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ABSTRACT

DXL (Di use X-ray emission from the Local Galaxy) is a sounding rocket mission designed to estimate the con-
tribution of Solar Wind Charge eXchange (SWCX) to the Di use X-ray Background (DXB) and to help determine
the properties of the Local Hot Bubble (LHB). The detectors are large-area thin-window proportional counters with a
spectral response similar to that of the PSPC used in the ROSAT All Sky Survey (RASS). A direct comparison of DXL
and RASS data for the same part of the sky viewed from quite di erent vantage points in the Solar system and the
assumption of approximate isotropy for the Solar wind allowed us to quantify the SWCX contribution to all 6 RASS
bands (R1-R7, excepting R3). We nd that the SWCX contribution at [ = 140°,b = 0°, where the DXL path crosses
the Galactic plane is 33% =+ 6%(statistical) + 12%(systematic) for R1, 44% + 6% + 5% for R2, 18% 4+ 12% + 11% for
R4, 14% + 11% 4+ 9% for R5, and negligible for R6 and R7 bands. Reliable models for the distribution of neutral H and
He in the Solar system permit estimation of the contribution of interplanetary SWCX emission over the the whole sky
and correction of the RASS maps. We nd that the average SWCX contribution in the whole sky is 26% + 6% + 13%

for R1, 30% =+ 4% =+ 4% for R2, 8% + 5% + 5% for R4, 6% + 4% + 4% for R5, and negligible for R6 and R7.

1. INTRODUCTION

The ROSAT All-Sky Survey (RASS) provides the best
maps of the soft di use X-ray background (Snowden
et al.|[1997). These maps are consistent with previous
all-sky measurements of the di use background but have
far superior statistics and angular resolution, and after
more than 20 years are still the benchmark for all di use
emission studies at energies less than 2 keV.

It was widely accepted that the di use X-ray ux ob-
served in the ~1/4 keV (R12) band originated largely in a
~100 parsec (pc) scale million-degree interstellar plasma
in the Local Hot Bubble (LHB) with a signi cant contri-
bution at high latitudes from patches of million-degree
emission in the Galactic Halo (McCammon & Sanders
1990; |Kuntz & Snowden| 2000; Bellm & Vaillancourt
2005). The 3/4 keV (R45) band arises in 1.5—3 x 10° K
plasma located more extensively throughout the Galac-
tic disk and halo, with 30-50% of the ux at interme-
diate and high latitudes due to AGN and a modest but
poorly-determined contribution due to stars close to the
Galactic plane and toward the center (Snowden et al.
1997; [Mushotzky et al.|2000). Shadowing studies using
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molecular clouds located near the outer boundary of the
LHB showed that most of the observed R45 ux origi-
nated beyond these clouds, and that the several percent
that was \local" was concentrated in the OVII lines near
the low-energy limit of the band (Snowden||1993; [Smith
et al.|2007; Henley & Shelton|[2008; |Gupta et al.|[2009).
The X-ray ux in the R67 bands above 1 keV is thought
to be almost entirely from AGN.

During the course of the six-month ROSAT survey it
became apparent there was a signi cant source of back-
ground that was strongly variable on a time scale of sev-
eral hours to a couple of days in the R12 and R45 bands
(Snowden et al.[|[1994). The source was unknown, but
since the time variation was short compared to the ob-
serving time for each part of the sky, these \long-term en-
hancements™ (LTEs) could be empirically removed. The
good agreement with the zero points of earlier surveys
gave some con dence that there were no large residu-
als (Snowden et al.|[1995). Much later, after the discov-
ery of X-ray emission from comets (Lisse et al. |1996),
it was recognized that the LTEs were largely due to So-
lar Wind Charge eXchange (SWCX) in the outermost
parts of the Earth’s geocorona (Geocoronal SWCX)(Cox
1998; |Cravens et al.|2001). SWCX refers to the process
by which the heavy ions of the solar-wind pick up elec-
trons from neutrals (mostly H or He) to emit EUV or low
energy X-rays (Cravens|1997)). It was soon realized that
there would also be X-rays from SWCX on interstellar
neutral H and He passing through interplanetary space
(Heliospheric SWCX) (Cox |1998). However, the much
slower time variations in this component due to the ex-
tended spatial distribution of the target neutrals largely
precluded its being removed in the survey analysis.

