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LAXPC 
3-100 keV X-ray Timing, 
broadband spectroscopy

UVIT 
1.4” UV imaging

SXT 
0.2-8 keV imaging & 
line spectroscopy

CZTI 
20-250 keV 
hard X-ray 
imaging, 
timing, 
spectroscopy

SSM 
rotating 2-10 
keV monitor Phased 

Array 
Antenna

Star Sensors
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LAXPC:  TIFR, RRI 
SXT: TIFR, ISRO, UoL 
CZTI: TIFR, ISRO, IUCAA, RRI, PRL 
SSM: ISRO, IUCAA, RRI 
UVIT: IIA, ISRO, IUCAA, CSA  

Spacecraft: ISRO 
Operations: ISRO 
Ground software: ISAC, SAC, 
TIFR, RRI, IIA, IUCAA, NCRA, PRL

PI: S. Seetha (ISRO)
PMs: S.N. Tandon (UVIT),  
         J.S. Yadav (LAXPC), 
         S. Bhattacharyya (SXT) 
         A.R. Rao (CZTI) 
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AstroSat  
co-aligned  
payloads: 
effective areas
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• Individual photon recording in all bands 
• High time resolution: 10μs (LAXPC), 20μs 
(CZTI), 1.6ms (UV), 287ms (SXT)  

• Simultaneous operation ~2ev to 150keV 
• All sky transient monitoring at > 100 keV 
• Hard X-ray polarisation capability 
(100-380keV)
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Integrated AstroSat before launch PSLV XL Rocket  
weight: 1.5 ton weight: 320 ton

PIC: ISRO
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SAA

Wikipedia

ASTROSAT orbit
650 km altitude, circular, 6 deg inclination, Period 98 min

worldsmapsonline.com
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Operations

ISTRAC, 
PEENYA

ISSDC, 
BYLALU

POCS

LAXPC: TIFR, RRI 

UVIT: IIA 

SXT: TIFR 

CZTI: IUCAA 

SSM: ISAC, IUCAA

DATA  
ARCHIVE USER PROPOSALS 

REVIEW, TIME ALLOCATION, SCHEDULING

co
mman

ds

data

raw data

science products

ASTROSAT SCIENCE SUPPORT CELL Proposal streams: 
GT, AO : annual cycles 
TOO, Cal: always open
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Operations
• Oct 2015 - March 2016 : Performance Verification 

and calibration 

• April 2016 - Sept 2016 : First Science run 
(Guaranteed Time for Instrument Teams) 

• Oct 2016 onwards : Indian Open Time 

• Oct 2017 onwards : International Open Time

Observing proposals are invited for annual cycles, peer reviewed 
and time is allocated on the basis of the review outcome.  

Target of Opportunity observations may be proposed at any time
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Glimpses of Results
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Imaging and spectroscopy with Soft X-ray Telescope

Diffuse Remnant of Tycho Brahe’s Supernova (SN 1572)
Astrosat SXT, 6 Nov 2015
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GALEX

NGC 2336
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Globular cluster NGC 1851: UVIT FUV time lapse image 

Detection of RR Lyrae Variable stars: 10 min exposure each, separated by ~14 h
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X-ray reflection 
from accretion disk
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kHz QPO detection by LAXPC

4U 1728-34 
8 March 2016

Ch
au

ha
n 

et
 a

l 2
01

7

Milli-second phenomena in 4U 1728-34 3

’./Dyn_level2.event_khz_3_20kev_new’ u 1:2:(2.*$3/$5)

 500  1000  1500  2000  2500
Time (seconds)

 780

 800

 820

 840

 860

 880

Fr
eq

ue
nc

y 
(H

z)

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 2.8

Po
w

er

 500  1000  1500  2000  2500
Time (seconds)

 780

 800

 820

 840

 860

 880

Fr
eq

ue
nc

y 
(H

z)

-2

-1

 0

 1

 2

 3

 4

 5

σ

 1.8

 1.9

 2

 2.1

 2.2

 2.3

 2.4

 2.5

 2.6

 0  200  400  600  800  1000  1200  1400  1600  1800  2000

Po
w

er

Frequency (Hz)

Shifted power in 3-20 keV band

Fig. 3.— Dynamic power spectra of 4U 1728-34 in the energy
range 3–20 keV (top panel). A drifting kHz QPO whose frequency
changes from ∼ 815 Hz to ∼ 850 Hz is clearly visible. The middle
panel shows the variation of σ ≡ (P − Pn)/∆P showing that the
QPO is significantly detected. The bottom panel shows the co-
added power spectra after aligning the QPO frequency. No other
features are detected in the 200 - 2000 Hz.

