Theory

WhenanX-ray passes th rough a dense doud of
effectively free electrons (i.e., a dust grain), the
electronsoscillate inresponse. Forsufficiently small
grains (a,m<E.q), the electronsact coherently and the
scattering crosssectionat small (1" /(a,,Eyo) anglesisa
N 2. Thiseffect creates”halos” around absorbed X-ray

sources (Overbeck 1965).

‘The scattering can be calculated in detail using the exact Mie solution
(e.g- Smith & Dwek 1998), or ifa, <<F o the “RayleighGans” (RG)
approximation, calculated by assuming coherent Rayleigh scattering
throughout the dust grain and integrating over the volume (shown here
for a spherical graink
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where o  62.4” B azk.
‘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 posmons andproperues
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‘Then the observed surface brightness at position 0 from the source is:
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where Fy is the source flux, S(B) the spectrum in the chosen bandpass,
x) the normalized s pace density of grains along the line of sight, and n(a)
the dust grain size distribution. The total scattering cross section
(assuming an MRN dustmodel)is = 0.686 x 10 2Ny /Egy

Mathis & Lee (1991) and Predehl & Klose (1996) both noted that for > 1.
the halo will be dominated by m uiltiple scattering, which tends to broaden
the halo. Even for t >0.5, the effectis not insignificant. Calculating even
double scattering is nonrivial, as canbe seen from the equation below:
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Before Chandra, X-ray telescopes could measure either the surface
brightness or the specuum but mlbnlh with useful resolution. Chandra
and XMM-Ne troscopy with E/AE~10
resolution; for X-ray halos, whlchxarv as E2, 'hs is adequate to
measure the total surface brightness inthe halo relative to the source
fluwx, H(QE) inarcmin?2. This can be directly com pared to a model of
the dust dersity r, size distribution, and com position (which enters via
F(E), the Henke atomic factor):
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Future X-ray Halo Observations

Withsufficient ener gy resolution and effective area, it will be possible to
diagnose dust abundances directly:
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Measuring halos with sufficient ener gy resolution to see the abs or ption
features (dte to K-shell absor ption in the dust grains) will require
ConstellationX, the next major NASA X-ray mission.

The Crab Nebula: Extended Sources

‘The Crab Nebula was observed with Chandra ina search for the outer
shock wave, which was not discovered (Seward etal. 2005). The data did
show the halo around the Crab Nebula (which, as expected, confused the
search for ashock front) . The column density towards the Crabis
relatively low: Ny-3.5x1021cm2, so a strong halo is notexpected W fit
the data using our standard three models and found again relatively poor
fits, although again the ZDAO4 model was the best fit[Below, Rightl.
Unusually, the halo column densities were all lower than3.5x102cm 2.

We alsotried a two component .01
model. Inthis case, using the

ZDA04 model, we found a T
reasonable fit (formally 52=2.2,  Booor
butro systematic offsets) witha
small cloud ~100 pe distant If ~ §

true, this could be the sweptup  * 10+
dustfrom the creation of the
Local Bubble! 108
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Note: The Crab Nebula is extended (~1'), and 5o a simple pointsource
approximate is inadequate. However, we pointout thata convenient analytic

expression exists which calculates the halo from a circular source of size ¢

from the point halo models:
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Chandra Observations of Dust Grains

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

Abstract
X-ray haloscreated by interstellar dust grainsh ave been observed with
Einstein, ROSAT, and ASCA. Data fromChandraand XMM-Newton,
however, qualitatively change the analysisthat canbe done. The
variationinthe halo intensity with energy and angle isstrongly
dependent on th e composition, size, and position of th e dust grains, and
canbe directly compared to th e absorbing column density measured via
the X-ray spectrum. Prior observationsallowed at best rough estimates of
the dust properties. I present results fromGX13+1, GX5-1, X1724-307,
and the Crab Nebula to determine the parametersof the dust along the
line of sigh t.

Results from Initial Sources in Survey: GX13+1

Chandra ACIS Chandra HRC (raw) Chandra HRC (filtered)

Images of GX13+1; the circle has 5’ radius in the ACIS image, and 1" for the HRC i images. Nm.e
the transfer streak in the Chandra ACIS data, and the “jet” in the raw HRC data. Aggr
filtering is necessary to remove this feature, which is normally removed by pipeline ﬁllenng 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 ACISTor the HRC.

