
Chandra Observations of Dust Grains

Abstract
X -ray h alos created by interste l lar dust grains h ave  been observed with
Einstein,  ROSAT,  and ASCA .  Data from Chandra and XMM-Newton,
h owever,  qual i tative ly ch ange  th e  analysis th at can be  done .  Th e
variation in th e  h alo intensi ty with  energy and angle  is strongly
dependent on th e  composition,  size ,  and position of th e  dust grains,  and
can be  directly compared to th e  absorbing column density measured via
th e  X -ray spectrum.  Prior observations al lowed at best rough  estimates of
th e  dust properties.  I present results from GX 13+1,  GX 5-1,  X 1724-307,
and th e  Crab N ebula to determine  th e  parameters of th e  dust along th e
l ine  of sigh t.

Randall K. Smith (NASA/GSFC and Johns Hopkins University) ,
Dale Graessle  and Thomas Dame (Harvard-Smithsonian CfA)

Calibration

X -ray h alos appear as radial ly symmetric enh ancements in th e  surface
brigh tness around an absorbed X -ray source .   Typical ly,  th e  total  fl ux in
th e  h alo is in th e  range  of 10% -100%  of th e  directly observed source  fl ux,
depending on th e  energy,  radi i  of extraction,  and th e  dust column density.
Unfortunate ly,  X -ray h alos h ave  an ever-present background:  th e  point-
spread-function (PSF) of th e  mirrors along with  any instrumental
background.  Despite  th e  tiny size  of Chandra core  PSF,  th e  combination of
CCD pileup and background cause  problems wh en measuring th e  far-off-
axis PSF.   Th e  PSF must be  modeled and removed with  great care ,  since  i t is
often of th e  same magnitude  as th e  X -ray h alo;  small  errors in cal ibration
translate  into substantial  e ffects in th e  model .

Results f rom Initial Sources in Survey: GX13+1

Theory
W h en an X -ray passes th rough  a dense  cloud of
effective ly free  e lectrons (i . e . ,  a  dust grain),  th e
e lectrons osci l late  in response .   For suffi ciently small
grains (aµm EkeV),  th e  e lectrons act coh erently and th e
scattering cross section at small  (1’ /(aµmEkeV ) angles is a
N e

2 .   Th is e ffect creates “h alos”  around absorbed X -ray
sources (Overbeck 1965).

Then the observed surface brightness at position  from the source is:

With sufficient energy resolution and effective area, it will be possible to
diagnose dust abundances directly:

The scattering can be calculated in detail using the exact Mie solution
(e.g. Smith & Dwek 1998), or if aµm<<Ek eV the “Rayleigh-Gans” (RG)
approximation, calculated by assuming coherent Rayleigh scattering
throughout the dust grain and integrating over the volume (shown here
for a spherical grain):

The observed halo can then be calculated by integrating the scattering
cross section over the line of sight, for an assumed distribution of dust
grain positions and properties.

where FX is the source flux, S(E) the spectrum in the chosen bandpass,
f(x) the normalized space density of grains along the line of sight, and n(a)
the dust grain size distribution.   The total scattering cross section
(assuming an MRN dust model) is

 Before Chandra, X-ray telescopes could measure either the surface
brightness or the spectrum, but not both with useful resolution.  Chandra
and XMM-Newton can do spatially-resolved spectroscopy with E/ E~10
resolution; for X-ray halos, which vary as E-2, this is adequate to
measure the total surface brightness in the halo relative to the source
flux, Hf(Q,E) in arcmin-2.  This can be directly compared to a model of
the dust density r , size distribution, and composition (which enters via
F(E), the Henke atomic factor):

To measure X-ray halos, the PSF must be known as a function of energy between 10” - 1000” from the
source, where (in the case of Chandra) the PSF drops by 3 orders of magnitude.  This can be done using a
bright, lightly-absorbed (i.e. no halo) source as a calibrator.

The PSF ( = SBPSF( ,p,E)/S(E) ) for Chandra/ACIS for Her X-1 observed onaxis at 2.1-2.3 keV.  Her X-1 is
an HMXB with an absorbing column of NH ~ 102 0  cm-2 .  The lower curve shows the predicted PSF
calculated using the Chandra raytrace code SAOsac, which agrees well for  < 20” but obviously is
inadequate for halo studies.  Using the SAOsac-calculated PSF for halo studies leads to overstrong halos
with unphysical tails.

The HMXB GX 5-1 was observed by Chandra for 6.8 ksec on August 6,
2000.  The above circles are 6’ in radius.  Ueda et al. (2004) used a
Chandra HETG observation to measure NH = 2.8x102 2 cm -2, with
relatively large systematic errors.  We begin with a smoothly
distributed dust model, shown below at 1.5 and 2.5 keV for the MRN
(black), WD01 (blue), and ZDA04 BARE-GR-B (red) models along with
the Chandra PSF (dashed) .  Again the ZDA04 model is the best fit,
especially at 2.5 keV (NH=4.2x102 2 cm-2, within the limits of Ueda et al
(2004)).  However, none of the fits at 1.5 keV are acceptable.

