
Chandra data analysis: tutorial

Astrophysics Laboratory course – AA2021-22



The spacecraft

Only one instrument in the focal plane “active” for each observation
Further details in M. Dadina’s presentation



Outline of the Chandra tutorial

q Chandra webpage, software and data download
q Data structure
q Chandra threads and main parameter evaluation
q Data reprocessing and filtering
q Imaging analysis

q Image visualization
q Pileup & Webpimms
q Source photon statistics
q Destreak (in case of pileup)
q Smoothing
q Contours
q Choice of source and background regions

q Timing analysis: lightcurves & evaluation of variability
q Spectral extraction



Chandra webpage & software CIAO

All relevant documents about telescope + instruments and manuals can be found here

https://cxc.cfa.harvard.edu
https://cxc.cfa.harvard.edu/ciao

sub-packages & tools

https://cxc.cfa.harvard.edu/


Chandra webchaser: https://cda.harvard.edu/chaser/

Selection possible on the basis of source name/coordinates/PI name/ObsID, etc

3C111

Data download: the Chandra archive



Seq. # ObsID Expo

you can view the details of each observation 

Mark one (all) of these boxes to select the observation(s) for the download
An archive (.tar) file will be prepared for the download. This contains both primary and secondary datasets 

needed for immediate use for scientific purposes or complete reprocessing using the most up-to-date calibrations 
and CIAO tools



Details of the observation: instrument setup, CCDs in use, abstract of the proposal, 
pipeline-processed products, etc.

Sequence number (703412 here): six-digit number, the first one provides the category of your 
observations (7=AGN, 8=clusters, etc.)

Observation ID: 20908



ALTERNATIVELY

• find_chandra_obsid '3c111’

# obsid sepn inst grat time    obsdate piname target
9279      0.0 ACIS-S NONE    9.2 2008-12-08  Lister "QSO B0415+379"
14990     0.0 ACIS-S NONE   92.1 2013-01-10 Perlman        "3C 111"
16219     0.0 ACIS-S HETG  143.4 2014-11-04 Tombesi "3C 111"
19615     0.0 ACIS-S NONE   22.5 2017-12-26 Perlman        "3C 111"
19616     0.0 ACIS-S NONE   23.5 2019-01-03 Perlman        "3C 111"
20907     0.0 ACIS-S NONE   28.2 2017-12-29 Perlman        "3C 111"
20908 0.0 ACIS-S NONE   27.2 2017-12-29 Perlman        "3C 111"
22023     0.0 ACIS-S NONE   15.7 2018-12-30 Perlman        "3C 111"
22024     0.0 ACIS-S NONE   19.6 2018-12-29 Perlman        "3C 111"
22025     0.0 ACIS-S NONE   16.2 2019-01-06 Perlman        "3C 111"
22026     0.0 ACIS-S NONE   12.8 2019-01-07 Perlman        "3C 111"

• download_chandra_obsid 20908

In case you would like to download more than one dataset:

• download_chandra_obsid 20908, 22023 



Data structure
à package_4715_210211112723.tar
• tar xvf package_4715_210211112723.tar à directory 20908/

PRIMARY
Housekeeping files + 

bias + mask + 
unfiltered event file 

(evt1)

SECONDARY

Scientific data + pointing information + bad 
pixel file + fully calibrated events (evt2)



FILE FORMAT

acisf20908N002_evt2.fits
Instrument

f=flight

ObsID

file revision

evt2

file format

• The event file (and most of the files) are in FITS (Flexible Image Transport system) format
• A single Chandra file can contain multiple “datasets” (e.g., data, Good Time Intervals, weight 

map, regions) which are stored in ”blocks”
• Blocks can contain image or table data
• The event file is a sort of 4-D array which stores for each event the information about position, 

energy and time of arrival of the photons + other info
• dmstat and dmlist (ciao tools) and fv (ftool) allows the visualization of these bloks

dmlist acisf20908N002_evt2.fits cols



fv acisf20908N002_evt2.fits &

N(rows)=number of events (counts) 

X,Y à image
Time à lightcurve
Energy à spectrum

Using the ftool fv (HEASOFT packge):



