
AstroSat / 
CZT Imager

Dipankar Bhattacharya

IUCAA, Pune India



Dipankar Bhattacharya CalTech X-ray club 17 Aug 2020Figure 13: Here we provide an indication of the synergy between object classes, their relevant
variability timescales and the wavebands over which they emit (the x-axis is contracted in
colour to indicate the full 104 to 1020 Hz bandpass).

Middleton et al 2018

The primary objective 
of AstroSat is 
simultaneous, 
broadband (UV-hard X) 
Timing and 
Spectroscopy 

The UV Imaging 
Telescope is also a 
good instrument for 
studying the 
distribution of hot gas/ 
star formation.
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LAXPC 
3-80 keV X-ray Timing, 
broadband spectroscopy

UVIT 
1.4” UV imaging

SXT 
0.3-8 keV imaging & 
line spectroscopy

CZTI 
10-250 keV 
hard X-ray 
imaging, 
timing, 
spectroscopy

SSM 
rotating 2-10 
keV monitor Phased 

Array 
Antenna

Star Sensors

ASTROSAT

ISRO / http://astrosat.iucaa.in/

Launched 28 Sep 2015  

Orbital period 98 minutes 

Open proposal based 
science operation since 
Oct 2016 

Annual cycle based 
proposals; 

ToO proposals may be 
submitted at any time

All instruments provide 
individual photon recording
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ASTROSAT orbit
650 km altitude: stable and limited background

6 deg inclination: avoids most of South Atlantic Anomaly

SAA

Wikipedia
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LAXPC

UVIT

SXT

CZTI

Astrosat co-pointed FOVs CZTI: 
128x128 array 
+ Coded Mask 

LAXPC: 
Collimator 

UVIT: 
MCP+CMOS 
512x512 

SXT: 
Foil Mirrors + 
600x600 CCD

0.8 deg

5 deg

Satellite
pointing
accuracy:
~ 3 arcmin

View 
constraints:
Sun > 65o

Moon > 20o

Earth limb  
> 12o

Ram angle 
> 12o
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UVIT 1.4”

CZTI 8’

SXT 3’

LAXPC 47’

Astrosat: angular resolution of co-pointed instruments
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ms

μs

XMM
Swift

INTEGRAL

NuSTAR

AstroSat
HXMT

NICER

ACIS

Spectral Coverage and Time Resolution available 
in some active space borne observatories

Fast timing also requires high photon collection rate, demanding a large effective area
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UltraViolet Imaging Telescope (UVIT)

PRIMARY 
MIRROR 
38 cm dia

SECONDARY        
    MIRROR

DOORS/SUN-SHIELDS
Detectors:  Microchannel Plate + Photon 
counting CMOS sensor (STAR250)

3 channels: FUV,NUV,VIS simultaneous, 
multiple filters in all, gratings in FUV, NUV

Currently NUV channel is unavailable due to a communication issue

UVIT team / S N Tandon
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NGC 4151
Seyfert galaxy
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Mirrors: Nested & 
Segmented conical 
surfaces in 
Wolter type I geometry 
working at Grazing 
incidence 
39 nested shells

SXT on ASTROSAT 

0.3 – 8 keV 
Aeff ~ 120 cm2 @ 1 keV 

E/ΔE ~ 20 to 50 

FOV ~ 40 arcmin 

resolution ~ 3 arcmin

Gold coated foil mirrors

Built at TIFR, Mumbai 
and Univ. of Leicester

SXT team / K P Singh
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J. Astrophys. Astr. (June 2017) 38:29 Page 11 of 11 29

Figure 12. The X-ray spectrum of 1E0102-72.3 as fitted
with the IACHEC model derived from several X-ray observa-
tories carrying a CCD camera in the focal plane of a telescope.
The SXT spectrum was extracted from a radius of 10 arcmin.

9. Conclusion

We have provided an overview of the SXT instrument
and preliminary details of its in-orbit performance. SXT
has observed several interesting targets and data are
being analysed. The results of these observations will
be reported in the literature. Further details of the X-
ray optics, point spread function, vignetting, spectral
response, etc. of the instrument will be presented else-
where.
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Large Area X-ray Proportional Counter 
(LAXPC) on AstroSat 

3 units 

3-80 keV 

Energy resolution ~12-20% 

Timing resolution 10 μs 

Non-imaging, collimator 1 deg x 1 deg 

Effective area ~2100 cm2 per detector
LAXPC team / J S Yadav
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BHXRB MAXI J1535-571: Spectro-timing behaviour
4 Bhargava et al.

