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What Do We Mean by High 
Resolution?

• CCD Spectral Resolution (Suzaku):                                      
E/∆EFWHM ~18 @1 keV, ~46 @6.4 keV   (scales as E0.5) 

• Gratings Spectral Resolution:                                                
E/∆EFWHM ~314 @1 keV    (XMM-RGS)                                       
E/∆EFWHM ~1350 @1 keV, ~214 @6.4 keV  (Chandra-HETG)

• Scales as E-1  (explanation coming up...)

• To date, X-ray High Resolution Means Gratings – 
Chandra-Low/High Energy Transmission Gratings &          
XMM-Reflection Gratings Spectrometer

• Near future: X-ray Calorimetry  
 ∆EFWHM ~5–7 eV, E/∆EFWHM ~1000 @6.4 keV   (scales as E)



High/Low Res Comparison
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High/Low Res Comparison
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Calorimeter

Transition Edge Sensor
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(See http://web.mit.edu/figueroagroup/ucal/ucal_basics/index.html)
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Gratings

Grating Equation:

nλ = n
hc
E

= d sin θ ≈ dθ

Figure taken from  Antonine education website (which no longer exists)



Gratings
Reflection Gratings

Transmission Gratings

Grating Equation:

nλ = n
hc
E

= d sin θ ≈ dθ



Chandra-HETG
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A Wistful Dream...
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Chandra HETG
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• 0th order shows diffraction 
from coarse support 
structure

• “Whiskers” are diffraction 
from fine support structure

Backside

Backside



Chandra HETG
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Pileup

Readout Streak

Line Spread Function (LSF)
& Readout Streak

Dust Scattering Halo



Order Sorting (aka Banana Plots)

• Multiple orders land on the same detector location

• CCD resolution is sufficient to separate these!

• Plotting ECCD vs. n    should show “bananas”

• Or we can plot n    vs. ECCD n   /hc

• ECCD n   /hc is the “order”�

�
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unix%> ds9 acisf11044N002_evt2.fits.gz &



Order Sorting Plot
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Data Extraction Tasks
• All these can be accomplished with CIAO tools

• (Select time intervals, “clean” the data)

• Where is my source?  

• tg_detect2 – or – “by hand”

• What regions should be assigned orders?

• tg_create_mask

• Which events should be assigned to which 
orders?

• tg_resolve_events

• What region (width) should I extract?

• tg_extract

• Create Response (RMF and ARF files)

• mkgrmf, asphist & mkgarf  – or – fullgarf



Chandra HETG
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• 0th order shows diffraction 
from coarse support 
structure

• “Whiskers” are diffraction 
from fine support structure
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200 600 1000 1400

Where is my source?

tg_detect This will fail if the source is piled up, 
or if the zeroth order image is blocked!

tg_findzo This will fail if the source is too faint!

Accuracy can be as good as 0.1 pixels



200 600 1000 1400

tg_create_mask

Hierarchy: 0th Order > MEG > HEG

CIAO defaults are a bit too wide, so MEG “clips” HEG 
high energy for “Continuum” Sources

These are the Potential Gratings Events



“Resolving” Events
|mλ| E

hc

mλmλ = 0

m=-1 m=1

m=-2 m=2

m=-3 m=3

Escape
Events

Fluorescence EventsRMF profiles

mλ = TG_MLAM

E = ENERGY

Fraction of RMF is the “Order Sorting Integrated 
Probability” (OSIP) and is Incorporated into ARF



Order Sorting

• For Chandra, there are two choices:

• “Standard” (which varies with wavelength) with a 
pre-calculated OSIP

• “Flat”, with the user choosing a fixed ratio, e.g., ECCD 
m   /hc = 0.8–1.3 and OSIP assumed to be 1

• Flat is usually the choice for “Continuous 
Clocking” mode

• To be a gratings photon, it has to be at the right 
place with the expected energy

• Greatly reduces background!

�



200 600 1000 1400

tg_extract_events

Isolated Source, Defaults are Fine

Fraction of LSF is Incorporated in RMF



Narrower is Sometimes 
Necessary



Before providing a sampling of highlights from the past few years to demonstrate the quality of the Chandra science, 
we provide some metrics for the mission which provide insight into its usage by the community and its scientific 
productivity.