Data analysis: Chandra threads
https://cxc.cfa.harvard.edu/ciao/threads/



Data analysis: main data parameter evaluation
Preliminary checks on some useful data-related parameters

• punlearn dmkeypar
• dmkeypar 20908/primary/*evt2* EXPOSURE echo+
• dmkeypar 20908/primary/*evt2* DATAMODE echo+
• dmkeypar 20908/primary/*evt2* DETNAM   echo+
• dmkeypar 20908/primary/*evt2* NROWS    echo+
• dmkeypar 20908/primary/*evt2* EXPTIME  echo+

Reset the dmkeypar file
ObsID nominal exposure
Data mode (faint/vfaint)
Detector in use
# rows read in the det.
CCD readout time

à OUTPUTS
/Users/chris> dmkeypar 20908/primary/*evt2* EXPOSURE echo+
27225.700092981
/Users/chris> dmkeypar 20908/primary/*evt2* DATAMODE echo+
VFAINT
/Users/chris> dmkeypar 20908/primary/*evt2* DETNAM   echo+
ACIS-5678
/Users/chris> dmkeypar 20908/primary/*evt2* NROWS    echo+
128
/Users/chris> dmkeypar 20908/primary/*evt2* EXPTIME  echo+
0.6

à T=27.23 ks

à VFAINT mode

à ACIS-S in use (ccd=7 at the aimpoint)

à 128 rows/1024 à 1/8 subarray used 
in case of bright sources to limit 
pileup à frame time ~3.2s 
(standard)/8 (0.6s here)



Data analysis: data reprocessing. I

Scientific files
Housekeeping files

Cleaned event
files

Data reprocess to apply the 
latest (and ad-hoc, if needed) 
calibrations, depending on the 

science goals and data 
type/quality



• punlearn chandra_repro
• chandra_repro indir=20908 outdir=20908_new verbose=3 check_vf_pha=yes

In case of faint data-mode data, check_vf_pha=no; in case of VFAINT: check_vf_pha=yes

To list all of the options in the parameter file: 
• plist chandra_repro

Data analysis: data reprocessing. II

comprehensive of many different tasks
chandra_repro task

'mode’ to reduce the impact of the already limited 
backgroun in Chandra observations 



Data analysis: filtering

Include only ‘good’ data (based on grades and status) and select the energy range 
where Chandra is mostly sensible (keep in mind the effective area; here: 300−7000 eV)

• punlearn dmcopy
• dmcopy "20908_new/acisf20908_repro_evt2.fits[EVENTS]
[grade=0,2,3,4,6,status=0,energy=300:7000]" 20908_new/obs20908_037keV_repro_evt2.fits

Alternatively, you can use the pset command to setup everything:
• punlearn dmcopy
• pset dmcopy infile="20908_new/acisf20908_repro_evt2.fits[grade=0,2,3,4,6,status=0,energy=300:7000]” 
• pset dmcopy outfile=20908_new/obs20908_037keV_repro_evt2.fits
• pset dmcopy

in
 o

ne
 li

ne

Newly reprocessed files

New (‘reprocessed’) event file (no selection of 
the energy band yet) 



Data analysis: images in different bands

• cd 20908_new/
• punlearn dmcopy
• dmcopy "obs20908_037keV_repro_evt2.fits[bin X=1,Y=1][energy=500:7000]"  3c111_057keV_ima_bin1.fits
• dmcopy "obs20908_037keV_repro_evt2.fits[bin X=1,Y=1][energy=500:2000]"  3c111_052keV_ima_bin1.fits
• dmcopy "obs20908_037keV_repro_evt2.fits[bin X=1,Y=1][energy=2000:7000]" 3c111_27keV_ima_bin1.fits

obs20908_037keV_repro_evt2.fits
ObsID          band       reprocessed    evt2 file

The event file can be visualized as an image in ds9
If you need to use tasks requiring images (not event files), you may proceed in 

producing them (e.g., in different energy bands to enhance the contrast between 
different components – nuclear vs. extended emission – and adopting different 

binning)torial_2020
Here the original pixel size is preserved: 1 pix=0.492” – Note: huge files! 

Suggestion: use appropriate names for your products (e.g., clearly indicating the energy
band, whether it is either an image or an event file, etc.)