Figure 3. Time evolution of the best-fit spectral parameters. In
some of the segments, due to the satellite jitter, the source was
outside the SXT field of view and thus no SXT spectra were avail-
able. The parameters for these segments could not be constrained
well and thus they were excluded from further analysis and not
shown here. The disk flux is connected to the normalization of
the component and is in arbitrary units.

to just before the large increase in count rate). The analysis
was performed in the same way as described before for the
AstroSat data using all available counts detected by NICER.
The QPO centroid frequency was also very clear and easy
to detect in the PDS despite the fact that the typical seg-
ment duration was ⇠6 minutes. In Fig. 7 we plot the NICER
QPO frequency as a function of the NICER 5–10 keV rate,
chosen in order to be close to the laxpc energy band. The
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Figure 4. The Power Density Spectrum from the first segment.
The thick line represents the best-fit model and the dashed lines
the di↵erent components. The QPO peak at the fundamental fre-
quency is marked in grey.
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Figure 5. Top panel: LAXPC light curve in the 3–10 keV band
with a linear fit. Middle panel: light curve in the 30–80 keV band
with a linear fit. Bottom panel: time evolution of the centroid
frequency of the QPO. Errors are present in all panels, but are
smaller than the symbols.

points corresponding to times overlapping with the AstroSat
observing window are marked in black. One can see that the
results are consistent for the overlapping period, with no cor-
relation between frequency and count rate. However, after
AstroSat stopped observing there is a clear positive correla-
tion between the two parameters.

3 DISCUSSION

We have performed a spectro-timing analysis of the black
hole binary MAXI J1535�571 using the observation con-
ducted by AstroSat during the Hard Intermediate state of

MNRAS 000, 1–6 (0000)
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Figure 6. Correlation between power-law spectral index � and
QPO centroid frequency ⌫QPO. The line is the best fit linear cor-
relation. The segments in which SXT data were not available are
not included.
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Figure 7. Correlation between QPO frequency and 5–10 keV
count rate for the NICER data before MJD 58015 (before the
peak of the outburst, see Figure 1). The black points indicate
observations within the AstroSat observing window.

the source. The sources exhibits a secular roughly linear
increase in the flux during the course of the observation.
Fluctuations over the secular increase were observed in both
softer and harder energy bands. The residuals from the linear
fit for 3–10 keV and 30–80 keV are observed to be anticor-
related.

The energy spectrum of the source was modelled using
an absorbed thermal disk blackbody with a power law as a
non-thermal component. The high intrinsic absorption re-
ported by (Gendreau et al. 2017b; Kennea 2017; Xu et al.
2018) is also seen in current observation. The disk temper-
ature remains typically around 0.2 keV with significant de-
viations in some segments. The secular increase in the total
flux reflects an increase in both the flux of the non-thermal
component and that of the thermal component (see Fig.3).
The power-law index of the hard component does not show a

secular variation, but oscillates between 2.3 and 2.5, clearly
being the cause of the anticorrelation in the residuals from
the linear fits to the flux evolution in di↵erent bands. The
oscillations are not random, but seem to follow a random
walk around 2.4, with small variations between adjacent seg-
ments.

The PDS for individual segments show band-limited
noise and a prominent QPO, with harmonics and subhar-
monics present in some of the segments. This shape of the
PDS is typical of the HIMS (see Belloni et al. 2011). The
centroid frequency of the QPO as a function of time (see
Figure 5) oscillates between 1.7 Hz and 3.0 Hz and the os-
cillations follow those of the power-law index very closely
(Figure 6). Such correlation has been previously observed
in several BHBs (Vignarca et al. 2003) and provides a tight
link between the QPO and the hard-component emission.
In that work, the correlation was found on time scales of
minutes in GRS 1915+105 and on scales of days-months for
other transient BHBs. Here we follow the QPO over five
days.

