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Scattering Halos – formation

Dust along line of sight can both
absorb and scatter X-ray pho-
tons.

Scattering has two effects:
• Photons scattered out of

direct path
• Photons scattered into

extraction region

Second effect causes forma-
tion of diffuse halo around the
source. Lamer et al., 2021
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The dust scattering halo of Cygnus X-3 1125

find that the surface brightness profile of Cyg X-3 suffers pileup
fractions less than 5 per cent for r > 3 arcsec and less than 1 per cent
for r > 8 arcsec. Pileup is therefore has a negligible effect on the
dust scattering halo, which we extract for observation angles larger
than 5 arcsec.

The typical 0.5–7 keV background4 for a 50 ks observation on
the S35 CCD chip is 0.02 counts pix−1, or 0.03 counts pix−1 for the
5–10 keV background. This is two orders of magnitude below the
dimmest portion of the Cyg X-3 surface brightness profile, suggest-
ing that all the ambient light comes from X-ray scattering. Since
the quiescent detector background is minuscule by comparison, it
was not included in this analysis.

There is a Bok globule located 16 arcsec from Cyg X-3, ob-
served from X-ray scattering (McCollough et al. 2013). A 3 by
4.5 arcsec region covering the globule contains 7120 counts, which
accounts for approximately 30 per cent of the total brightness at that
radius. We removed the globule from the measurement, because the
halo model assumes azimuthal symmetry. We also excised from the
zeroth-order image a 2.5 arcsec wide region containing the CCD
transfer streak.

The scattering halo measured from the zeroth-order image might
also be contaminated from the first-order halo dispersed by the
HETG. To test this, we extracted a radial surface brightness profile
from a rectangular region oriented in the MEG dispersion direction.
There was evidence of contamination from the MEG first-order
scattering halo in regions > 50 arcsec away from the point source
centre, differing by 4σ at the outermost annulus. We therefore chose
to confine the surface brightness profiles to a rectangular region
perpendicular to both the MEG and HEG arms.6 This choice did
not lead to any significant loss in signal, since the outer edges of
the halo are covered by annuli of larger surface area.

When examining the extended image of Cyg X-3, one cannot
discern whether a given photon was scattered by dust or by the
Chandra mirrors; each type is subject to a different effective area.
Aside from uneven quantum efficiencies in the CCD chip, a mirror-
scattered X-ray event should be corrected by the effective area
for the point source image. A dust-scattered X-ray event should
be corrected by the effective area of the detector at the position
of the event. Normalizing the entire image by an exposure map
created with standard calibration techniques would thereby produce
an inaccurate image of both the PSF and the scattering halo. This is
why we chose to scale the PSF templates by point source effective
area (Aps) to obtain a raw counts surface brightness profile such as
that seen in Fig. 3. Since all of the HETG objects used in this study
used standard HETG pointings, within 30 arcsec of the detector
focal point, we expect the overall effect of quantum inefficiencies
(dead pixels and columns) to be relatively similar.

We extracted residual surface brightness profiles, containing the
raw counts from dust scattering alone, for each 0.5 keV binned
image. Then we extracted radial profiles from exposure maps using
the same window described above. The exposure maps used in this
case were calculated for a single energy, not weighted, because the
spectral energy distribution for the scattered light is much different
from the point source. We also could not apply weights in this

4 Chandra Proposer’s Observing Guide, Table 6.10, http://cxc.harvard.
edu/proposer/POG/
5 The ACIS S3 chip contains the zeroth-order image for the nominal HETG
pointing.
6 Surface brightness measurements with annuli α < 20 arcsec receive full
azimuthal coverage.

Figure 4. The 4–6 keV scattering halo intensity. Top: overlaid are the
best EMCEE model fits for dust distributed uniformly along the line of sight
(grey solid line) and for dust contained in two screens (black dashed line),
corresponding roughly to the positions of foreground spiral arms of the
Milky Way. Bottom: the residuals for the best uniform (light points) and
two-screen fits (dark points) are plotted in units of sigma. The two-screen
residuals are offset horizontally to aid visibility.

case because the energy distribution should change depending on
the angular distance from the point source (cf. equation 3). After
normalizing each annulus by the mean effective area, the residual
profiles were summed via

Ih(r) =
∑

#E

SB(r,#E) − SBpsf(r,#E)
A(r,#E)

(10)

to produce the 4–6 keV halo intensity profile plotted in Fig. 4. The
zeroth-order image of Cyg X-3 is much more piled up than 3C 273,
which does not have a hollowed out core. We threw out data points
from bins where the PSF template exceeded the observed surface
brightness and kept data points with a signal to noise > 1.