presence of a drifting kHz QPO. This was confirmed us-
ing dynamic power spectra analysis; the results of which
are shown in top panel of Figure 3. The dynamic power
spectra were created by splitting the 3-20 keV light curve
into 16 parts of 147.97 seconds each. Each part was
then divided into 289 segments of 0.512 seconds. The
power spectra have been normalized such that the Pois-
son level, PN is at 2 i.e. they are “Leahy” normal-
ized (Leahy et al. 1983). The ∼40 microsecond dead-
time of the instrument reduces the noise level slightly
to ∼ 1.95. Power spectra were created for each of the
289 segments and averaged. Hence, the error on the
power at each frequency, ∆P/P is 1/

√

(N) = 1/
√

(289)
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Fig. 4.— Time lag as a function of energy for the kHz QPO.
The reference band here is 5-10 keV. Even for the short duration
of ∼ 2500 seconds data the time-lag can be constrained to < 100
microseconds.

or 5.9 %. The middle panel of Figure 3 shows the signifi-
cance σ ≡ (P −PN )/∆P for the detections. The Figures
clearly reveal a significant QPO whose frequency drifts
from from ∼ 815 Hz at the beginning of the observation
to ∼ 850 towards the end. To explore the possibility
of any other QPO in the data, we used the standard
shift and add technique where the power spectrum for
each part is shifted such that the QPO frequencies be-
comes aligned and then averaged (Méndez et al. 1998;
Mukherjee & Bhattacharyya 2012). The resultant power
spectrum is shown in the bottom panel of Figure 3 which
shows no other QPO like features.
We test whether the kHz QPO is also detected

at high energies (> 10keV ), especially since ear-
lier RXTE analysis of the source was unable to do
so (Mukherjee & Bhattacharyya 2012). Power spectra
were computed in the 10-20 keV band and following
Mukherjee & Bhattacharyya (2012), the spectra for each
part were shifted in frequency using the QPO detected
in the 3-20 keV spectra as the reference. The avareged
spectrum is shown in the top panel of Figure 4 and the
khz QPO is clearly detected in the high energy band.
Fitting the power spectrum with a Gaussian and a con-
stant component gives χ2/dof = 991.2/982 while only a
constant component gives 1231.8/984 or a ∆χ2 = 240 for
2 additional degrees of freedom.
One does not expect to obtain tight constrains on en-

ergy dependent time-lag from such a short duration data,
especially when the frequency of the QPO is drifting.
Nevertheless, the detection of the QPO in high energy

28-Sep-16	 J	S	Yadav,	TIFR	 24	

High	Frequency		Quasi-periodic	Oscilla.ons	(HF	QPOs)	:		
HF	QPOs	probe	regions		close	to	the	compact	objects	(Neutron	star	and		black	hole	

Systems)		which	are		characterized	by	very	high	gravity	and	magne.c	field.	

ISCO	

12.5km	

27km	

15	km	

Orbit	and	frequency		

	Observed		frequency	is	always	<	1.2	KHz	(for	~2	Msun).		The	innermost	stable	circular	orbit	(ISCO)	

Is	around	12.	5	km	which	corresponds	to	1.2	KHz	(right	panel).	LeE	panel		shows	dynamic	

Power	density	spectrum		from	LAXPC	observa.ons.	As	mass	falls,	qpo	evolves	(rises)	and		

explores	extreme	condi.ons	near	neutron	star.		QPO	frequency	evolves	from	~820	Hz	to	850	Hz	

LeE		panel	shows		dynamic		power	density	Spectrum	from	LAXPC	observa.on	of		

4U	1728-34.	We	observed		820	Hz	HF	QPOs			showing	driE	to	higher	frequency.	

Jai	Verdhan		et	al	2016	
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index clearly shows acorrelation with flux changing by nearly
0.1 for a factor of two variation in the flux, at a remarkably fast
timescale of 1 s. The variation of the other spectral para-
meters,such as those of the disk component, are within errors.
Clearly, tighter constraints can be obtained once the back-
ground and the response of the detectors is better modeled. The
analysis shows that LAXPC data can be analyzed using more
sophisticated techniques like frequency resolved spectroscopy
where spectra corresponding to different frequency variation
are generated (Revnivtsev et al. 1999, 2000; Reig et al. 2006)
and also by the alternate technique known as timescale resolved
spectroscopy, where the analysis is undertaken in the time
domain (Wu et al. 2009). Such an analysis can reveal spectral
variations, such as that the spectral index correlates with flux
for Cygnus X-1, on timescales as short as 64 msecs (Wu et al.
2010). However, these analyses have been limited to few of the
RXTE observations taken in particular modes and even for
these data the spectral information was often limited to few
energy bins (Wu et al. 2009, 2010).