Figure **:  a) (upper left) Deep exposure of the Orion Nebula Cluster, color-coded by energy.  This is 800 ks from 
the Chandra Orion Ultradeep Project (cite xxx). b) (upper right) A 300 ks composite image of High Energy Trans-
mission Grating observations showing detail in the core along with the multiple grating traces, also color-coded with 
CCD energy.  c) (bottom)  The High Energy Grating spectrum of the brightest star in the cluster, showing a wealth 
of emission lines on a strong continuum (see section *** for interpretation).

Orion Star Cluster



Response Matrices & ARF

• If you’ve extracted the standard width, the standard RMF is 
sufficient

• ARF (effective area file) has to incorporate spatial information 
about the detector.  Not only chip gaps, but also bad pixels & 
columns

• Standard tools: mkgrmf, asphist & mkgarf, fullgarf
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And Now Analysis Begins!

• You have extracted spectra and created response matrices/
effective area files

• Analyze in any standard program: ISIS, XSPEC, Sherpa, SPEX

• The standard is to extract 1st, 2nd, 3rd (+/-) orders

• Higher orders have less flux, and less accurate responses – 
difficult to use for continuum

• Line dominated sources, good for separating blends of lines



Complex 

• Pileup – Less likely to happen, but it can ...

• pile-up model  for ISIS/Sherpa (XSPEC?)

• Continuous Clocking Mode (CC-mode)

• Sources with spatial structure

• Sources with spatial structure and CC-mode



Time Intervals & Data Cleaning

• You can do a time slice with dmcopy:                    

dmcopy “evt1_file[stdevt][time=5.1096500e8:5.1098000e8]” evt1_new

• You can then run the chandra_repro script on this new 
file, and proceed from there

• Removes bad pixels

• Applies Good Time Intervals (GTI)

• Removes “streaks”  (S4 Chip)

• Selects “Good Grades”



Pileup in Gratings Spectrum

Loss at Peak of Spectrum*Area

Most Significant in MEG (Higher Effective Area, Less Dispersion)



Continuous Clocking

• Image collapsed to one dimension

• But, MEG 2nd orders are suppressed, so HEG 1st order is 
always assumed

• Extraction width is assumed to be 100%, and  OSIP is 
chosen to be flat (~0.8–1.3) and assumed 100%

• No source is piled up in this mode – we’ve looked at Sco X-1! 
(The Chandra team was *not* happy!) 

• But, there are still issues at the few % level...

• We recommend putting MEG -1 and HEG+1 off the chips



A Note About Exposures

• Different Chips Can Have Different Exposures

• Especially True for Bright Sources with Data Loss

• Data files will have the mean exposure of all the chips

• Effective Area files will have the mean exposure of the 
chips associated with that detector

• None of these numbers may actually be the “true” 
exposure at a specific wavelength region

• The issues are incorporated into the ARF

• But might not be adequate when doing lightcurves



TGCAT: TRANSMISSION GRATINGS 
CATALOG

•Location: http://tgcat.mit.edu/

•Description: Huenemoerder et al. 2011, AJ, 141, 129

•Examples & video demos:                                           
http://tgcat.mit.edu/tgHelp.php?guide=help/tgcat_demos.html

•Help desk: tgcat@space.mit.edu

http://tgcat.mit.edu/
http://tgcat.mit.edu/tgHelp.php?guide=help/tgcat_demos.html


WHY TGCAT?
•saves you time

•We provide human-vetted extractions, spectra, lightcurves, 
fluxes in bands of interest, and diagnostic plots

•If the summed spectra is all you need, you can start and 
stop with TGCat.

•Plots!  In many different units for different astronomers 
(wavelength, energy, frequency).

•Ability to sum spectra and visually search for features.

•Summed spectra almost good enough to fit



WORKED EXAMPLE: M81*

•Search for the source.

•Identify multiple observations.

•Look at them individually

•Visually judge long term variability

•Sum the observations, and look at the combined plot

•Visually identify weak features

•Download the Data Products



Many Choices for Search – We’ll Use Quick Search



% is a Wild Card – be generous with its use, since
we might not have spelled it the way you

are expecting!