3 FI T TO 4 – 6 K E V H A L O PRO F I L E

Our fit to the scattering halo profile, shown in Fig. 4, rests upon
three fundamental assumptions.

(i) Single scattering. The large optical depth to scattering implies
that a significant fraction of photons will scatter more than once.
We take a conservative route by restricting analysis to an energy
band where the scattering halo intensity is well within the optically
thin, single scattering regime: E > 4 keV, i.e. τsca ! 10 per cent.

(ii) RG–Drude scattering from grains of a single density. In this
scattering regime, the dust grain composition is not very important
because each grain is approximated as a sphere of free electrons. We
assume a grain density ρ = 3 g cm−3, which is the average between
graphite and silicate materials (Draine 2011). The RG–Drude scat-
tering cross-section is featureless and follows a power-law depen-
dence on energy. However, the true dielectric functions will cause
absorption and scattering resonances that diverge significantly from
the RG–Drude approximation at low energies (Section 4). Restrict-
ing the energy range to 4–6 keV also alleviates the need to use the
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(From \citep{Corrales2015}, reproduced with permission.) The 4-6 keV surface 
brightness profile of the dust scattering halo image around Cygnus X-3. The radial 
profile can be fit with a model of dust that is distributed uniformly along the line of 
sight (grey solid curve) or by assuming the dust is concentrated in two dust 
clouds at intermediate distance between the observer and the HMXB (black dash 
curve).


\bibitem[Corrales and Paerels(2015)]{Corrales2015} Corrales, L.~R., Paerels, F.\ 
2015.\ The dust scattering halo of Cygnus X-3.\ Monthly Notices of the Royal 
Astronomical Society 453, 1121–1135. doi:10.1093/mnras/stv1704
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profiles were summed via
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to produce the 4–6 keV halo intensity profile plotted in Fig. 4. The
zeroth-order image of Cyg X-3 is much more piled up than 3C 273,
which does not have a hollowed out core. We threw out data points
from bins where the PSF template exceeded the observed surface
brightness and kept data points with a signal to noise > 1.
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Our fit to the scattering halo profile, shown in Fig. 4, rests upon
three fundamental assumptions.

(i) Single scattering. The large optical depth to scattering implies
that a significant fraction of photons will scatter more than once.
We take a conservative route by restricting analysis to an energy
band where the scattering halo intensity is well within the optically
thin, single scattering regime: E > 4 keV, i.e. τsca ! 10 per cent.

(ii) RG–Drude scattering from grains of a single density. In this
scattering regime, the dust grain composition is not very important
because each grain is approximated as a sphere of free electrons. We
assume a grain density ρ = 3 g cm−3, which is the average between
graphite and silicate materials (Draine 2011). The RG–Drude scat-
tering cross-section is featureless and follows a power-law depen-
dence on energy. However, the true dielectric functions will cause
absorption and scattering resonances that diverge significantly from
the RG–Drude approximation at low energies (Section 4). Restrict-
ing the energy range to 4–6 keV also alleviates the need to use the
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Scattering Halos – previous studies
Scattering halos are present around most galactic X-ray sources

Study of halos allows
• Separate analysis of line-of-sight dust (absorption includes dust and gas)
• Test of different dust population models
• Estimation of distance to sources (with known dust locations from e.g. spiral arms)

Scattering halos were previously studied in dedicated obserations, but also in surveys, e.g.
• ROSAT (Predehl & Schmitt, 1995)
• Archival Chandra and XMM Newton observations (Valencic & Smith, 2015)
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Halos in eROSITA

As a survey telescope, eROSITA observes many
scattering halos.