3. Discussion

The event mode data of LAXPC witha significantly larger
effective area at energies above 30 keV than RXTE havepro-
vided an enhanced view of the hard X-ray variability of Cygnus
X-1 in its hard state.

The timing behavior can provide clues to the geometry of the
system. For example, frequency resolved spectroscopy of
Cygnus X-1 in the hard state, suggests that the disk is truncated
(Revnivtsev et al. 1999). Here, we discuss the results, to
indicate that they are consistent with the qualitative features of
the propagation fluctuation model in a geometry where the
standard disk is truncated and stochastic fluctuations occur
throughout the disk (and the inner hot flow) at characteristic
frequencies, which propagate inward. However, it may be
possible that the same broad qualititative timing features can
also be produced in a geometry where the disk extends to the
last stable orbit as indicated by spectral fitting of the complex
iron line (Parker et al. 2015). The timing results need to be
compared with detailed quantitative predictions of models with
different geometry to make clear statements.

The power spectrum can be characterized as having two
broad lorentzian features termed here as low (∼0.4 Hz) and
high (∼3.0 Hz) frequency components. The rms of the low-
frequency component decreases with energy. This is more

clearly evident in the 1 s binned flux resolved spectra, which
shows that the spectra soften with increasing flux. The photon
index increased from 1.72 to 1.80 as the flux increased by a
factor of two. Such a steepening with flux is expected if the
variability is primarily due to increase in the soft photon flux.
This indicates that the low-frequency variability is primarily
driven by variation in the seed photon flux into the
Comptonizing medium,which is likely to be the outer
truncated standard disk. These low-frequency fluctuations
would then propagate inwardon viscous timescales causing
variations in the inner corona such as in its heating rate. Thus
the low-frequency variability of the thermal Comptonization
component has two drivers. First, the variation of the seed
photon flux (causing the spectrum to soften with increasing
flux) and later after the fluctuation has reached the inner flow a
variation in the overall flux of the corona. Thus one expects a
time delay between the two drivers, which may show up as the
observedtime lag between the hard and soft X-ray photons.
For the high-frequency component, the rms decreases less

rapidly with energy as compared to the soft one. Moreover,
there is some evidence that the shape of the component changes
with energy in the sense that its peak shifts to a higher
frequency as the energy increases. Thetime lag between the
high and andlow-energy photons is significantly smaller than
the case for the low-frequency component. All this seems to
indicate that the high-frequency component is driven by
variations in the thermal plasma itself, i.e., it originates in the
inner flow in accordance with the fluctuation propagation
model.
The results presented here showcase the unprecedented view

that LAXPC provides of the rapid variability properties of the
X-rays above 30 keV for Cygnus X-1. Clearly, further
observations of the source in different spectral states when
combined with data from other instruments of AstroSat will
allow quantitative testing of models that strive to explain
variability properties of such systems and hence to constrain
the dynamics of the inner accretion flow near the black hole.

We acknowledge the strong support from Indian Space
Research Organization (ISRO) in various aspect of instrument
building, testing, software development, and mission operation
during thepayload verification phase. We acknowledge
support of theTIFR central workshop during the design and
testing of the payload.
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background are fairly uncertain. Our motivation here is to show
that at this level of uncertainty in the response and background,
the data is well represented by a typical hard state spectral
model of Cygnus X-1. Thus, the energy dependent variability,
which is the primary focus of this work, can be considered to
be reliable.

We compute the power spectra for different energy bands
and show the result in Figure 3 for the 3–10 and 20–40 keV
bands. The light curve was divided into 702 segments, each
having a length of 1024 points with a time bin of 16.67
milliseconds. The power spectrum was computed for each
segment and then averaged. The resultant power spectrum was
rebinned in frequency space. The dead-time-corrected Poisson
noise,assuming a dead time of 42 microseconds (Yadav et al.
2016b), has been subtracted and the power spectra have been
corrected for the corresponding background rates. The power
spectra clearly show two broad features at∼0.4 and ∼3 Hz and
we use two broad lorentzians (e.g., Belloni et al. 2002) to
empirically represent them. For the low and high-energy bands,
the fit gives χ2/dof of 130.2/52 and 92.1/51 respectively. If a
systematic of 5% is added, these χ2 values decrease to 39.4 and
52.6. Alternatively, one can instead, include two extra