Three Sets of Targets Come Up – 
Choose the Middle, Consisting

of 15 Observations



Use Actions Tab and Limit 



Then View the List of Extractions



Basic List of Observation Properties Given



Hovering Shows a Spectral Plot



Clicking on an Observation Brings Up Summary



Note Other Objects in Field



Some Lightcurve Variability



Go Back to Extractions Window, Choose All Observations,
Choose Actions Tab and Plot (Combined)



Preliminary Plot of All Data Combined



Change the Plot Defaults, and Plot Flux



Note the Fe Kα, Fe XXV, and Fe XXVI Lines
Rebin Some More, Label Lines, Replot



Further rebinning + line labels



Go Back to Extractions Window, Choose All Observations,
Choose Actions Tab and Download



Look at Bottom of Page to See Link to 
Go to Download Area

Download When the Package is Ready!



OTHER ASPECTS OF TGCAT:

•Upon request, we will do custom extractions of other 
sources in the fields

•e.g., stellar fields might have multiple possible sources

•The M81* field has a ULX with dispersed spectra



Science

Tracking Contaminant on Chandra-ACIS

(H
. M

arshall)



Science

Interstellar Medium Studies
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Science
TW Hya

(Brickhouse et al. 2010)



Science
GX 301-2

(Watanabe et al. 2004)



Science

Spectroscopy of the stellar wind
in the Cygnus X-1 system
Ivica Miskovicova1, Manfred Hanke1
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Abstract
The black hole high-mass X-ray binary Cygnus X-1 is powered
by accretion of the stellar wind of its supergiant companion star
HDE 226868. As the donor is close to filling its Roche lobe, its
wind is therefore not symmetric, but strongly focused towards the
black hole.

Chandra-HETGS observations allow for an investigation of this
wind’s properties. In the hard state, absorption lines of H- and
He-like atoms reveal a highly photoionized wind. As different parts
of the wind can be probed at different orbital phases of the binary
system, we investigate the structure and dynamics of the wind by

comparing observations at the prominent orbital phases φ=0, 0.2,
0.5, and 0.75.
In addition, we study transient dips. During these absorption events,
caused by density inhomogeneities in the wind, lower ionization
stages are detected.

Chandra observations around φ ≈ 0.76, -0.02, 0.05, 0.19, and 0.51

30 ks

0.550.5

8
5

2

1

0.5

0.2

2010-01-14

ObsID 11044
500

200

50

20

100

10

19 ks

0.2

2008-04-19

ObsID 9847

30 ks

0.05

2008-04-18/19
ObsID 8525

48 ks

0-0.05

2003-04-19/20
ObsID 3814

58 ks

0.80.750.7

8
5

2

1

0.5

0.2

Orbital phase φ (At φ=0, Cyg X-1 is only seen through the densest part of the donor’s stellar wind.)

(0
.5

–
3

k
eV

)
/

(3
–
1
0
k
eV

)

2003-03-04/05
ObsID 3815

500

200

50

20

100

100
.5

–
1
0

k
eV

co
u
n
t

ra
te

(c
/
s)

While all recent Chandra observations caught Cyg X-1 in the hard state at ! 100 c/s, comparable
to ObsID 3814, the spectrum was softer and the flux was more than twice as high during ObsID 3815.
The light curves at φ≈0 are shaped by violent absorption dips, but dipping occurs already at φ≈0.7
and has not ceased at φ≈0.2, though the dip events seem to become shorter with distance from φ=0.
ObsID 11044 at φ≈0.5 is totally free of dips, yielding 30 ks of remarkably constant flux.

Color-color diagrams reveal dips with partial covering
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All of these diagrams show a
“soft softness ratio” on the x-
and a “hard softness ratio” on
the y-axis.

Dipping produces a clear
track in the color-color dia-
grams: At first, both colors
harden towards the lower left
corner, due to increased ab-
sorption. Then, during ex-
treme dips, the soft color be-
comes softer again, indicat-
ing that the absorber causing
the dips only partially cov-
ers the source of X-rays.

The apparent extraordinary
softening after a flare in the
cc-mode ObsID 3815 might
be an instrumental artifact.

prelim
inary!

Different stages of dipping can be classified according to these softness ratios. In particular,
we extract a “non-dip” spectrum from the least absorbed phases at the upper right corner
(except for ObsID 3815). The following spectroscopic results refer to these non-dip phases.

