than is typically observed in PKS
1510−089 (e.g., Marscher et al. 2010). This discrepancy is
likely the result of the lack of continuity in the magnetic field
vector across cells in the direction transverse to the jet axis
in the current version of the TEMZ code (see Section 2).
Actual jets may also contain an ordered component of the

magnetic field in addition to the turbulent component. If so, the
very short timescale variations in polarization will have lower
amplitudes.

Figure 4 presents sample total (I) and polarized (P) intensity
images at 43 GHz generated at a particular time of the quasar-
like simulation. These images serve as representations of the
brightness and polarization distribution across the source, as
well as an indication of the ability of VLBI observations to test
the TEMZ model. In order to generate the images, a rectangular
grid of pixels is set up, with the intensity from all of the cells
that lie along the line of sight represented by each pixel summed
(vectorially for a P image) to obtain the intensity of the pixel.
The pixelated image is then convolved with a circular Gaussian
restoring beam (i.e., a point-spread function). The image at the
top of the figure is convolved with a small beam to reveal the
underlying intensity pattern, while the image at the bottom has a
FWHM resolution equal to the diameter of the jet cross-section.
The latter is typical of the angular resolution of the longest
baselines of a millimeter-wave VLBI observation with nearly
Earth-diameter maximum separations of antennas. The addition
of one or more space-based antennas is therefore needed in order
to determine whether a given blazar possesses the brightness and
polarization structure predicted by the model.
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determined by the other M cells. Since a small number of cells
is involved, time variations can occur that resemble rotations
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ported in BL Lac (Marscher et al. 2008) and PKS 1510−089
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and hence took place upstream of the location where the TEMZ
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that lie along the line of sight represented by each pixel summed
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The pixelated image is then convolved with a circular Gaussian
restoring beam (i.e., a point-spread function). The image at the
top of the figure is convolved with a small beam to reveal the
underlying intensity pattern, while the image at the bottom has a
FWHM resolution equal to the diameter of the jet cross-section.
The latter is typical of the angular resolution of the longest
baselines of a millimeter-wave VLBI observation with nearly
Earth-diameter maximum separations of antennas. The addition
of one or more space-based antennas is therefore needed in order
to determine whether a given blazar possesses the brightness and
polarization structure predicted by the model.
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the shape of each light curve is apparent. Top row: parameters selected to be similar to BL Lacertae: nrad = 7 (168 cells across the shock front), zMD = 1.22 pc,
Z = 0.069, α = 0.55, b = 1.7, B = 0.04 G, fB = 1.0, Rcell = 0.003 pc, γmin = 300, γmax,high = 140, 000, γmax,low = 7000, βu = 0.990, βt = 0.577, ζ = 10◦,
θlos = 7.◦7, φ = 1.◦9, AMD = 0.01, and no significant thermal emission from dust. The SEDs correspond to times of 70.76 days (red) and 107.6 days (black). Temporal
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3.0 days (red) and 10.0 days (black). The temporal resolution is 0.0159 days (23 minutes) over 1027 time steps.

common when the degree of polarization is low (see also Jones
1988; Marscher et al. 1992). If the randomness in the magnetic
field directions causes the polarization integrated over N–M of
the cells to cancel, with N ≫ M, the net polarization is low and
determined by the other M cells. Since a small number of cells
is involved, time variations can occur that resemble rotations
of the polarization vector. However, such apparent rotations are
unlikely to explain the systematic optical EVPA rotations re-
ported in BL Lac (Marscher et al. 2008) and PKS 1510−089
(Marscher et al. 2010). Both of these observed events occurred
prior to the time when the emitting plasma crossed the core,
and hence took place upstream of the location where the TEMZ
calculations apply. Despite the slower variations of polarization
at longer wavelengths, rotations of the polarization vector still
occur at millimeter wavelengths both in the simulations and in
observations (e.g., Larionov et al. 2008).

Both the degree and position angle of the quasar-like simula-
tion vary more erratically than is typically observed in PKS
1510−089 (e.g., Marscher et al. 2010). This discrepancy is
likely the result of the lack of continuity in the magnetic field
vector across cells in the direction transverse to the jet axis
in the current version of the TEMZ code (see Section 2).
Actual jets may also contain an ordered component of the

magnetic field in addition to the turbulent component. If so, the
very short timescale variations in polarization will have lower
amplitudes.