The LMXB GX13+1 has a poorly measured column density.  Its position (only 0.1º out of the Galactic plane,
despite the name) and unknown distance make any CO emission measurements inconclusive.   Infrared
observations suggested a  limit on AV  14.4 (Garcia e t al. 1989), corresponding to NH  2.2x102 2 cm-2

assuming blackbody emission.  X-ray spectral fits to CCD data suggest NH ~ 2.9x102 2 cm -2 (Ueda et al.
2001).  Ueda et al. (2004) used HETG data to determine a value of NH ~ 3.2±0.2x1022 cm -2, which is
probably the most robust measurement available.

Chandra ACIS

Images of GX13+1; the circle has 5’ radius in the ACIS image, and 1’ for the HRC images.  Note
the transfer streak in the Chandra ACIS data, and the “jet” in the raw HRC data.  Aggressive
filtering is necessary to remove this feature, which is normally removed by pipeline filtering and
appears here only due to the high count rate from GX13+1.  GX13+1 is one of the brightest sources
observed without a grating by either ACIS-I or the HRC.

Draine (2003) noted that these oddly low NH values found for the WD01 above might be explained by
dust near the source, to which the ACIS observations were insensitive.  Xiang et al. (2005) analyzed the
halo of GX13+1 along with 16 other sources from the zero-order HETG image.  In all cases, they found
that the majority of dust along the line of sight is very near the source, and proposed that all or most
XRBs are surrounded by molecular clouds.  To test this, we obtained 9 ksec of  HRC-I data (without a
grating) on Feb 8, 2005.  This data allows us to measure the halo (albeit without any spectral data) to 3”
of the source.  Since GX13+1’s spectrum is variable, we also obtained s imultaneous RXTE data to
measure it.  We also used HRC-I observations of AR Lac to measure the PSF; this is the same data
used to calibrate the Chandra PSF generally.

Clearly, something is missing from the model. The
general shape from 100-200” is reasonable, but there is
a consistent excess beyond 200”.  This could be due to
multiple scattering and/or molecular clouds along the
line of sight.  The scattering cross section, assuming a
MRN dust model, is  =0.686x10-2 2NH/E2

k eV; at 1.5 keV,
 ~ 1.3, so multiple scattering is the likely cause, at least

at this energy [Right].

F(
E)

 H
en

ke
 F

ac
to

r

Measuring halos with sufficient energy resolution to see the absorption
features (due to K-shell absorption in the dust grains) will require
Constellation-X, the next major NASA X-ray mission.

Future X-ray Halo Observations

At a Galactic latitude of -10,  we can
use CO observations to measure
the position and thickness of any
clouds, and further reduce the
parameters in the model.  The best
distance estimate for GX5-1, based
on the Eddington luminosity, is 9kpc,
putting it potentially in front of,
behind, or in clouds 3 and 4.
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Mathis & Lee (1991) and Predehl & Klose (1996) both noted that for   > 1,
the halo will be dominated by multiple scattering, which tends to broaden
the halo. Even for   > 0.5, the effect is not insignificant. Calculating even
double scattering is non-trivial, as can be seen from the equation below:

Chandra ACIS

GX5-1: Bright and Highly Absorbed

Using these values for the cloud positions and column densities (summing the H2  and HI columns) we
considered three possible distances for the source, 7, 9, and 20 kpc [Below, Right].  None of these models
was an adequate fit, although it is possible that including double scattering would significantly improve the 9
kpc model.  In this fit we considered only single scattering, for simplicity.

We also tried using a single cloud model, allowing both the position
and column density of the cloud to vary.  Our best fit had NH =
2.8x102 2 cm -2, and a cloud about 1/5 of the distance from the
source.  However, the fit underestimated the data at low energies,
suggesting substantially more dust was required.

However,  the PSF is also a function of
the source’s position on the detector;
ideally we want to know

SBPSF( ,p,E)/S(E)
where S(E) is the source flux,  is the
angular distance from the source, p the
source position on the detector, and X-
ray energy E.  Since accurate
measurements spanning 3 orders of
magnitude are time-consuming, this
can only be done using simulation. In the
case of Chandra, this is inadequate as
can be seen at left.

X1724-307
X1724-307 (l,b = 356.3, 2.3) is an XRB in the globular cluster Terzan 2, thought to be near the
Galactic center.  It was observed by Chandra for 14 ksec on July 7, 2005.  The total hydrogen
column density along the line of sight, from CO and HI data, is 1.35x102 2 cm -2;  at 8 kpc the
source is 100 pc from the plane, so most of this is likely foreground.  X1724-307 has also been
observed with the LETG/HRC on March 9, 2000 for 10 ksec.  A good fit is found with an
absorbed bremsstrahlung m odel with NH=1.37x102 2cm-2, in good agreement with the CO and
HI data.