lorentzian components and such a fitting gives acceptable
reduced χ2 close to unity. However, in the absence of a detailed
physical model for the components, in this work, we consider
only the fit using two lorentzians and refer to them as the low
and high-frequency components. For the low-energy band the
low frequency is modeled as a lorentzian with acentroid
frequency of 0.17±0.04 Hz and awidth of0.65±0.06 Hz.
While for the high-energy band these values are found to be
0.20±0.05 Hz and 0.66±.07 Hz. Thus marginally within
errors the shape of the low-frequency component does not
seem to vary. For the high-frequency component of the low-
energy band the centroid frequency and width are
1.21±0.3 Hz and 5.7±0.2 Hz, while for the high-energy
band they are 1.8±0.35 Hz and 6.5±0.35 Hz. Note that for a
broad lorentzian the peak of the frequency times power
spectrum as shown in Figure 3 occurs not at the centroid
frequency fc but at ( ( ) )s+ +f f 2 2c c

2 2 where σ is the
width. Thus, while the shape of the low-frequency power
spectral component seems to be thesame with energy, there is
evidence that the high-frequency ones changeand peakat a
higher frequency at higher energies. The strength of the
components (i.e., their rms) changes with energy, especially
their relative strength. This is shown more clearly in Figure 4
where the rms of the two components are plotted as a function
of energy. Here, the two component lorentzian model has been
fitted to the power spectra of each energy bin. Clearly, while
the rms of the low-frequency component decreases rapidly with
energy, that of the high-frequency one is relatively constant.
We note that while there maybe uncertainties on the absolute
value of the rms (due to uncertainties in the actual background
level), the relative strength of the two is independent of any
background variation, which will effect both in the same
manner.
Figure 5 shows the time lag of the high-energy 20–40 keV

photons relative to the low-energy 5–10 keV band as a function
of frequency. Just as in the case of the power spectra, the light
curve was divided into 702 segments, each having a length of
1024 points with a time bin of 16.67 milli-secs and cross
spectrum for each segment was computed and averaged. The
time lags and their error were computed from the averaged
cross-spectra using the scheme described in Nowak et al.

Table 1
Spectral Parameters

Model Parameters Values

Γ -
+1.77 0.007

0.006

kTe (keV) 70f

kTdisk (keV) -
+0.85 0.09

0.09

Ndisk -
+235 74

153

Rrefl -
+0.41 0.03

0.04

ξ -
+96 22

34

Flux3–80 keV (×10−8 erg s−1 cm−2) -
+1.751 0.007

0.007

χ2/dof 134.2/120

Note. Γ and kTe are the photon index and electron temperature of the thermal
Comptonization component; f is the temperature, kTe was not constrained by
the data and only a lower limit of 60 keV was attained. Hence the temperature
was fixed at 70 keV; kTdisk and Ndisk are the normalization of the disk
component; Rrefl and ξ are the reflected fraction and ionization parameter of the
reflected component and Flux3–80 keV is the unabsorbed flux in the 3–80 keV
band. All errors are at the 2σ level.

Figure 2. 3–80 keV unfolded spectra and residuals for the three LAXPC
detectors—LAXPC 10 (red), LAXPC 20 (green), and LAXPC 30 (black) fitted
jointly by the model whose parameters are listed in Table 1.

Figure 3. Frequency times the power spectra of Cygnus X-1 for photons in the
3–10 keV band (black points) and for those in the 20–40 keV band (red points).
The spectra has been fitted by two lorentzian components and the figure shows
the changes in the power spectral shape as a function of energy.
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GRB 151006A
• First cosmic source detected by 

AstroSat was a GRB

• They signal birth of Black Holes

• AstroSat can detect polarisation 
of high-energy (> 100 keV)  
emission of Bright GRBs (~5/yr)

• > 100 GRB detections reported 
so far from AstroSat

• Positive detection of 
polarisation in 7 cases in the 
first year

• Estimated polarisation fraction 
between 48% to 96%

• Upper limits placed in 4 cases, 
lowest 35%

Gamma Ray Bursts with ASTROSAT CZTI
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2 Bhalerao et al

ture of the optical sky (GCNs reporting optical counter-
parts: 20381, 20382, 20392, 20394, 20398, 20401, 20410,
20493). While advances in wide-field optical imaging
have overcome the challenge of mapping the coarse lo-
calizations of GW triggers, such e↵orts continue to be
plagued with the challenge of false positives i.e. astro-
physical events that appear to be both spatially and
temporally coincident with the GW trigger but are unre-
lated (Abbott et al. 2016a, and references therein). Most
optical transients discovered in such large-area searches
evolve slowly on many day to week timescales (e.g.
supernovae, AGN). Thus, the report of ATLAS17aeu
(Tonry et al. 2017) fading by 0.7 mag hr�1 drove a rip-
ple of excitement in the EM-GW community.
The GROWTH collaboration promptly imaged AT-