The typical evolution of the outburst of a transient BHB
is described best in the hardness-intensity diagram, where
a counterclockwise path is followed. In the right “vertical”
branch, corresponding to the LHS, the flux increases, the
power-law index is well correlated with it and the frequencies
of the timing features, although no peaked QPO is usually
observed, also increase (see Motta et al. 2009, 2011). Since
the spectrum gradually softens, this branch is not really ver-
tical. In the top “horizontal” branch the spectrum softens
further, with the power-law index � increasing in absolute
value. The flux usually continues to increase, although not
as fast as before, and the QPO frequency is correlated with
both flux and �. Given the shape of the PDS and the values
of the power-law index, our observations are clearly on the
HIMS branch. As described before, usually both the LHS
and the HIMS branch see a correlation between frequencies
of variability components, the flux and the power-law index.
In our AstroSat data we see the absence of a correlation
with flux, although in the NICER data following our obser-
vation this correlation is present. This clearly shows that the
QPO frequency is related to the energy spectral shape and
not to the flux in either of the two main components. In a
thermal-Comptonization scenario the index of the hard com-
ponent steepens as the population of electrons cools due to
the increase in soft photon input (see e.g. Motta et al. 2009).
However, from Figure 3 we can see that this is not the case
here, as the secular increase in disk flux is not followed by �.
Another parameter that determines � is the optical depth
of the cloud ⌧0: for a spherical cloud and input photon en-
ergy much lower than the temperature of the electron cloud

kTe we have � = �1/2 +
p

9/4 + � where � = ⇡2

3
mec

2

kTe (⌧0+2/3)2
(Sunyaev & Truemper 1979; Sunyaev & Titarchuk 1980).
Therefore in order to keep � from varying when the cloud
temperature decreases is to increase ⌧0 in a very specific way.
Fluctuations in this relation could in principle give rise to
the observed fluctuations in �, but it would be very ad hoc.

Within the model that associates the low-frequency
QPO with Lense-Thirring precession of the inner part of the
accretion flow (see Ingram & Done 2011; Ingram 2016, and
references therein) the QPO frequency is related to the size
of the inner flow portion that precesses. With increasing ac-

MNRAS 000, 1–6 (0000)

Bhargava et al 2019

Strong correlation between QPO frequency and

power-law spectral index

Oscillation arises in the 
Comptonising cloud

AstroSat LAXPC
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1. Introduction 

 

1.1 Overall Configuration: 
 

 
 

 Cadmium Zinc Telluride (CZT) – Imager 

 

The Cadmium Zinc Telluride (CZT) – Imager is the one among the four X-ray 

instruments on Astrosat which cover the broad energy band extending from 0.3 keV to 

100 keV. It has a large detection area of 1024 cm2 constructed using CZT detector 

modules and uses an imaging process known as Coded Aperture Mask (CAM). Cadmium 

Zinc Telluride semiconductor detectors are of great interest because they can provide 

good energy resolution X-ray spectra at room temperatures. CZT detectors have the 

desirable properties of high stopping power, low thermal noise, room-temperature 

operation and, if carefully designed, excellent energy and spatial resolution and 

efficiency across a broad energy range. Their small pixel size also facilitates medium 

resolution imaging in hard X-rays. The combination of LAXPC and CZT-Imager in the 

ASTROSAT Cadmium Zinc Telluride Imager
Ra

di
at

or
 p

lat
e

Mask plate

Co
llim

ato
r h

ou
sin

g

Calibration 
housing

Detector

Veto

Built at TIFR, Mumbai and VSSC, Thiruvananthapuram

5mm thick CZT

2.5 mm pixels


256 pixels/module

16 modules/quadrant


Four quadrants

Cadmium-Zinc Telluride 
is a high band gap (~2 eV) 
semiconductor 

Suitable for X-ray/γ-ray 
detection

CZTI team / A R Rao
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 Cadmium Zinc Telluride (CZT) – Imager 

 

The Cadmium Zinc Telluride (CZT) – Imager is the one among the four X-ray 

instruments on Astrosat which cover the broad energy band extending from 0.3 keV to 

100 keV. It has a large detection area of 1024 cm2 constructed using CZT detector 

modules and uses an imaging process known as Coded Aperture Mask (CAM). Cadmium 

Zinc Telluride semiconductor detectors are of great interest because they can provide 

good energy resolution X-ray spectra at room temperatures. CZT detectors have the 

desirable properties of high stopping power, low thermal noise, room-temperature 

operation and, if carefully designed, excellent energy and spatial resolution and 

efficiency across a broad energy range. Their small pixel size also facilitates medium 

resolution imaging in hard X-rays. The combination of LAXPC and CZT-Imager in the 