Figure 4 presents sample total (I) and polarized (P) intensity
images at 43 GHz generated at a particular time of the quasar-
like simulation. These images serve as representations of the
brightness and polarization distribution across the source, as
well as an indication of the ability of VLBI observations to test
the TEMZ model. In order to generate the images, a rectangular
grid of pixels is set up, with the intensity from all of the cells
that lie along the line of sight represented by each pixel summed
(vectorially for a P image) to obtain the intensity of the pixel.
The pixelated image is then convolved with a circular Gaussian
restoring beam (i.e., a point-spread function). The image at the
top of the figure is convolved with a small beam to reveal the
underlying intensity pattern, while the image at the bottom has a
FWHM resolution equal to the diameter of the jet cross-section.
The latter is typical of the angular resolution of the longest
baselines of a millimeter-wave VLBI observation with nearly
Earth-diameter maximum separations of antennas. The addition
of one or more space-based antennas is therefore needed in order
to determine whether a given blazar possesses the brightness and
polarization structure predicted by the model.
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effects. Most importantly, Zhang et al. [32] have shown that careful consideration of all light travel
time and radiation-transfer effects naturally leads to ⇠ 180o PA rotations when a shock propagates
through an active region in a jet pervaded by a helical magnetic field.

Figure 4. The multiwavelength flare + PA swing event of 3C279 in 2009 [1]: Simultaneous fits to
snap-shot SEDs (a), multi-wavelength light curves (b – d), and time-dependent optical polarization
characteristics (e – f). From [33].

A spectacular success of this model is provided by its application to the prominent PA rotation
+ multi-wavelength flare event of 3C279 in 2009 [1], as presented in [33]. Here, the authors
have presented, for the first time, fits to snap-shot SEDs, multi-wavelength light curves, and
time-dependent optical synchrotron polarization signatures (Polarization Degree and Polarization
Angle), within one consistent model, properly treating particle dynamics and polarization-dependent
radiation transfer. A key result of this study was that these fits required a decreasing magnetic field
strength along with enhanced particle acceleration, indicative of magnetic energy dissipation as the
driving mechanism for the observed flaring activity. For details of the simulations and the parameters
required for the fit presented in Figure 4, see [33].
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S. Kiehlmann et al.: Polarization angle swings in blazars: The case of 3C 279

Fig. 1. Optical photometry and polarimetry and �-ray light curve of 3C 279. Fermi-LAT �-ray light curve at > 100 MeV binned into 3 day
intervals (panel a) as published in Hayashida et al. (2015). Combined R-band light curve (panel b). Measured, optical polarization fraction
(panel c) and EVPA (panel d); red circles: Calar Alto (R), red squares: CrAO-70cm (R), red diamonds: Perkins (R), orange up-sided triangles:
SPM (R), orange right-sided triangles: St. Petersburg (R), green down-sided triangles: KANATA (V), green left-sided triangles: Steward Obs.
(spec. and V), blue circles: Liverpool (V+R), blue squares: KVA (white light). Combined, de-biased, and averaged polarization fraction (panel e).
Combined, averaged, and adjusted EVPA (panel f); open symbols are added from the non-averaged EVPA curve. Pointwise, local derivative of the
adjusted EVPA (panel g). The grey area highlights the period of �-ray flaring activity coinciding with a rotation of the optical polarization angle.
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• S5 0716+714 (z~0.31; Nilsson et al. 2008, Mazin et al. 2009) 
[z<0.322 (95% confidence); Danforth et al. 2002] 

• Most active blazar of extreme northern sky (RA  07:21:53.4 DEC 
+71:20:36) observed over complete spectrum 

• Various Detections by EGRET (2E 0716.2+7126, 2EG 
J0720+7126, 3EG J0721+7120, EGR J0723+7134) 

• Member of Fermi LAT  Bright Source List (FERMILBS) F ~ 1.5 x 
10-7 ph cm-2 s-1  

• Variable TeV detection by (Sp. Index=-3.45 +/- 0.54) MAGIC in 
2007 November (F>0.4TeV ∼ 0.8 × 10−11 erg cm−2 s−1) & 2008 
April (F>0.4T eV ∼ 7.5 × 10−11 erg cm−2 s−1 ) [Anderhub et al. 
2009] with corresponding variability in optical bands (20 mJy to 
45 mJy in V). A historical bright state in X-Rays during 2008 
outburst [Giommi et al.2008].  

• 2015, January outburst in BL Lac object 
S5 0716+714

http://cds.u-strasbg.fr/cgi-bin/Dic-Simbad?2E
http://cds.u-strasbg.fr/cgi-bin/Dic-Simbad?2EG
http://cds.u-strasbg.fr/cgi-bin/Dic-Simbad?3EG
http://cds.u-strasbg.fr/cgi-bin/Dic-Simbad?EGR
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An ongoing NIR Flare of the Blazar HB89 0716+714
ATel #6902; L. Carrasco, A. Porras, E. Recillas, J. Leon-Tavares, V. Chavushyan, A.