Data analysis: image visualization
• ds9 obs20908_037keV_repro_evt2.fits.gz &

• ds9 3c111_052keV_ima_bin1.fits &
• ds9 3c111_27keV_ima_bin1.fits &

• ds9 3c111_052keV_ima_bin1.fits 3c111_27keV_ima_bin1.fits &

• ds9 3c111_052keV_ima_bin1.fits –region 3c111_r4.reg &

ds9 will open the event  file as it were an 
image (i.e., using the X,Y info)

ds9 will open the images produced in two 
different energy ranges

two images open 
at the same time

soft image + region file 
with source position

Region file à ascii file with indication of the source position [here two examples: fk5 
coordinates and physical (i.e., detector related) coordinates in CIAO format]

Name also the region files properly (e.g., _r4: Rcircle=4”)

3c111_r4.reg: 
fk5;circle(4:18:21.2767,+38:01:35.685,4.0")
3c111_r4_phys.reg:
circle(4090.2,4086.2,8.13)

Many 
possible 

uses of ds9



0.5−2 keV 2−7 keV

Sub-array to limit the pileup 
(due to bright sources) – only 

a part of a CCD is actively 
‘registering’ photons

Readout streak

jet



Data analysis: pileup. I 

Readout streak

Hole

In extreme case: a “hole” at the center of 
the bright emitting source

http://cxc.harvard.edu/ciao/download/doc/pileup_abc.pdf

Two or more photon are collected
during the same read-out in the 

same pixel, and are read as a single 
event (with higher energy)

→ loss of information from these
events

→ distortion in the observed
spectrum (hardening, i.e., ‘more’ 

photons in the hard band)

Readout streak: the streak photons are clocked out in the wrong row, hence they are assigned the 
incorrect CHIPY value     



no pileup

pileup
grade migration
parameter α=0.5

EFFECTS OF PILEUP
ENERGY MIGRATION photon energies sum to create a detected event with higher
energy
GRADE MIGRATION event grades migrate towards values inconsistent with real
photon events

à net decrease in the observed
count rate

à net decrease in the fractional rms
variability of the lightcurve

The spectral shape of the source 
results to be distorted

Avoid/limit pileup: (a) fasten the reading of the CCD (using the subarray option)
(b) extract the spectrum from an annulus centered on the    

source (hence removing the “inner part” of the source)
Pileup mitigation: use an XSPEC – pileup model

Data analysis: pileup. II 



Data analysis: source photon statistics. I
• ds9 3c111_057keV_ima_bin1.fits.gz –region 3c111_r4.reg &

If funtools are installed in ds9:
Analysis à Funtools à Counts in region

Counts(0.5−7 keV)=20458
Area=205 pix
Exposure=27.23ks
CR=0.75 c/s



Data analysis: source photon statistics. II
Alternatively, using CIAO tools:

• dmstat "3c111_057keV_ima_bin1.fits[sky=circle(4:18:21.27,+38:01:35.68,0.067')]" 
centroid=no

Counts(0.5−7 keV)=20469
Area=209 pix

Values are very close to the previous ones 



Data analysis: pileup. III 
https://cxc.harvard.edu/toolkit/pimms.jsp

Use pimms/webpimms to convert fluxes into count rates and viceversa. In this case 
we use it to estimate the pileup fraction in our Chandra observation 

Input values 

• Cycle 20 observation 
• Instr: ACIS-S
• Band=0.5−7 keV 
• CR=0.75 cps
• Model: powerlaw with 

Γ=1.8 (assumption) 
• NH,Gal=2.85×1021 cm-2

• Frame Time=0.6s (as 
previously determined 
due to subarray 
configuration, instead 
of the nominal 3.2s)

Output value 

• Pileup fraction=17%

https://cxc.harvard.edu/toolkit/pimms.jsp


Data analysis: removing the readout streak. I
Most of the Chandra observations are already good enough to be used without 
further work. This set of instructions are to be adopted in case of bright sources to 

remove the readout streak

1. Get the exact source location from dmstat
2. Create a background spectrum (ciao, physical coordinates)
3. Correct for a bug in acisreadcorr in case of observations with subarrays (as in this 

example)
4. Run acisreadcorr and define the dx,dy size of the region to be cleaned 

dx: width in pixels of the region to be cleaned
dy: number of rows to be avoided around a source; it can be estimated by drawing a    

circle in ds9 and finding its diameter
These dx,dy values determine the width of the region to be cleaned and how close
to get to the source, respectively