Despite numerous e orts, an accurate estimation of the
heliospheric SWCX contribution has been hindered by
the poorly known cross sections for producing the many
X-ray lines from SWCX, limited data on heavy ion uxes
in the Solar wind, and the general spectral similarity of
SWCX and thermal emission. The best current calcula-
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tions show that SWCX could generate anywhere from
25% to 100% of the R12 band emission in directions
of the minimum observed ux, e.g., the Galactic plane
(Cravens|2000; |[Koutroumpa et al.[[2009b)). As a result,
studies of soft X-ray emission from the ISM and beyond
were plagued by the uncertainty of an unknown SWCX
contribution, and even the existence of the LHB was held
by some to be in doubt (e.g., Welsh & Shelton| (2009)).

The DXL mission was designed to reduce these un-
certainties by direct measurement of the interplanetary
SWCX contribution (Galeazzi et al.|2011} 2012 'Thomas
et al.|[2013; |Galeazzi et al.|2014; |Uprety [2015). This was
done by comparing the X-ray ux measured during a
scan across a high density feature in the interstellar neu-
tral distribution called the \helium focusing cone" with
observations of the same part of the sky made 22 years
and 3 months earlier during the ROSAT survey, when
the lines of sight passed through more typical parts of
the solar system. Given well-established models for the
3-dimensional distribution of neutral H and He in in-
terplanetary space (Koutroumpa et al. [2006; |Lallement
et al.[[1985ab, 2004)), all of the highly uncertain atomic
parameters for production of many X-ray lines by charge
exchange and the poorly known uxes of various heavy
ions in the solar wind could be rolled into a single param-
eter to be t to the data (see § 3). An additional param-
eter was introduced to allow for di erences in the Solar
wind ux between the ROSAT and DXL observations.
The model has to assume isotropy of the Solar wind, but
both ROSAT and DXL observations were made close to
maximum of the Solar cycle where this is not unreason-
able, particularly for the small region near the ecliptic
plane where the observations were made.

Our initial analysis of these measurements indicates
that SWCX contributes about 40% of the R12 band on
the Galactic plane near | = 140°, where the R12 ux
is close to its minimum value (Galeazzi et al. |2014). In
this paper we extend these results to the other RASS
bands, and use the best t coe cients for the atomic
and Solar wind characteristics to predict interplanetary
SWCX contributions to the RASS maps over the entire
sky. In § 2 we brie y describe the characteristics of the
DXL mission, in § 3 we focus on the data analysis, § 4
contains the result of the investigation, and conclusions
are discussed in § 5.

2. DXL

The technical details of the DXL mission were exten-
sively described in|Galeazzi et al.| (2011). To summarize,
DXL is a sounding rocket mission designed to measure
the contributions of the LHB and SWCX through the
spatial signature of their emission. The main instrument
on the payload is DXL, which consists of two large area
proportional counters mounted on an aluminum frame
and supported by the rocket skin. The instrument was
inherited and refurbished from the Wisconsin All Sky
Survey program (McCammon et al.[[1983). The payload
also carried the rst prototype of a wide eld-of-view soft
X-ray camera using micropore re ector technology (Col-
lier et al.| 2015). DXL was successfully launched from
White Sands Missile Range in New Mexico on December
12, 2012.

The DXL instrument is composed of two co-aligned,
large area (1,000 cm? physical area per counter) pro-
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F1G. 2.— We matched DXL bands (dotted) as closely as possi-
ble to the ROSAT bands (solid) for direct comparison. The DXL
bands are labeled as D1 (black), D2 (red), , D5 (blue),
D6 (cyan) and D7 (magenta) in correspondence to ROSAT’s R1
(black), R2 (red), , R5 (blue), R6 (cyan) and R7 (ma-
genta) bands. The bands are defined by the grasp (a product of
effective area to solid angle in cm? sr as a function of energy.

portional counters (Cl and CII) that provide excellent
counting statistics when scanning the sky in the limited
observing time of a sounding rocket ight. The grasps
of the two DXL counters are shown in Figure [l When
coupled with the optics (6.5° FWHM mechanical col-
limators, electron blocking magnets, and carbon-based
thin windows with supporting mesh for the proportional
counter gas), the grasp (e ective area-solid angle prod-
uct) of each counter in the 1/4 keV range is ~6 cm? sr.