Carraminana (INAOE, Mexico)
on 12 Jan 2015; 02:56 UT
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We report on the ongoing NIR flare of the intermediate redshift QSO HB890716+714 (z=0.30)
also known as CGRaBS J0721+7120, associated with the Gamma ray source
2FGLJ0721.9+7120. On January 11th,2015 (JD, 2457033.8504), we obtained NIR photometry for
this object and found it with enhanced fluxes corresponding to J = 11.270 +/- 0.03, H = 10.605 +/-
0.03 and Ks = 9.794 +/- 0.05. While on JD 2457021.0025, we detected this object at J = 12.338
+/- 0.03, H = 11.613 +/- 0.03 and Ks = 10.888 +/- 0.03. Hence it shows an increment of its flux by
a factor of 2.5 in the NIR in a rather short lapse of 12 days. The object is presently brightest since
the time we started monitoring it in these bands on JD2454423. Our observations were carried out
with the 2.1m telescope of the Guillermo Haro Observatory operated by the National Institute for
Astrophysics, Optics and Electronics (Mexico), equipped with the instrument CANICA a NIR
camera. We strongly encourage further multiwavelength coverage.
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The blazar S5 0716+714 at the highest optical flux ever
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The blazar S5 0716+714 was recently reported to be at exceptionally high optical state
(ATel#6902, ATel#6942, ATel#6944, ATel#6953). During the nights of 18.01.2015 and
19.01.2015 we observed the object with the 60cm telescope of Belogradchik observatory,
Bulgaria. Despite of the mediocre weather conditions we obtained the following optical
magnitudes for this object (preliminary data): 

18.01.2015, UT ~20:15
B=12.61, V=12.22, R=11.71, I=11.18

19.01.2015, UT ~20:30
B=12.95, V=12.50, R=12.07, I=11.53

The typical measurement and calibration errors were in the order of 0.05 mag. The blazar was
brighter in B-band by ~0.5 mag (during the night of 18.01.2015) than what was reported for a ~50
year period (Nesci et al. 2006, Mem.S. A.It.Sup., 9, 325). By far (to the best of our knowledge)
these are among the brightest magnitudes for this object ever reported. Further multiwavelength
observations are strongly encouraged.
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Mt Abu InfraRed Observatory (MIRO), operated by the Physical Research Laboratory,
Ahmedabad, India, equipped with 1.2m and 0.5m optical telescopes monitors AGNs, particularly
when these are in flaring mode. Here we report on the optical brightness of two flaring blazars: S5
716+714 and CGRaBS J0510+1800 employing 0.5m CDK-20 Telescope mounted with optical
EMCCD. S5 0716+714 is reported to be in continued brightening phase (Atel #6942, #6944, #
6953, #6957) in NIR and optical windows. We monitored in R (more than 45 mins), V, B & I
bands and found it in unprecedented bright phase. From the earlier reports, it appears to be
brightening continuously and therefore needs to monitored in all possible e-m windows. On the
night of January 18, we present the following brightness values for the source: MJD 57040.88301
V= 12.066+/-0.01 MJD 57040.89259 B= 12.543+/-0.005 MJD 57040.90259 I= 11.166+/-0.03
MJD 57040.90208 R= 11.677+/-0.005 These are the brightest ever values for S5 0716+714. The
long-term behaviour of the source shows that it has gone several cycles of brightness and fading
with a period of roughly 12- 15 years. At the same time, the viewing angle appears to change in
such a way that it increases as source gets dimmer. We had looked at the data upto December
2012 and based on that felt that it should start brightening by late 2014 or early 2015 while
viewing angle decreases. The present status of the source appears to justify that. However, more
observations at all energy regimes, including estimation of viewing angle, are required to
understand this enigmatic source. Blazar CGRaBS J0510+1800 which was also reported to be in
flaring state (Atel #6935, NIR H(band)=14.82 on January 16, 2015), shows the following
brightness value: R= 15.917 +/-0.01 We will continue monitoring these with 1.2m and 0.5 m
telescopes of MIRO.
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MAGIC detects Very High Energy gamma-rays from S5
0716+714
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The blazar S5 0716+714 was recently reported to be at exceptionally high optical state
(ATel#6902, ATel#6942, ATel#6944, ATel#6953, ATel#6957), which triggered MAGIC
observations of the source in very high energy gamma rays (VHE, E>100 GeV). The preliminary
analysis of the MAGIC data taken between 2015/01/22 and 2015/01/26 indicates potentially
variable VHE flux in the range from 4x10^-11 cm^-2 s^-1 to 7x10^-11 cm^-2 s^-1 above
150GeV. S5 0716+714 is a blazar with z~0.31 (Nilsson et al. 2008, A&A...487L..29N), which
was reported as VHE emitter in 2008 (Anderhub et al. 2009, ApJ, 704, 129). The measured
integral flux above 400 GeV was (7.5 +- 2.2) * 10^-12 cm^-2 s^-1. The 2008 detection is the only
significant detection of VHE gamma-ray emission prior to observations reported here. Notably,
the 2008 MAGIC detection of the source took place during a high optical state, too. The MAGIC
observations were accompanied with simultaneous optical observations with the KVA telescope.
The R-band magnitude on 2015/01/26 was 11.84, the lightcurve is available at:
http://users.utu.fi/kani/1m/S5_0716+714.html MAGIC observations on S5 0716+714 will
continue for one more night and multiwavelength observations are encouraged. The MAGIC
contact persons for these observations are R. Mirzoyan (Razmik.Mirzoyan@mpp.mpg.de) and E.
Lindfors (elilin@utu.fi). MAGIC is a system of two 17m-diameter Imaging Atmospheric
Cherenkov Telescopes located at the Canary island of La Palma, Spain, and designed to perform
gamma-ray astronomy in the energy range from 50 GeV to greater than 50 TeV.
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Multi-wavelength Lightcurves S5 0716+714 
(z~0.31), 2015 January 23 - February 03 
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MJD 57044; F>0.15TeV ~ 4x10-11  erg cm-2  s-1 MJD 57048; F>0.15TeV ~ 7x10-11 erg cm-2 s -1