LAS 17aeu with the Large Format Camera mounted on
the Palomar 200-inch Hale Telescope and the Discovery
Channel Telescope (§2.2). We detected the afterglow
and fit a power-law of the form F = F0(t�to)�↵. To our
surprise, the statistically robust power-law fit suggested
an explosion time (t0) that was o↵set from the GW
merger time by 21.5 ± 1.0 hours (Kasliwal et al. 2017).
The prospect of this event being an unrelated, untrig-
gerred or o↵-axis GRB was rather small as there had
only been two such optical reports to date: PTF11agg
(Cenko et al. 2013) and iPTF14yb (Cenko et al. 2015).
As unlikely as it seemed, we decided to trigger the Swift
satellite (§3.3), the Very Large Array in Socorro, NM
(§3.4) and AMI (§3.4) and were surprised by the detec-
tion of both an X-ray and radio afterglow.
Motivated thus, upon checking AstroSat CZTI data

and high energy archives, we found a Gamma Ray Burst
had actually been detected that would be consistent
with the explosion time of ATLAS17aeu (§3). Further-
more, ASTROSAT’s localization map confirmed that
the spatial coincidence was also consistent with this hy-
pothesis (§3.2). In this paper, we report the e↵orts of the
CZTI-IUCAA and GROWTH collaborations to estab-
lish that the panchromatic properties of ATLAS17aeu
are simply explained as the afterglow of GRB170105,
unrelated to GW170105.

2. SEARCH FOR ELECTROMAGNETIC
COUNTERPARTS

2.1. X-ray counterparts

We undertook an o✏ine search for a hard X-ray coun-
terpart to GW170104 in AstroSat CZTI data. CZTI is a
hard X-ray coded aperture mask instrument that func-
tions as an open detector above ⇠100 keV (Bhalerao
et al. 2016). CZTI has high sensitivity to hard X-ray
transients and has detected over a hundred Gamma Ray

Bursts in 18 months of operation2. Coincidence between
the four identical, independent quadrants of CZTI serves
as an excellent discriminant between astrophysical tran-
sients and instrumental noise.

Figure 1. Upper panel: the probability of finding the coun-
terpart to GW170104, in the sky visible to CZTI. The red
cross marks the boresight of CZTI. Parts of the sky obscured
by earth or by satellite elements are shown in white. The vis-
ible area encloses a 39.1% probability of containing the GW
source. Lower panel: The upper limits on hard X-ray emis-
sion from GW170104, from a search for 1 s transients. The
variation of upper limits with position for other timescales is
identical modulo an overall scaling factor.

Using standard GRB search procedures for CZTI,
data were first reduced with the CZTI pipeline which
suppresses any noisy pixels. We then calculates “dy-
namic spectra” of CZTI data by binning data in 20 keV
bins and 1 s time bins. The resultant two-dimensional
distributions, e↵ectively consisting of light curves in suc-
cessive energy bins, were scrutinized for any transients.
To aid detection of transients, we normalize the light
curve at each energy by subtracting the mean count rate
and dividing by the standard deviation of the light curve
at that energy. The process is also repeated with 0.1 s
and 10 s binning. After following this procedure, no

2 CZTI GRB discoveries are distributed as GCN circulars and
reported online at http://astrosat.iucaa.in/czti/?q=grb.

AstroSat CZTI search for EM counterpart of 
GW events

At energies above 60 keV 
CZTI FOV gradually opens 

up to the whole sky. 

Can detect till 250 keV 
Veto detector sensitive  

up to 1 MeVLocalization

Flux Limits
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AstroSat is addressing a wide range of science issues 
Highly capable X-ray timing mission 
Excellent UV imaging, resolution second only to 
Hubble Space Telescope 
Simultaneous wideband spectroscopy 
Transient detector and monitor  
Hard X-ray polarisation 
In operation for past 2 yrs, expected to last > 5 yrs 
Observing opportunity is open to all, proposals sought

Summary
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For information 

http://astrosat.iucaa.in/ 

http://astrosat.iucaa.in/czti/?q=grb 

http://astrosat-ssc.iucaa.in/ 

https://www.issdc.gov.in/astro.html 

http://astrosat.iucaa.in
http://astrosat.iucaa.in/czti/?q=grb
http://astrosat-ssc.iucaa.in/
https://www.issdc.gov.in/astro.html