The counters use a wire-wall design and are lled with
P10 gas (90% Argon, 10% methane) at about 800 Torr.
The X-rays are mechanically collimated using 2.5 cm
thick, 3 mm cell honeycomb. Ceramic magnets em-
bedded in the collimator provide a magnetic eld of
150 Gauss within and above the collimators which inter-
cept electrons that could either generate X-rays when im-
pacting the collimator structure, or mimic X-ray events
in the detectors. The detector employs a three-sided veto
for cosmic-ray rejection using anodes at the sides and
back of each main counter.

One side of each counter, facing the mechanical
collimators, is covered with a thin X-ray window
(25 cm x 50 cm). For the rst DXL ight, we used
thin (80-90 mg cm~2) plastic windows supported by a
25 um thick, 100 lines-per-inch nickel mesh to retain the
counter gas while allowing soft X-ray photons to enter
the counter. The windows are composed of Formvar (the
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FiG. 4.— DXL scan path shown as a function of time in Galactic
co-ordinates.

registered trade name of the polyvinyl formal resin pro-
duced by Monsanto Chemical Company) with an addi-
tive, Cyasorb UV-24 made by American Cyanamide, to
absorb stellar ultraviolet photons that could otherwise
generate a large non-X-ray background. The windows
were originally manufactured for the DXS shuttle mis-
sion (Sanders et al.||2001) and DXL used the spares that
remained preserved. The windows were completely re-
calibrated for the DXL mission. While the energy res-
olution of the proportional counters is relatively poor,
the carbon edge at 0.284 keV in the Iter response al-
lows a clear separation of the events into di erent bands,
roughly corresponding to those used for the RASS. Fig-
ure [2] shows the normalized DXL (D1-D7) and RASS
(R1-R7) bands for comparison.

To separate the SWCX contribution from the other
components of the DXB, the DXL mission uses the spa-
tial signature of SWCX emission due to the \He focusing
cone", a higher neutral He density region downwind of
the Sun (Michels et al.[2002). Neutral interstellar gas

ows at ~25 km s~—! through the solar system due to the
relative motion of the Sun and the local interstellar cloud.
This material, mostly hydrogen atoms with about 15%
helium, ows from the Galactic direction (I,b)~(3°,16°),
placing the Earth downstream of the Sun in early De-
cember. The trajectories of the neutral interstellar he-
lium atoms are governed primarily by gravity, execut-
ing hyperbolic Keplerian orbits and forming a relatively
high-density focusing cone downstream of the Sun about

3

6° below the ecliptic plane. Interstellar hydrogen, on
the other hand, also experiences signi cant impact from
radiation pressure and ionization, creating a neutral hy-
drogen cavity around the Sun, with negligible focusing.
To maximize the signal from SWCX, DXL started
scanning from [ = 140°,b = 0°, to [ = 185°,b = —17.5°
and returned, to scan through the predicted location of
the He focusing cone twice (Figure [3). It then per-
formed a fast 360 degree scan of the sky to normalize
the data outside the cone and to estimate the instru-
ment background (while looking at the Earth). After the
fast scan, the mission again performed two slow scans
between | = 185°, b = —17.5°, and | = 140°,b = 0°
(Galeazzi et al.|[2014). Figure |4 shows the center of the
DXL scan path as a function of time during launch.

3. DATA ANALYSIS

Both DXL and ROSAT measured a combination of
SWCX and non-SWCX emission. For the December 2012
DXL observation, the Earth was in the He focusing cone
and the line of sight was chosen to pass close the great-
est SWCX contribution from the focusing cone, while
avoiding bright point sources. The ROSAT observation
in the same direction, taken from the RASS occurred in
September of 1990, when the Earth-Sun line was perpen-
dicular to the He focusing cone. The RASS line of sight
at that time did not pass through the focusing cone (al-
though it did, like all lines of sight include heliospheric
SWCX emission). Thus the DXL and ROSAT data con-
tain the same cosmic emission but very di erent levels of
SWCX emission. Given a model of the neutral density
distribution in the heliosphere and measurements of the
solar wind ux during both observations, one can solve
for the true cosmic emission.