Razmik et al 2015
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• Different slope for flux-flux correlation for different 
band —> Frequency dependent flux variations 

• Typical “ Bluer When Brighter (BWB) ” trend —> 
Indicative of shock formation
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• No Correlation between total flux and polarized flux (DP) variations; 
Very fast rise and fall in polarization against the consistent double 
humped variations in total flux.  

• A small fluctuation in PA followed by a consistent rise and decrease 
in PA.  —> Indicative of the presence of two polarization 
component…May be one unpolarized polarized and other highly 
polarized. 
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Degree of Polarization and Position angle 
during outburst

• No Correlation between total flux and polarized flux (DP) variations; 
Very fast rise and fall in polarization against the consistent double 
humped variations in total flux.  

• A small fluctuation in PA followed by a consistent rise and decrease 
in PA.  —> Indicative of the presence of two polarization 
component…May be one unpolarized polarized and other highly 
polarized. 

• Strong variability in almost all energies observed.  
• Rapid variations in DP,  
• Two consecutive two 180o  swing in PA  
• Almost simultaneous variable TeV flare (observed by MAGIC) 
• PA profile is Indicative of the presence of two polarization component…May be one 

unpolarized polarized and other highly polarized. 
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The simultaneous data during MJD 57045.5-57047.5  
are used. The light curves at almost all the energies  

seems to be constant. 



Re-produced SED and polarization
The Light-curves are not shown here. Because they are almost 

constant for the duration of our interest 
Second rotation could not be modelled because of poor data 



Re-produced SED and polarization
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Parameters Values

Helical pitch angle (deg)

 
Helical pitch angle during flare 
(deg) 

47 

                                                            
75.5 

Bulk Lorentz factor  

Length of the emission region Z (cm) 

20                                                             

                                                                     
6.06 ×1016 

Radius of the emission region R 
(cm) 

Length of the disturbance L (cm) 

2.25 ×1016 

                                                                               

6.06 ×1015 

Radius of the disturbance A (cm) 

                                              
Orientation of LOS (deg)  

2.25 ×1016                                                                     
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ABSTRACT