Cadmium-Zinc Telluride Imager (CZTI) 
aboard AstroSat 

Geometric detector area 952 cm2  

Coded mask, 50% transmission 
Collimators 4.6 deg x 4.6 deg 

Energy resolution ~5% 

Timing resolution 20 μs 

Compton Polarimetry possible  
above 100 keV 

CsI Veto detector below CZT detectors 

Both CZT and Veto record GRB events 

Am241 alpha-tagged calibration source 
at each quadrant

CZTI team / A R Rao
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Astrosat 
CZTI 
mask 

design 
Designed to gather as much 

independent information as possible 

based on 256-element 
pseudo-noise Hadamard sets 

16x16 elements per module 

4x4 modules per quadrant 
7 basic patterns, shuffled 

4 quadrants 
rotated patterns

Black regions represent holes to be cut into the mask plate
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Actual
Fabricated

Pattern
for
one 

quadrant.

Other
quadrants

have
rotated
versions

Mask of the same size as detector, elements the size of pixels



Compton Polarimetry

Distribution of azimuthal scattering
angle     is measured

C(⌘) = A+B cos2(⌘ � �)count rate

B = polarisation degree
� = incident polarisation angle

CZTI as a Hard X-ray Polarimeter

⌘

d�

d⌦
=

3�T

16⇡

✓
!0

!0

◆2 ✓!0

!0 +
!0

!0
� 2 sin2 ✓ cos2 ⌘

◆
⌘

(100-380 keV)
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xy

z

✓x✓y

CZT Imager coordinate system

x,y,z: detector coordinates

✓x,✓y : source coordinates
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CZTI data flow

L0orbit-wise 
L1 ISSDC

POC
IUCAA

Merged 
L1

orbit-wise 
L2

Merged 
L2

Astrobrowse public 
archive

POC private 
archive

User

Time sequenced
Overlap removed
Telemetry cleaned
Reformatted

CZTI web DQR
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CZTI DQR page provides a quick 
summary of observations

http://www.iucaa.in/~astrosat/czti_dqr

http://www.iucaa.in/~astrosat/czti_dqr
http://www.iucaa.in/~astrosat/czti_dqr


Key:

cztgaas cztpha2energy

cztevtclean

cztdatasel

cztdpigen

cztimage cztbindata

Orbit file

Teldef

Science Data file TCT fileMkf file

Gain

Badpix

EBOUNDS

Pixresp

Eff_area

Maskpattern

Event file

cztrspgen

GTI file

DPI file

Image Light curve Spectrum Response

Aspect file

Clean Event File

EBOUNDS

Eff_area
Aspect file

cztgtigen

cztscience2event

Maskpattern

cztbunchclean

Bunch fileHeader file

Attitude file LBT HK file

cztpixclean

Badpix file

Resp_par

LLD

CALDB files Level 2 productsLevel 1 files pipeline tasks

cztflagbadpix

Figure 1: Level-2 pipeline work flow.

6

C
ZTI Level1-2 data analysis pipeline



Event bunching examples

S.
V.

 V
ad

aw
al

e,
 N

.P
.S

. M
ith

un



Dipankar Bhattacharya CalTech X-ray club 17 Aug 2020

Pixel selection
• Grade: dynamically determined + CALDB 

• Grade 0 = good,  1 = spectroscopically bad,    
2 = flickering,  3 = noisy,   4 = dead 

• Grade 2-4 : ~ 8% 

• Grade 1 : ~20%  (can be used for imaging and 
timing but not for spectroscopic work) 

• CALDB has detailed response function for 
each of the 16384 pixels.  Used for generating 
combined weighted response 

Ageom ~ 976 cm2      ~50% blocked by CAM 

Aeff for spectroscopy ~ 340 cm2 @ 30-100 keV
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Making an image

Count the number of events occurring 
in each pixel, creating a Detector Plane 
Histogram (DPH)

Normalise the DPH count in each pixel 
by the relative effective area of the pixel.  
This yields a Detector Plane Image (DPI)

Di = DPI count in pixel i

Start with an event file

Quadrant Q0, ObsID 1694

This is a linear combination of shadows 
cast by the sources in the FOV

x

x

y

y
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Reconstructing the sky plane image
Quick Method

Quadrant Q0, ObsID 1694

Look for a shifted replica of the mask pattern Mi

{Mi} is a collection of 0-s (closed) and 1-s (open)

Cross correlate {Mi} and {Di} via FFT
{Sj} = F �1[F {Mi} ⇥ F {Di}]