The DXL scan path was designed to run close to the
Galactic plane to minimize any non-local contribution to
the di use X-ray emission. For both DXL and ROSAT,
the observed ux (F') contains contributions from the
heliospheric SWCX (S(t)) and the non-SWCX (mostly
LHB - L) emission. The ROSAT data may also include
residual Geocoronal SWCX (G), although [Kuntz et al.
(2015) has shown that this residual is small. Any Geo-
coronal contribution to DXL is negligible due to the look
direction, which is directly away from the Sun. We can
therefore write the ux for each mission as a function of
the pointing direction (¢,b) as:

Frass(4,b,t) =Srass(?,b,t) + Lrass((,0) + G 0
Foxi(4,b,t) =SpxL(¢,b,t) + LpxL(¢,b)
where the SWCX count rate S(¢, b, t) is the integral along
the line of sight of the product of the ion ux, neutral
densities, cross sections for producing charge exchange,
and the e ciency summed over all of the lines that fall
within the bandpass:
Z x>
S(,b,t) = ni(t)nHe'Urel(t)Uibij 9j ds
]
2 X )
+ ni(E)nHvrel (t)oibijgjds,
]
where ¢ represents the solar wind species and j the emis-
sion lines for the species, oj is the neutral-dependent in-
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teraction cross sections for individual species, bjj is the
neutral-dependent line branching ratio, g; is the instru-
ments response to line j, and vy (t) is the relative speed
between solar wind and neutral ow (the quadrature sum
of bulk and thermal velocities). With ion density n; in
terms of the proton density np, at Ry = 1AU, and as-
suming that it scales as one over the distance R from
the Sun squared and that solar wind ion neutralizations
are minimal, we can de ne the compound cross-section
as (Galeazzi et al.[2014) :

o= XX ni(Ro)
np(RO)

ibijgj ©)]

In the case of constant solar-wind conditions, the solar-
wind ux can be removed from the integrals, and the
total charge exchange rate with H and He can be written
as:
z n « z n

He H H
T2 ds:+aHe B ds

o (4)

where J%ds is the integrated neutral column density
along the line of sight, weighted by one over the distance
from the Sun squared (%) to re ect the dilution of the
solar wind as it ows outward. Note that in the equation
above, the assumed stationarity of the ion ux is an ap-
proximation because the ux is known to vary strongly
on timescales of about a day. These uctuations, how-
ever, are smoothed when averaging over the few-week
transit time through the relevant interplanetary region,
as is evident from the very good agreement between sky
surveys performed by di erent missions in di erent years
(Snowden et al. |1995). We can therefore approximate
the time dependent parameters ny(Ro,t) and vrel(t) as
isotropic and \constant™ in time for the duration of each
observation, but assume that they can change by a collec-
tive adjustable factor over the 20-year interval between
the DXL and ROSAT observations.

For simplicity, we can then rewrite Eq. {4 in terms of
two parameters:

S(,b,t) = B(t) x N(,b) 5)

S(,b,t) = np(R07 t)vrel(t)ane

where
B(t) = np(ROa vrel(t)ane (6)

depends on the solar wind properties and the cross sec-
tion with neutrals, and
Z n « Z n

He H H

2 ds + e 12 ds (7
depends on the pointing direction and the ratio between
cross sections with H and He.

Direct comparison of DXL and RASS count rates
would require, in general, detailed instrument responses
as well as the spectral shape of the emission. However,
because the DXL and RASS responses are very similar,
the ratio can be parametrized by a single parameter.
For example, the ratio between the DXL D1+D2 and
the RASS R1+R2 count rates is adequately parameter-
ized as a function of R2/R1, almost independently of
the underlying spectral model or abundance ratios (see
Fig. B). The DXL to RASS count rate ratio shown in

N(,b) =

0.5 T T T T T T

04} .

DXL/R12

02 W

01F B

00 1 L 1 L 1 L 1 L 1 L 1
0.8 1.0 12 14 16 18

R2/R1

Fic. 5.— DXL/ROSAT rate vs R2/R1 ratio for the R12 band.
The red dots are for counter 1, blue for counter 2. The DXL rates
were calculated by folding various thermal and abundances models
for a wide range of temperatures of the unabsorbed component (to
cover the widest range of ROSAT R2/R1 ratio) through the DXL
response. The temperature and normalization of the absorbed
component, and the photon index and normalization of the power
law were fixed to the best fit values obtained by fitting ROSAT
data at the center of the DXL slow scan region.