We present the first quick look analysis of data from nine AstroSat’s LAXPC observations of GRS
1915+105 during March 2016 when the source had the characteristics of being in Radio-quiet χ class.
We find that a simple empirical model of a disk blackbody emission, with Comptonization and a
broad Gaussian Iron line can fit the time averaged 3–80 keV spectrum with a systematic uncertainty
of 1.5% and a background flux uncertainty of 4%. A simple deadtime-corrected Poisson noise level
spectrum matches well with the observed high frequency power spectra till 50 kHz and as expected the
data show no significant high frequency (> 20 Hz) features. Energy dependent power spectra reveal
a strong low frequency (2 – 8 Hz) Quasi-periodic oscillation (LFQPO) and its harmonic along with
broad band noise. The QPO frequency changes rapidly with flux (nearly 4 Hz in ∼ 5 hours). With
increasing QPO frequency, an excess noise component appears significantly in the high energy regime
(> 8 keV). At the QPO frequencies, the time-lag as a function of energy has a non-monotonic behavior
such that the lags decrease with energy till about 15–20 keV and then increase for higher energies.
These first look results benchmark the performance of LAXPC at high energies and confirms that
its data can be used for more sophisticated analysis such as flux or frequency-resolved spectro-timing
studies.
Subject headings: accretion, accretion discs — black hole physics — X-rays: binaries — X-rays: indi-

vidual: GRS 1915+105

1. INTRODUCTION

The extraordinary micro-quasar black hole system,
GRS 1915+105 was the primary subject of a large num-
ber of Rossi X-ray Timing Explorer (RXTE) observa-
tions that has revealed its complex spectral and tim-
ing behavior which needs to be classified into more than
twelve distinct variability classes (Belloni et al. 2000). It
is the first Galactic black hole X-ray binary where su-
perluminal jet has been discovered (Fender et al. 1999).
Extensive study revealed variations in its radio flux (at
15.2 GHz) from few to few hundreds of milliJy in differ-
ent variability classes (Muno et al. 2001) as well as in the
same variability class (Pahari et al. 2013b). This source
has been extensively studied to understand the disk-jet
connection in X-ray binaries (Mirabel et al. 1998; Yadav
2001; Fender & Belloni 2004; Yadav 2006).
During some of these classes the source shows large

amplitude variability in flux and spectral shape on time-
scales of minutes to hours (Taam, Chen & Swank 1997;
Paul et al. 1998; Yadav et al. 1999; Pahari et al. 2013a,c),
while in others the source is relatively steady. Even when
the source is relatively quiet on minute time-scales, de-
tailed analysis often show strong coherent quasi-periodic
oscillations (QPOs) with frequencies of the order of a few
Hz (Paul et al. 1997; Morgan, Remillard & Greiner 1997;
Muno et al. 1999; Pahari et al. 2013b). Interestingly, one
of the promising model for these oscillations is that the
variation is produced by the inner disk globally precess-
ing due to the Lens-Thirring effect around a spinning
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Fig. 1.— A typical 1 ksec lightcurve of the χ class in the en-
ergy range 3.0–80.0 keV is shown where count rate from all three
LAXPC detectors — LAXPC10, LAXPC20 and LAXPC30 are combined.

black hole (Stella & Vietri 1998; Ingram, Done & Fragile
2009). Evidence for such a behavior is inferred from the
time-averaged spectrum and the variation of the QPO
properties with intensity and corresponding spectral pa-
rameters (Ingram & Van der Klis 2015). Perhaps more
importantly, energy dependent QPO properties such as
fractional rms and time-lag between different energy bins
provide crucial information regarding such phenomena
(Reig et al. 2000; Muno et al. 2001; Qu et al. 2010; Pa-
hari et al. 2013b).
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ABSTRACT

AstroSat is a multi-wavelength satellite launched on 2015 September 28. The CZT Imager of AstroSat

on its very first day of operation detected a long duration gamma-ray burst (GRB) namely GRB
151006A. Using the o↵-axis imaging and spectral response of the instrument, we demonstrate that
CZT Imager can localise this GRB correct to about a few degrees and it can provide, in conjunction
with Swift, spectral parameters similar to that obtained from Fermi/GBM. Hence CZT Imager would
be a useful addition to the currently operating GRB instruments (Swift and Fermi). Specifically, we
argue that the CZT Imager will be most useful for the short hard GRBs by providing localisation for
those detected by Fermi and spectral information for those detected only by Swift. We also provide
preliminary results on a new exciting capability of this instrument: CZT Imager is able to identify
Compton scattered events thereby providing polarisation information for bright GRBs. GRB 151006A,
in spite of being relatively faint, shows hints of a polarisation signal at 100–300 keV (though at a low
significance level). We point out that CZT Imager should provide significant time resolved polarisation
measurements for GRBs that have fluence 3 times higher than that of GRB 151006A. We estimate
that the number of such bright GRBs detectable by CZT Imager is 5 – 6 per year. CZT Imager
can also act as a good hard X–ray monitoring device for possible electromagnetic counterparts of
Gravitational Wave events.
Keywords: gamma-ray burst: general — gamma-ray burst: individual (151006A) — X–rays: general