{Sj} is a collection of source intensities at sky 
elements j

This is the imaging algorithm used in the pipeline 
software at present

Slight misalignments between the mask and the 
detector are accounted for by using a calibrated 
phase matrix {�i}

{Sj} = F �1[F {Mi} ⇥ {�i} ⇥ F {Di}]

Pro: 
Computational economy 

Con: 
Does not account for partial 
shadowing of pixels, flux 
estimates inaccurate, higher 
coding noise

✓x

✓y
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Reconstructing the sky plane image
More rigorous methods
Compute expected shadows of sources in different directions: {Rij}
Use ray tracing, include all effects e.g. camera structure, 
partial transparency of mask plate, energy dependence etc.
{Rij} can then be used in several ways

Cross Correlation:  {Cj} = {Rij} ⇤ {Di}
Balanced Cross Correlation:  {S j} = {Rij} ⇤ {Di}/No � {R̃i j} ⇤ {Di}/Nc

Forward fitting:  Di =
X

j

RijSj Fit {Sj} to reproduce {Di}

Bayesian inference: S(n+1)
j = S(n)

j

X

i

Rij
Di

P
j RijS(n)

j

Richardson-Lucy iterative  
reconstruction

These algorithms have been implemented and tested with CZTI data.  
Some of them will be made available in future releases of the pipeline.
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Crab: extract from ObsID 406 
          duration 50 second 

          Quadrant Q0 only

FFT image

Cross 
correlation

Richardson- 
Lucy

{Rij}Using

Vibhute et al 2017
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Mask Weighting
Used to estimate background subtracted flux of a 
single dominant source at a known location in the FOV

ifi
For a given source location              in camera coordinates, the fractional 
exposure    of pixel   can be computed by ray tracing.
If    is the source flux and    the background flux (counts/area) thenS B

Di = ( fiS + B)ai

wi = (2 fi � ↵)Define Mask Weight such that
X

i

wiai = 0

Then 
X

i

wiDi = S
X

i

wi fiai ;      Hence S =
P

i wiDiP
i wi fiai

This can be done for different energy selections, generating a spectrum 
or for different time bins, yielding a light curve.

In CZTI pipeline, mask weighting estimate is done separately for every 
second of data in order to compensate for pointing jitter.

DPH count [ ai =pixel effective area ]

(✓x,✓y)
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Crab, Q0, ObsID 406

LLD set between 20-30 keV 
All grade0 pixels available above 30 keV

Mask weighted spectrum

30 100

Tied generation of 
Spectrum and Response

M
ith

un
 N

PS
 2

01
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CZTI performs two simultaneous functions
• E < 100 keV: pointed detector, 4.6 deg FOV, 

targeted observations: proposed science 

• E > 100 keV: all-sky open detector, high 
energy transient monitoring: POC action, 
shared on web http://astrosat.iucaa.in/czti/?q=grb

GRB 170115BCZT
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GW counterpart search

ATLAS 17aeu : purported counterpart of GW 170104; shown by 
CZTI to be associated with a GRB that occurred 21 h later 

GW170817 BNS merger event : No CZTI detection due to Earth 
occultation

Bhalerao et al 2017
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CZTI as Hard X-ray Polarimeter

Phase resolved polarimetry of the Crab in 100-380 
keV band using ~800 ks AstroSat CZTI observation

Vadawale et al 2017
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CZTI as Hard X-ray Polarimeter
AstroSat/CZTI detects ~60 GRB/y; ~10/y bright enough for 

polarisation studyGRB prompt emission polarimetry with CZTI 19

Figure 11. polarization fraction as a function of peak energies, Epeak, for the GRBs for which polarizations have been estimated.
The black points represent the GRBs detected by CZTI (see Table 2), whereas the red points stand for those detected by GAP
and INTEGRAL (see text for details).