A simple fit (shown Right) using smoothly-
distributed dust and the BARE-GR-B model
from ZDA04 gives a relatively poor fit
( 2  = 2.3), albeit with a plausible NH.  Fits with
the WD01 or MRN models are significantly
worse ( 2  = 6.9,3.7); the WD01 fit also has an
implausible NH =5.6x102 1cm-2 .  The residuals
show that the problem is in the overall shape,
suggesting a second dust component, perhaps
clumped in a cloud along the line of sight.

We refit the radial profiles between 1.5-2.5 keV with the ZDA04 BARE-GR-B model, using
a two component model with some dust smoothly-distributed along the line of sight  and a
second component found in a clump.  We allowed the background to vary at each energy.,
but fixed the column densities of the two components to be the same at each energy.

The blue  curve shows the  halo profile ;
green is  the  Chandra PSF and the  flat line
shows the  background.
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The resulting fit is overall reasonably good ( 2  = 1.4)
with plausible parameter values.  The total column
density is 1.39±0.21x102 2 cm-2 , and that the clump is
30% of the distance to the source; assuming d=8 kpc,
this is 2.4 kpc distant, possibly a component of the
Crux spiral arm (although it is normally thought to be
~4 kpc distant).

Fitting the same model using the WD01 dust model leads to a slightly worse fit ( 2 =1.6), but
with utterly implausible values: the total column density is only 6.3x102 1 cm-2 , and the dust
clump (with column density 4.8x102 1cm-2) must be within 200 pc of the Sun. The MRN fit
also  has 2 =1.6, with only slightly more plausible parameters: a total column density
9.8x102 1cm-2  and a dust clump at 800 pc.

Can X-ray halos actually distinguish between rival
dust models?  Th ree major dust models in current use  are  th e
venerable  Math is ,  R umpl & N ordsieck (1977; MR N ) model ,
th e  W eingartner &  Draine  (2001;  W D01) model ,  and th e
family of models created by Z ubko,  Dwek &  Arendt (2004;
Z DA04).   Th e  goal  of MR N  was to fi t th e  observed
UV/optical  extinction,  wh ich  i t did with  a power-law
distribution of graph ite  and si l icate  grains.   Th e  total  carbon
required to be  in th e  dust,  h owever,  exceeds wh at is now
th ough t to be  avai lable .   W D01 expanded th e  requirements
to include  fi tting th e  IR  e missivi ty and staying with in a
tigh ter se t of abundance  constraints,  using a more  complex
size  distribution.   Z DA04 sh owed th at a large  family of grain
models could fi t th e  existing restrictions,  and suggested X -ray
h alo observations would be  necessary to distinguish  between
th e  models.

Although not conclusive, these results strongly suggest that at
least one of the ZDA04 models (BARE-GR-B) fits the data
significantly better than e ither the MRN or WD01 models, and
with plausible values.

Chandra HRC (raw) Chandra HRC (filtered)

We (Smith, Edgar & Shafer 2001)
analyzed the X-ray halo seen by
ACIS around GX13+1 between 50”
to 600” [Right] , finding that the data
excluded a hypothetical model with
very large dust grains.  The MRN
and WD01 models both fit, although
with very different best-fit NH values
[Left].  A low NH was found for the
WD01 m odel, along with slightly
inferior fits compared to MRN.

Our initial analysis simply fit a smooth dust
distribution using an flux-weighted halo model.  We
found generally poor fits ( 2  > 6 in all cases), and,
curiously, relatively low values of NH, compared to
the ACIS results [Right].  Since this data is at small
angles, it naturally weights dust near the source
higher than distant dust.  These low values suggest
there is less, not more, dust near the source.
However, this crucially depends on what is used
forthe Chandra PSF (the green curve at Right), and
more work is needed.

The Crab Nebula: Extended Sources

The Crab Nebula was observed with Chandra in a search for the outer
shock wave, which was not discovered (Seward et al. 2005).  The data did
show the halo around the Crab Nebula (which, as expected, confused the
search for a shock front) .  The column density towards the Crab is
relatively low: NH~3.5x102 1 cm-2, so a strong halo is not expected.    We fit
the data using our standard three models and found again relatively poor
fits, although again the ZDA04 model was the best fit [Below, Right].
Unusually, the halo column densities were all lower than 3.5x102 1 cm -2.

Note: The Crab Nebula is  extended (~1’), and so a s imple  point-source
approximate  is  inadequate .  However , we point out that a convenient analytic
express ion exists   which calculates  the  halo from a circular  source  of s ize  
from the  point halo models :

We also tried a two component
model.  In this case, using the
ZDA04 model, we found a
reasonable fit (formally 2=2.2,
but no systematic offsets) with a
small cloud ~100 pc distant. If
true, this could be the swept-up
dust from the creation of the
Local Bubble!



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