‘The LMXBGX13+1 has a poorly measured column dersity. Iis position (only 0.1° out of the Galactic plane,
despite the name) and unknown distance make any CO emission measurements inconclusive. Infrared
observations suggesteda limiton Ay = 14.4 Garcia e fal. 1989), corresponding to Ny = 2.2x1022 cm2
assuming blackbody emission. X-ray spectral fits to CCD data suggest Ny ~2.9x1022 cm-2 (Ueda et al.
2001). Ueda etal. (2004) used HETG data to determine a value of Ni; ~3.2+0.2x1022 cm 2, which is
probably the most robust measurement available.

N = 215 x 109 amt
We (Smith, Edgar & Shafer 2001)
analyzed the X-ray halo seenby
ACIS around GX13+1 between 50"
0600 [Right], finding that the data
excluded a hypothetical m odel with
very large dust grains. The MRN
and WD01 models both fit, although
with very different bes tit Ny values
[Lefil. A low NH was found for the
WDO1 m odel, along with slightly
inferior fits compared to MRN.
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Draine (2003) noted that these oddly low Nj; values found for the WDO1 above might be explained by
dustnear the sour ce, to which the ACIS obser vations were insensitive. Xiang etal. (2005) analyzed the
halo of GX13+1 along with 16 other sources from the zero-order HETG image. Inall 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 sim ultaneous RXTE data to
measure it. We also used HRC-I observations of AR Lac to measure the PSF; this is the same data
used o calibrate the Cliandra PSF generally.

Our initial analysis sim ply fita smooth dust
distribution using an flux-weighted halo model. We:
found generally poor fits (2 >6 inall cases), and,
curiously, relatively low values of Ni; com pared to
the ACIS results [Right]. Since this data is atsmall
angles, it naturally weights dust near the source
higher than distant dust. These low values suggest
there is less, not more, dustnear the source.
However, this crucially depends on what s used
forthe Chandra TSF (the green curve atRight) and g,g00¢
more work is needed.
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GX5-1: Bright and Highly Absorbed

The HMXBGX 51 was observed by Chandra for 6.8 ksec on August6,
2000. The above circles are 6 inradius. Ueda etal. (2004) useda
Chandra HETG obser vation to measure Ny; =2.8x1022 cm 2, with
relatively large systematic errors. We begin witha smoofhly
distributed dust model, shown below at 1.5 and 2.5 keV for the MRN
(black), WDO1 (blue), and ZDA04 BAREGR B (red) models along with
the Chandra PSF (dashed). Again the ZDA04 model is the best fi,
especially at 2.5 keV (Ny=4.2x1022cm 2, within the limits of Ueda etal
(2004)). However, none of the fits at 1.5 keV are acceptable.
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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 t=0.686x1022Ny/E | : at 1.5keV,
©~1.3, 5o multiple scatteringis the likely cause, atleast
atthis energy [Right]

Ata Galactic latitude of 10, we can
use CO observations to measure Velocity 2NH,) [ NEHD

the position and thickness of any (s ) (1020 cn?) | (1020 cm? )
clouds, and further reduce the 1 5 244 £ 3 55
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parameters in the model. The best 2 23 404 146 34 4.7
distance estimate for GX5-1, based 34 184,208 217 78 11 8.47
on the E n luminosity, is 9kp, | Total 865 310 83

putting it potentially in front of,
behind, or in clouds 3 and 4.
Using these values for the cloud positions and column dersities (summing the Hy and HI columns) we
considered three possible distances for the source, 7, 9, and 20 kpc [Below, Right]. None of these models
was anadequate fit, although itis possible that including double scattering would significantly im prove the 9
kpe model. In this fit we considered only single scatiering, for sim plicity.