Data analysis: removing the readout streak. II
Step 1
• punlearn dmstat
• dmstat "obs20908_037keV_repro_evt2.fits[sky=circle(4090.2,4086.2,20)][bin 

sky=1]" centroid+ sig- med-

R=20 pixel to have a proper 
estimate of the source centroid

Centroid (X,Y)=(4090.6,4086.6)

SRC

streak

bkg



Data analysis: removing the readout streak. III
Step 2
• punlearn dmextract
• pset dmextract infile="obs20908_037keV_repro_evt2.fits[sky=region(bkg.reg)][bin 

pi=1:1024:1]"
• pset dmextract outfile=bkg_pi.fits
• dmextract verbose=3

Step 3 [needed because BACKSCAL is not properly computed in the background 
spectrum in case of subarray observations]
• dmkeypar bkg_pi.fits BACKSCAL echo+
à 4.2132040682894e-5

To be multiplied by 8 (subarray is 1/8 of the original CCD size in this example)
à BACKSCAL=0.0003371

• dmhedit infile=bkg_pi.fits filelist="" operation=add key=BACKSCAL 
value=0.0003371 unit="[pixel]" comment="Fractional area"

• dmkeypar bkg_pi.fits BACKSCAL echo+
à 0.0003371

Background file

Background BACKSCAL keyword properly corrected



Data analysis: removing the readout streak. IV
Step 4
• punlearn acisreadcorr
• pset acisreadcorr infile=obs20908_037keV_repro_evt2.fits
• pset acisreadcorr outfile=obs20908_037keV_repro_corr_evt2.fits
• pset acisreadcorr aspect=@acisf20908_asol1.lis
• pset acisreadcorr x=4090.6 y=4086.6
• pset acisreadcorr dx=5 dy=40
• pset acisreadcorr bkg=bkg_pi.fits
• acisreadcorr

Input file
Output file

Aspect solution
X,Y of the centroid

Size of the region to be cleaned (*)
Background file

Cleaned event file

(*) 
dx: width in pixels of the region to be 
cleaned
dy: number of rows to be avoided around 
a source; it can be estimated by drawing a 
circle in ds9 and finding the diameter
(test some solutions and finally verify 
whether the ‘cleaning’ is good)



Data analysis: smoothing the image

Smoothing is used to enhance faint structures. It consists of substituting the value of 
each pixel by the value obtained by weighting the nearby pixels using a given function 

(e.g., a Gaussian)

Smoothing with a 
Gaussian with σ=5 pixOriginal image

ds9 à Analysis à Smoothing & Smooth Parameters



> ds9 X-ray_image radio_imageData analysis: contours. I

Radio image (3.6cm) Radio image with contours from ds9

ds9 radio_image à Analysis à Contours & Contour Parameters

File à Save à radio.ctr
Analysis à Contours



Load the e.g. radio contours on the X-ray image

Data analysis: contours. II

• ds9 obs20908_037keV_repro_corr_evt2.fits -contour load radio.ctr &

Alternatively

ds9 obs20908_037keV_repro_corr_evt2.fits & à Analysis à Contour Parameters à
File à Open à radio.ctr



Data analysis: selection of source and back regions

Source
• in case of pointlike emission, refer to 

the encircled energy fraction (EEF; 
see manuals) for the choice of the 
extraction region 

• number of counts vs. signal-to-noise 
ratio ‘compromise’: for faint/weak 
sources, smaller extraction regions 
are usually preferred

Background
• close to the source and large 

enough to adequately ‘sample’ the 
local level of background



Data analysis: timing. I
Creare a background-subtracted light curve

• Source region à source_r6.reg 
circle(4091.1,4085.9,12.2)

• Background region à bkg.reg
circle(4148.6,4012.5,30)

• punlearn dmextract
• pset dmextract

infile="obs20908_037keV_repro_corr_evt2.fits[sky=region(source_r6.reg)][bin 
time=::500]"