Lamer et al., 2021 reported a dust scattering
echo around a black hole transient in eRASS 1:
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Halos in eROSITA

We selected 35 sources that are sufficiently
bright for halo extraction.
Mostly known XRBs in the galactic plane.
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Spectral Extraction

Radial surface brightness distribution
shows pile-up, especially for very bright
sources.

Use SIXTE (Dauser et al., 2019) simula-
tions to determine which surface bright-
nesses are safe from pile-up (< 1%).

Here: Count rates
below ∼ 10−4 cts/sec/arcsec−2

Extract spectra from predefined annuli for
fitting 10 100 1000 10000
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xscat model and fitting
In a given annulus, extracted photons come from two components:

Direct point source and scattered into annulus

Use the xscat model (Smith, Valencic, & Corrales, 2016) to fit both components:
For given radius R, xscat calculates fraction of source flux within a circular region

So for a given source model:
• xscat(R = 0) ∗ source_model = Direct point source
• (xscat(R = Rout)− xscat(R = Rin)) ∗ source_model = scattered into annulus

Then, per annulus, fit measured counts as combination of both components, and fit all annuli
simultaneously

Note: Need to extract separate ARFs for each component: scattered flux is an extended source, direct flux
is a point source
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Example Spectrum

Example Source: GX 354-0

Model:
xscat * (tbabs * powerlaw)

NH,abs = 4.29+0.27
−0.25 · 1022 cm−2

Γ = 2.29+0.14
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norm = 0.79+0.17
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Results: NH,abs vs NH,sca

Using all sources, can plot the ratio of NH in ab-
sorption compared with NH in scattering
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Results: Local absorption

Several sources have an excess of NH in scatter-
ing.

Most of these sources are known to have local
absorption, due to stellar wind or viewing angle
through accretion disc.

=⇒ separate local NH from interstellar NH!
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Results: AV vs NH,sca

Use this dataset to re-determine the AV to
NH ratio from Predehl and Schmitt, 1995

Below AV = 4 mag, values are extracted
from Gaia using StarHorse (Queiroz et al.,
2023).
Above, values are taken from the literature
where available.

Fitted relation:
NH,sca/AV = 0.182+0.035

−0.029 1022 cm−2 mag−1

Very similar to value of 0.179± 0.003 from
Predehl and Schmitt, 1995
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Results: AV vs NH,sca

Fitted relation:
NH,sca/AV = 0.182+0.035

−0.029 1022 cm−2 mag−1

Very similar to value of 0.179± 0.003 from
Predehl and Schmitt, 1995

However, NH corresponds only to interstel-
lar absorption!

Local absorption must be removed, ei-
ther extracted from the scattering halo or by
estimation with, e.g., variability.
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Results: Location of dust

xscat fits also include fractional
distance x to scattering screen

=⇒ with estimate of distance to
source, can estimate distance to
dust screen

Compare to 3D optical extinc-
tion maps (Vergely, Lallement, &
Cox, 2022)

Note: Distance to X-ray sources
is often quite uncertain!
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Results: Location of dust

Adding all sources together, we find a concentration of
dust at 2 to 3 kpc towards galactic center

=⇒ Scutum-Centaurus Arm?
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Summary and further steps
Summary
• Analyze dust scattering halos in eROSITA by simultaneously fitting unscattered and scattered photons
• Fitting approach allows separation between local and interstellar NH
• NH in scattering correlates to optical extinction
• Fitted dust locations correspond to nearby spiral arms

Further Steps
• Fit spectra to farther annuli

Currently restricted by eROSITA PSF only being known out to 240"
• Compare different dust models

Currently using Zubko, Dwek, and Arendt, 2004 with bare grains and graphite, solar abundances

Thank you for your attention!
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Backup – Dust models

xscat includes multiple dust models
• Mathis, Rumpl, and Nordsieck,

1977
• Zubko, Dwek, and Arendt, 2004

families
• Weingartner and Draine, 2001

families

This varies grain size distribution
(right) and grain composition
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Backup – Dust models

Different models yield different
NH,sca

However, NH,abs and other
source parameters don’t change
significantly

Results in this presentation use
ZDABGS, which was also fa-
vored by Xiang, Lee, Nowak,
and Wilms, 2011
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