— instrumentation: detectors

1. INTRODUCTION

The past decade has seen a tremendous improvement
in our understanding of gamma-ray bursts (GRBs), par-
ticularly after the launch of Swift and Fermi satellites
(Gehrels 2004; Gehrels & Mészáros 2012).
With its quick localisation ability, Swift could detect

the afterglows of many GRBs and help measure their
redshifts (Gehrels, Ramirez-Ruiz, & Fox 2009). The
Fermi satellite, on the other hand, provided the widest
ever spectral coverage of the prompt emission of GRBs
from 8 keV to ⇠ 40 MeV using the GBM instrument,
and extending further up to >300 GeV with the LAT
instrument for some GRBs (Meegan et al. 2009; Atwood
et al. 2009).

A new addition to the suite of instruments studying
GRBs is the hard X–ray imager Cadmium Zinc Tel-
luride Imager (CZTI) on AstroSat, the Indian multi–
wavelength observatory (Singh et al. 2014). CZTI
utilises a coded aperture mask and Cadmium Zinc Tel-
luride detectors (Figure 1, left) to image a 4.6�⇥ 4.6�

area of the sky in the 20–200 keV range (Bhalerao
et al. 2016). Apart from this primary coded field of
view, CZTI functions as an open detector at energies
> 100 keV, sensitive to almost the entire sky (Figure 1,
right). At these energies, CZTI also has X–ray polarisa-
tion capabilities (Chattopadhyay et al. 2014; Vadawale
et al. 2015). CsI (Tl) scintillators placed below the CZT
modules for active anti–coincidence shielding (Figure 1,
right) also serve as all–sky high energy detectors in the

ar
X

iv
:1

60
8.

07
38

8v
1 

 [a
st

ro
-p

h.
H

E]
  2

6 
A

ug
 2

01
6 arxiv.org/abs/1608.07388

https://arxiv.org/pdf/1608.07023.pdf

6

http://arxiv.org/abs/1608.07388
https://arxiv.org/pdf/1608.07023.pdf


SXT  
(TIFR) LAXPC 

(TIFR)

SSM (ISAC)

CZTI (TIFR+IUCAA)

UVIT (IIA+IUCAA+TIFR)

Three channels:  
130-180 nm, 180-300 nm, and 320-530 nm. 
The field of view ~ 28 arcmin 
angular resolution: 1.8" for the ultraviolet channels  
             and 2.5" for the visible channel 
Low resolution slit-less NUV/FUV spectra (R ~ 100) 

FoV: 10o x 90o 
Sensitivity:  30 mCrab (5 min ) 
Angular Resolution: 10 arc-min 

 

Wolter-I type 
Focal length: 2m 

Field of view: 41.3 x 41.3 arcmin 
Pixel Scale: 4.13 arcsec/pixel  
Energy Range: 0.3 – 8.0 keV  

Effective Area: 200 cm2 @1.5 keV  
                      20 cm2 @6.5 keV Field of View of 1ox1o 

energy band of 3-80 keV 

Detection Efficiency : 100% below 15 keV 
 and about 50 % up to 80 keV 

Combined Effective Area:  6000 cm2  
                at 5 keV

FOV: 4.6o x 4.6o  

Energy Range : 10 -  110 KeV (image) ,  
             upto 1 MeV (no image) 

Sp. Res. 8 arcmin  
En. Res. 8% @100 keV   

 Sensitivity: 0.5 mCrab (5 sigma; 104 s) 

54::*9

-- X19:549 --

__35ÿg9

01:12.0

ension

Swift -XRT (Red) &

iµß.+ + + ++
t

r Ph1= 2.27 +/- 0.03
= Eb= 1.65 +/- 0.2
- Ph2= 2.78 +/- 0.1
- C=1.19 +/- 0.03

I I_-I+Itl-
IT- I+ illl

2

21:5

HBL F
ASTROSAT-SXT (BI

to

O
4000

b7F

.KS 2155 -304 [z^
lack)

1

Energy (key)

5000 600

art Time 17321 16 :55:5

0.116]

SXT: 2013 -1.

Swill: 20151

WS 2155-304

IO 7000 8
Time (s)

54:140 Stop lime 17;

.0-26 16:46:39 (2943 s)
10-25 20:40:40(1466 s)

5

*CO

21x1 timo: lodi

ocelo

3'21 1 Fi:4.':F4:1A0

source in the 

5σ in integra

contemporane

law spectral m

 

Figure 5. 