• pset dmextract outfile="3c311_src_lc.fits"
• pset dmextract bkg="obs20908_037keV_repro_corr_evt2.fits[sky=region(bkg.reg)]"
• pset dmextract opt="ltc1"
• dmextract
• […]

To visualize the columns of the output lightcurve file: 
• dmlist 3c311_src_lc.fits cols

MIN:MAX:BIN à Binning=500 s (depending on the flux of the source)



Data analysis: timing. II
Visualization of the source lightcurve. Method I with python and sherpa (CIAO package)

• sherpa
• from pycrates import read_file
• import matplotlib.pylab as plt
• tab = read_file("3c311_src_lc.fits")
• dt = tab.get_column("dt").values
• rate = tab.get_column("net_rate").values
• erate = tab.get_column("err_rate").values
• plt.errorbar(dt, rate, yerr=erate, marker="o", color="red", mfc="black",mec="black", 

ecolor="grey")
• plt.xlabel("$\Delta$ T (sec)")
• plt.ylabel("Net Count Rate (counts/sec)")
• plt.title("3c111 light curve")

Sherpa: Chandra package

Source lightcurve

First and last datapoints
are likely artificially and must 

be removed



Data analysis: timing. III
Visualization of the source lightcurve. Method II with the FTOOL package lcurve

• lcurve

Information contained in the lightcurve file,
Bin time=500s (you may rebin within lcurve)
à 62 datapoints (=exposure/500s)

Lightcurve previously produced using 
dmextract

Newbin Time = 500 (as the original)
à 62 time bins

Default window



Data analysis: timing. IV

iplot environment: 
Rescale the X (time) axis to 
remove the first and last time 
bins if their behaviour is unusual
Fit with a constant model 
(‘constant’ lightcurve, i.e., no 
variability)

Plot the results

Plotting device: /xw

Save the lightcurve in a PS file

Name of the output file



Data analysis: timing. V
Is the source variable? Apply the c2 test

Binning is a compromise between the SNR of each time bin and the temporal resolution 
(higher SNR in each bin ßà lower number of temporal bins). It should be adjusted on 

the basis of the source photon statistics and the length of the observation.

To establish whether a source is variable during the observation, we can apply the c2
test

Ci: observed number of counts in each temporal bin i (or count rate in each time interval)
<C>: average number of counts over the entire observation
σi: Poissonian error associated with the number of counts Ci

ν=n-1: degrees of freedom (n=number of datapoints)

Compute the null-hypothesis probability that the source is not variable (see more on this 
in E. Torresi’s tutorial on XMM-Newton data)



Data analysis: spectral extraction
Four files are needed for X-ray spectral analysis and will be produced by specextract: 
• Source spectrum 
• Background spectrum
• Ancillary Response File (ARF)
• Redistribution Matrix File (RMF)

• punlearn specextract
• pset specextract

infile="obs20908_037keV_repro_corr_evt2.fits[sky=region(source_r6.reg)]"
• pset specextract

bkgfile="obs20908_037keV_repro_corr_evt2.fits[sky=region(bck.reg)]"
• pset specextract outroot=3c111_r6
• pset specextract asp=pcadf20908_000N001_asol1.fits
• pset specextract mskfile=acisf20908_000N002_msk1.fits
• pset specextract badpixfile=acisf20908_repro_bpix1.fits
• pset specextract weight=no
• pset specextract correct=yes
• pset specextract verbose=2
• pset specextract grouptype=NONE 
• pset specextract binspec=NONE
• specextract

à produces an ARF for a point-like source
à energy-dependent point-source aperture correction (EEF)
The opposite (weight=yes & correct=no) for extended src

Data can be rebinned either here or later using grppha



Response matrices: RMF
RMF: links the instrumental channel scale with the physical energy (wavelength) scale

Channel

En
er

gy
 (k
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)

Visualization of the RMF file using the ftool fv



Response matrices: ARF
ARF: indicates the effective response (hence sensitivity) of the mirrors+instrument at a   

given source position on the detector
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Scientific files
Housekeeping files

Cleaned 
event files

Image Light curveSpectrum

Scientific analysis XSPEC tutorial