Though synchrotron emission is widely believed to be the dominant emission mechanism behind prompt emission
of GRBs, inverse Compton scattering process and thermal emission from expanding photosphere also appear to be
important in many GRBs (Lundman et al. 2014). The dependence of polarization on the spectral and time evolutions
have the potential to clearly distinguish between various models of GRB prompt emission. In this context, finding
GRB 160623A unpolarized in 100 � 300 keV is very interesting as the GRB shows high polarization (⇠60 % with Bayes
factor >1.5) at energies below ⇠200 keV, which indicates a change in the polarization characteristics of the source
at higher energies. A detailed spectro-polarimetric study of the bursts, particularly for GRB 160623A is currently
in progress. The preliminary spectral analysis shows a deviation from the Band model and an additional thermal
blackbody is needed to model the spectrum more precisely for four GRBs (160106A, 160509A, 160802A and 160910A).
The GRBs 160106A, 160509A and 160910A are peculiar as the blackbody spectrum peak attains temperature higher
than peak energy (Ep) of these GRBs. We have 9 GRBs with afterglow observations and 7 of these have both optical
and X-ray afterglows. Among them, 5 GRBs also have radio afterglows. A multi-band spectral and timing analysis of
the prompt and afterglows emissions together with the polarization measurements can reveal more about the physics
of these sources.
In summary, we describe the CZTI polarimetric analysis method for GRBs in details and present the prompt emission

polarization measurements for 11 bright GRBs. All the GRBs discussed here were detected within the first year after
the launch of AstroSat. We find most of the bursts to be highly polarized, implying either synchrotron emission in a
time independent uniform magnetic field or Compton drag to be the reason for the prompt emission. Given the fact
that all the GRBs except for a couple of bursts are moderately bright, these results are so far statistically the most
significant polarization measurements. CZTI almost doubled the number of GRBs with polarization measurements in
one year and is expected to measure polarization for more GRBs at the same rate. Such a large sample of prompt
emission polarization from CZTI (along with those from POLAR) is likely to significantly enhance our understanding
of the GRB prompt emission.
This publication uses data from the AstroSat mission of the Indian Space Research Organisation (ISRO), archived

at the Indian Space Science Data Centre (ISSDC). CZT-Imager is built by a consortium of Institutes across India
including Tata Institute of Fundamental Research, Mumbai, Vikram Sarabhai Space Centre, Thiruvananthapuram,
ISRO Satellite Centre, Bengaluru, Inter University Centre for Astronomy and Astrophysics, Pune, Physical Research
Laboratory, Ahmedabad, Space Application Centre, Ahmedabad: contributions from the vast technical team from all
these institutes are gratefully acknowledged. TC is thankful for the helpful discussions with D. N. Burrows (PennState),
P. Meszaros (PennState), D. Fox (PennState), K. Frank (PennState), C. B. Markwardt (NASA/GSFC), V. Kashyap

AstroSat
INTEGRAL+GAP Year 1: 

7 detections 
4 upper limits

Chattopadhyay et al 2019
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Figure 1: Light curves & Polarisation analysis results: a) A composite 1 s binned lightcurve of the burst is shown for Fermi detectors: LAT,

LAT-LLE, BGO and NaI, AstroSat/CZTI and Swift/BAT. The red vertical dashed line (at T0 = 0 s) corresponds to the trigger time of Fermi and the

red solid vertical lines mark the beginning and end of the main episode of the burst. The photons detected by Fermi/LAT are shown as red points

in the upper panel with energy information scaling on the right side of y-axis. These LAT detected photons have probability of association with the

same GRB to be greater than 90%. The horizontal red dashed line in the panel, marks the limit (200 MeV) below which most of the LAT photons

are detected. b) Uppermost panel shows the hardness ratio (HR) of the counts LLE (30 MeV - 130 MeV) to sum of the counts in NaI 6 and BGO

1 (8 keV - 30 MeV) (black). In the second top panel, HR of the counts in BGO 1 (800 keV - 30 MeV) to that of NaI 6 (8 keV - 800 keV) light

curves are shown. The light curves are binned in 2.5 s. The time intervals (grey vertical dash dot lines) for which the temporal polarisation study

is done, are shown in both the panels. Third and fourth panels show the polarisation fraction (PF) (black circles) and corresponding polarisation

angle (PA) (black squares) obtained for those time intervals. Also, PF and PA values obtained in the 10 s intervals such that each interval is shifted

by 2.5 s, are shown in the background in shaded green circles and squares respectively. c) The posterior distributions obtained for the change in

polarisation angles, �PA1 (shaded purple) and �PA2 (shaded orange) are shown. The most probable values (�PA1 = 81� and �PA2 = 80�)

are marked by black dash lines. The cumulative distribution function (CDF, green solid curve) is plotted on the right hand y axis. Both the change

in polarisation angles are observed at a confidence level of 99.999%.
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GRB 160821A: time resolved spectro-polarimetry