 

Figure 6. 

25
th

 and Oct 26

 

SXT, and the

ation of ~2000

eous observat

model. 

 First X-ray im

A preliminary 

6
th

, 2015 respec

e background 

00s.  A very p

tions is shown

age and X-ray l

comparison of 

ctively. 

level observe

preliminary co

n in Figure 6, w

 

light curve (tim

f the SXT (black

ed, show that a

omparison of 

where the two

me bin=100s) tak

k color) and Sw

an X-ray sour

the SXT spec

o spectra have

ken on 26
th

 Oct

wift XRT (red c

rce at ~1μCrab

ctrum and Sw

 been fitted w

tober 2015.with

color) spectra o

b level will be

wift XRT spec

with the same b

h SXT of PKS 2

of PKS 2155-30

e detectable a

trum from the

broken power

 

2155-304 

04 taken on Oc

at 

e 

-

ct 

Proc. of SPIE Vol. 9905  99051E-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/05/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

Launched On : 28 September 2015

Accepted for publication in Astrophysical Journal; 23rd August 2016

Draft version August 25, 2016
Preprint typeset using LATEX style emulateapj v. 12/16/11

ASTROSAT/LAXPC REVEALS THE HIGH ENERGY VARIABILITY OF GRS 1915+105 IN THE χ CLASS

J S Yadav1, Ranjeev Misra2, Jai Verdhan Chauhan1, P C Agrawal3, H M Antia1, Mayukh Pahari2, Dhiraj
Dedhia1, Tilak Katoch1, P. Madhwani1, R K Manchanda4, B Paul5, Parag Shah1, C H Ishwara-Chandra6

1 Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai, India; jsyadav@tifr.res.in
2 Inter-University Centre for Astronomy and Astrophysics, Pune 411007, India

3 UM-DAE Center of Excellence for Basic Sciences, University of Mumbai, Kalina, Mumbai-400098, India
4 University of Mumbai, Kalina, Mumbai-400098, India

5 Dept. of Astronomy & Astrophysics, Raman Research Institute, Bengaluru-560080 India and
6 National Center for Radio Astrophysics, Pune 411007, India

Draft version August 25, 2016

ABSTRACT

We present the first quick look analysis of data from nine AstroSat’s LAXPC observations of GRS
1915+105 during March 2016 when the source had the characteristics of being in Radio-quiet χ class.
We find that a simple empirical model of a disk blackbody emission, with Comptonization and a
broad Gaussian Iron line can fit the time averaged 3–80 keV spectrum with a systematic uncertainty
of 1.5% and a background flux uncertainty of 4%. A simple deadtime-corrected Poisson noise level
spectrum matches well with the observed high frequency power spectra till 50 kHz and as expected the
data show no significant high frequency (> 20 Hz) features. Energy dependent power spectra reveal
a strong low frequency (2 – 8 Hz) Quasi-periodic oscillation (LFQPO) and its harmonic along with
broad band noise. The QPO frequency changes rapidly with flux (nearly 4 Hz in ∼ 5 hours). With
increasing QPO frequency, an excess noise component appears significantly in the high energy regime
(> 8 keV). At the QPO frequencies, the time-lag as a function of energy has a non-monotonic behavior
such that the lags decrease with energy till about 15–20 keV and then increase for higher energies.
These first look results benchmark the performance of LAXPC at high energies and confirms that
its data can be used for more sophisticated analysis such as flux or frequency-resolved spectro-timing
studies.
Subject headings: accretion, accretion discs — black hole physics — X-rays: binaries — X-rays: indi-

vidual: GRS 1915+105

1. INTRODUCTION

The extraordinary micro-quasar black hole system,
GRS 1915+105 was the primary subject of a large num-
ber of Rossi X-ray Timing Explorer (RXTE) observa-
tions that has revealed its complex spectral and tim-
ing behavior which needs to be classified into more than
twelve distinct variability classes (Belloni et al. 2000). It
is the first Galactic black hole X-ray binary where su-
perluminal jet has been discovered (Fender et al. 1999).
Extensive study revealed variations in its radio flux (at
15.2 GHz) from few to few hundreds of milliJy in differ-
ent variability classes (Muno et al. 2001) as well as in the
same variability class (Pahari et al. 2013b). This source
has been extensively studied to understand the disk-jet
connection in X-ray binaries (Mirabel et al. 1998; Yadav
2001; Fender & Belloni 2004; Yadav 2006).
During some of these classes the source shows large