We also tried using a single cloud m odel, allowing both the position
and column density of the cloud to vary. Our best fit had NH =
28x1022 cm 2, anda cloud about 1/5 of the distance from the
source. However, the fit underestimated the data at low ener gies,
suggesting substantially more dust was required.
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Can X-ray halos actually distinguish between rival

dust models? Three major dust modelsin current use are the
venerable Mathis, Rumpl & N ordsieck (1977; MRN) model,
the Weingartner & Draine (2001; WD01) model, and the
family of modelscreated by Zubko, Dwek & Arendt (2004;
ZDAO04). The goal of MRN wasto fit the observed

UV /optical extinction, which it did with a power-law
distribution of graphite andsilicate grains. The total carbon
required tobe inthe dust, however, exceedswhatisnow
thoughttobe available. WDO01 expanded th e requirements
toincude fitting the IR emissivity and staying withina
tighterset of abundance constraints, using a more complex
size distribution. ZDA04 showed thatalarge family of grain
models couldfit the existing restrictions, and suggested X-ray
halo observations would be necessary to distinguish between

the models.
X1724-307

X1724307 (1b =356.3, 2.3)is an XRBin the globular cluster Terzan2, thought to be near the
Galactic center. It was observed by Chandra for 14 ksec onJuly 7, 2005. The total hydrogen
column dersity along the line of sight, from CO and Hl data, is 1.35x1022 em-2; at8 kpc the
source is 100 pe from the plane, s0 most of this is likely foreground. X 1724-307 has also been
observed with the LETG/HRC on March?9, 2000 for 10 ksec. A good fitis found with an
absorbed bremsstrahlung m odel with Ny=1.37x1022cm 2, in good agreement with the CO and
Hldata.
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A simple fit(shown Right) using sm oothly-
distributed dust and the BAREGR-B model
from ZDAO4 gives a relatively poor fit

(2 =2.3), albeit with a plausible Ny;. Fits with
the WDO01 or MRN models are significanth At #
worse (2 =6.9,3.7) the WDOI it il o ,,,;'mv““"‘m‘mm i el
im plausible Nj; =5.6x1021cm-2. The residuals -5
show that the problem is in the overall shae,
suggesting a second dust com ponent, perhaps
clum pedina cloud along the line of sight.
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The blue curve shows fie hulo profile;
greenis the Chandra PSF and the flat line

Shows the background.

We refit the radial profiles between 1.5-2.5 keV with the ZDA04 BAREGR-B model, using
atwo model withsome dust thly-dis tributed along the line of sight and a
second com ponent foundin a clum p. We allowed the background o vary at each erergy.,
but fixed the colum n densities of the two com ponents to be the same at each energy.

‘The resulting fitis overall reasonably good 62 =1.4)
with plausible parameter values. The total column.
density is 1.39:021x1022 cm2, and that the clum pis
30% of the distance to the source; assuming d=8 kpe,
this is 2.4 kpe distant, possibly a com ponent of the
Cruxspiral arm (althoughit is normally thought to be
~4 kpe distant).
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Fiting the same m odel using the WDO1 dust m odel leads 1o a slightly worse fit 62=1.6), but
with utterly im plausible values: the total colum n density is only 6.3x1021 cm-2, and the dust
clum p (with colum n density 4.8x1021cm-2) must be within 200 pe of the Sun. The MRN fit

also has 32=1.6, with only slighly more plausible parameters: a total colum n density
9.8x1021em-2 and a dust clump at 800 pe.

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

Calibration

X-ray halosappearasradially symmetricenh ancementsin th e surface
brigh tnessaround an absorbed X-ray source. Typically, the total fluxin
the haloisinthe range of 10%-100% of the directly observed source flux,
depending on the energy, radii of extraction, and th e dust column density.
Unfortunately, X-ray halosh ave anever-present background: the point-
spread-function (PSF) of the mirrorsalong with any instrumental
background. Despite the tiny size of Chandra core PSF, the combination of
CCD pileup and background cause problems wh en measuring th e far-off-
axisPSF. The PSF must be modeled and removed with great care, since itis
often of the same magnitude asthe X-ray halo; small errorsin calibration
translate into substantial effectsin th e model.

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

However, the PSF is also a function of
the source’s position on the detector;
ideally we want to know
SBpsr(©,pB/SE)
where S(B) is the source flux, © is the
angular distance from the source, p the
source position on the detector, and X-
rayenergy E Since accurate
measurements spanning 3 orders of
magnitude are tim e-consum ng, this
can only be done using sim ulation. In the
case of Chandra, this is inadequate as
canbe seen at left
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‘The PSF (=SBps(©,pB/SE)) for Chandra/ACIS for Her X-1 observed onaxis at2.1-23 keV. Her X-1is
an HMXB with an absorbing column of Ni; ~ 1020 cm-2. The lower curve shows the predicted PSE
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.
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