Absorption and P Cygni line profiles of Lyman α transitions
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The highly photoionized wind is detected at φ≈0 via numerous strong absorption lines at
vrad≈0. Lacking Doppler shifts can be explained by the wind flow being orthogonal to the line of
sight (Hanke et al., 2008, 2009). However, the recent observation at φ≈0.5 reveals (for the first
time for Cyg X-1) clear P Cygni profiles with a strong emission component at a projected velocity
vrad≈0. If, despite the rotated line of sight by 2i≈70◦, the emission at φ=0.5 is caused by the
same plasma as the absorption at φ=0, its full space velocity must be quite small, i.e., we are
probing a dense, low-velocity wind near the stellar surface. In contrast, the (relatively weak)
absorption components at φ≈0.5, occuring at a blueshift of ≈500–1 000 km/s, demonstrate the
downstream acceleration of the wind. The fact that the absorption line profiles measured at
φ≈0.76 are redshifted by ≈200–300 km/s proves that the wind flow is not radial from the star.

Comparison of He-like triplets
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The 1s2s/1s2p → 1s2 transitions of an He-like ion form the triplet of resonance, intercombination
and forbidden lines, which can provide density and temperature diagnostics of an emitting plasma.
In the observations at φ≈0.76 and φ≈0, the dipole-allowed r transition is, however, seen in
absorption. (Note that the strong absorption ≈1 500 km/s redward of Ne ix r is caused by Fexix.)
Hanke et al. (2009) investigate the Mgxi i and f lines in the non-dip spectrum of ObsID 3814,
which apparently consist of two pairs: one unshifted (consistent with other absorption lines), and
one redshifted, from a denser plasma (with lower R=f/i ratio), attributed to the focused wind.
However, such a double pair is not clearly seen in the other spectra. While ObsID 11044 at φ≈0.5
displays P Cygni-shaped Lyα lines, only the (weak) blueshifted absorption component from the
Sixiii r transition, and only the (strong) unshifted emission component from Mgxi r are detected.

Neutral absorption: more indications for the wind?
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While the 0.66–1 keV (non-dip) spectrum at φ≈0 is dominated by complex Fe L-shell ab-
sorption (left: ObsID 3814), the most prominent features at φ≈0.5 are neutral absorption
edges, specifically the Ne K-edge at 14.3 Å and the Fe L2 and L3 edges at 17.2 Å and 17.5 Å.
The fine structures at these edges are taken into account by the tbnew model†. An accurate
measurement of the neutral column density requires a good modelling of the continuum, which
is complicated at φ≈0 due to the large number of (probably unresolved) absorption lines.
The preliminary fits shown above imply NNe=1.1×1018 cm−2 and NFe=2.8×1017 cm−2

at φ≈0, but only NNe=5.6×1017 cm−2 and NFe=1.3×1017 cm−2 at φ≈0.5.
† tbnew is an improved version of tb[var]abs (Wilms et al., in prep.). It uses internal caching of cross-sections and

therefore performs much faster than many previous absorption models. One can fit relative abundances or total atomic
column densities. The code is available at http://pulsar.sternwarte.uni-erlangen.de/wilms/research/tbabs/.

Low ionization stages from a cool(er) absorber during dips
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ObsID 8525 was split into four parts
according to the stage of dipping.

The first two spectra, corresponding to
almost no and to weak dipping only,
have been shifted by a factor ×3 and
×1.5 in flux (arrows) for visual clarity.
Further reduction in flux in the last
two spectra is real and due to dips.

While absorption lines of Sixiv and
Sixiii are already present in the non-
dip spectrum, the dip spectra contain
additional strong absorption lines
that can be identified with Kα tran-
sitions of lower ionized Sixii–vii.
(Note the systematic discrepancy of
“adjusted line positions” reported by
House (1969).) The strength of the
low-ionization lines increases with the
degree of dipping, suggesting that
the latter is related to high-density
clumps at lower temperature.
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Stellar Winds (Cyg X-1 HMXB Wind)



Science

AGN Warm Absorbers

NGC 3783 from the TGCat Catalog



Science
GRO J1655-40

(Miller et al. 2006)

Magnetized Accretion Disk Winds