amplitude variability in flux and spectral shape on time-
scales of minutes to hours (Taam, Chen & Swank 1997;
Paul et al. 1998; Yadav et al. 1999; Pahari et al. 2013a,c),
while in others the source is relatively steady. Even when
the source is relatively quiet on minute time-scales, de-
tailed analysis often show strong coherent quasi-periodic
oscillations (QPOs) with frequencies of the order of a few
Hz (Paul et al. 1997; Morgan, Remillard & Greiner 1997;
Muno et al. 1999; Pahari et al. 2013b). Interestingly, one
of the promising model for these oscillations is that the
variation is produced by the inner disk globally precess-
ing due to the Lens-Thirring effect around a spinning
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Fig. 1.— A typical 1 ksec lightcurve of the χ class in the en-
ergy range 3.0–80.0 keV is shown where count rate from all three
LAXPC detectors — LAXPC10, LAXPC20 and LAXPC30 are combined.

black hole (Stella & Vietri 1998; Ingram, Done & Fragile
2009). Evidence for such a behavior is inferred from the
time-averaged spectrum and the variation of the QPO
properties with intensity and corresponding spectral pa-
rameters (Ingram & Van der Klis 2015). Perhaps more
importantly, energy dependent QPO properties such as
fractional rms and time-lag between different energy bins
provide crucial information regarding such phenomena
(Reig et al. 2000; Muno et al. 2001; Qu et al. 2010; Pa-
hari et al. 2013b).
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ABSTRACT

AstroSat is a multi-wavelength satellite launched on 2015 September 28. The CZT Imager of AstroSat

on its very first day of operation detected a long duration gamma-ray burst (GRB) namely GRB
151006A. Using the o↵-axis imaging and spectral response of the instrument, we demonstrate that
CZT Imager can localise this GRB correct to about a few degrees and it can provide, in conjunction
with Swift, spectral parameters similar to that obtained from Fermi/GBM. Hence CZT Imager would
be a useful addition to the currently operating GRB instruments (Swift and Fermi). Specifically, we
argue that the CZT Imager will be most useful for the short hard GRBs by providing localisation for
those detected by Fermi and spectral information for those detected only by Swift. We also provide
preliminary results on a new exciting capability of this instrument: CZT Imager is able to identify
Compton scattered events thereby providing polarisation information for bright GRBs. GRB 151006A,
in spite of being relatively faint, shows hints of a polarisation signal at 100–300 keV (though at a low
significance level). We point out that CZT Imager should provide significant time resolved polarisation
measurements for GRBs that have fluence 3 times higher than that of GRB 151006A. We estimate
that the number of such bright GRBs detectable by CZT Imager is 5 – 6 per year. CZT Imager
can also act as a good hard X–ray monitoring device for possible electromagnetic counterparts of
Gravitational Wave events.
Keywords: gamma-ray burst: general — gamma-ray burst: individual (151006A) — X–rays: general

— instrumentation: detectors

1. INTRODUCTION

The past decade has seen a tremendous improvement
in our understanding of gamma-ray bursts (GRBs), par-
ticularly after the launch of Swift and Fermi satellites
(Gehrels 2004; Gehrels & Mészáros 2012).
With its quick localisation ability, Swift could detect

the afterglows of many GRBs and help measure their
redshifts (Gehrels, Ramirez-Ruiz, & Fox 2009). The
Fermi satellite, on the other hand, provided the widest
ever spectral coverage of the prompt emission of GRBs
from 8 keV to ⇠ 40 MeV using the GBM instrument,
and extending further up to >300 GeV with the LAT
instrument for some GRBs (Meegan et al. 2009; Atwood
et al. 2009).

A new addition to the suite of instruments studying
GRBs is the hard X–ray imager Cadmium Zinc Tel-
luride Imager (CZTI) on AstroSat, the Indian multi–
wavelength observatory (Singh et al. 2014). CZTI
utilises a coded aperture mask and Cadmium Zinc Tel-
luride detectors (Figure 1, left) to image a 4.6�⇥ 4.6�

area of the sky in the 20–200 keV range (Bhalerao
et al. 2016). Apart from this primary coded field of
view, CZTI functions as an open detector at energies
> 100 keV, sensitive to almost the entire sky (Figure 1,
right). At these energies, CZTI also has X–ray polarisa-
tion capabilities (Chattopadhyay et al. 2014; Vadawale
et al. 2015). CsI (Tl) scintillators placed below the CZT
modules for active anti–coincidence shielding (Figure 1,
right) also serve as all–sky high energy detectors in the
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