Fig. 5| as a function of R2/R1 was calculated from spec-
tral model ts to the RASS data along the DXL scan
path. The model included an unabsorbed thermal com-
ponent (SWCX+LHB), an absorbed thermal component
(Galactic halo), and an absorbed power law (unresolved
point sources). We evaluated the neutral hydrogen col-
umn density value, required to model the absorption co-
e cient, using the Infrared Astronomy Satellite (IRAS)
100 um data. For the contribution of unresolved point
sources, we used a power law with photon index xed at
1.4 (Masui et al.|[2009; |Yoshino et al.[2009). For the un-
absorbed component, we tested the APEC (Smith et al.
2001), MEKAL (Mewe et al. (1985, |1986; |Liedahl et al.
1995) and Raymond-Smith (Raymond & Smith||1977)
thermal modeld™| and [Savage & Sembach| (1996) and
Anders & Grevesse| (1989) abundance models. Once we
had determined the best t, we varied the foreground
LHB+SWCX component over a wide range of tempera-
tures and abundances to determine the dependence of the
conversion function from ROSAT to DXL upon R2/R1
(D(R2/R1), shown in Fig. [p). Similar procedures have
been used for the individual R1 and R2 band, R4 and
R5 (using the R5/R4 ratio), and R6 and R7 (using the
R7/R6 ratio).
We can then rewrite Eq. [I] as:

Frass(?,b0) = frass(t) x Nrass(¢,b) + Lrass (¢, ) -'ig

FoxL(¢,b) =C x D(R2/R1)x
(BoxL(t) x NoxrL(¢,b) + Lrass(¢, b))
©
where C' is a constant parameter to account for di er-
ences between the laboratory measured response func-

tion and the ight response (should be consistent with
1). Notice that in Eqg.[9| the parameter D is a function of

1 http://www.atomdb.org/
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F1G. 7.— Same as Fig. [f] for the D2 band.

125 T T T T T T T T

=
8
T
~ o] ©
o o o
)

-
ol
T
D
(=}

DXL count rate (cts s
8 8

5 8 3
ROSAT count rate (10° cts s* arcmin?

1 1 1 1 1 1 1
260 240 220 200 180 160 140 120 100 80
Galactic Longitude (deg)

F1G. 8.— Same as Fig. [f] for the D4 band.

R2/R1, R5/R4, or R7/R6, depending on the band that
is being t.

For the analysis of the data, we reduced the DXL data
for each band as a function of Galactic longitude (a good
proxy for scan path) using 1 degree bins along the slow
scan path, and 5 degree bins along the fast scan path. We
also extracted ROSAT data in the six bands for direct
comparison with DXL. The ROSAT rates were weighted
over the DXL collimators using the same set of longitude
bins used for DXL. Since the RASS data as published no
longer contain the point sources, point source count rates
were added to the ROSAT rates prior to data tting to
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Fic. 9.— Same as Fig. [f] for the D5 band.

account for the contribution of the point sources to the
DXL rates. The point source rates were obtained from
the ROSAT bright and faint source catalog in the DXL
look direction The source rates were weighted by the
DXL collimator response, and corrected for vignetting
before adding to the RASS band rates. We found that
the point sources contribute between 1% and 5% to the
R12 band, and between 2% and 15% to the R45 band
along the DXL scan path.

Following the tting procedure of Galeazzi et al.| (2014)
we performed a simultaneous t to both DXL counters
using Egs. 8 and 9] We used, as free parameters, the
constants C; and Cj; for each counter, the RASS SWCX
parameter Srass, and the ratio r = .ETXSLS Note that

we decided to use r instead of Spx as it simpli es the
tting procedure and can be more easily interpreted (it
is just a constant accounting for the di erence in solar
wind ux between the time of the DXL and ROSAT mea-
surements). According to solar wind data from NASA’s
multi-source solar wind database OMNJ™} r should be
close or slightly smaller than 1, as solar wind ux was
somewhat weaker during the DX campaign).

The ROSAT (solid blue line) count rates for R1, R2,
R4 and R5 bands, and DXL (black dots) count rates for
D1, D2, D4 and D5 bands are plotted against Galactic
longitude in gures [6] through gure [0l The respective

gures also show the best t lines (solid red) to DXL
data, along with SWCX contributions to DXL (dashed
red) and ROSAT (dashed blue) bands.

4. RESULTS
4.1. DXL Results

The result for the combined RASS R12 band has al-
ready been reported and discussed in [Galeazzi et al.
(2014). Here we report our results on all the RASS
individual bands and their implications. In [Galeazzi
et al.| (2014), two possible contributions from geocoronal
SWCX and two di erent ratios of H to He compound
cross-sections were used. For this work, we also tested
di erent values of the contribution G from geocoronal
SWCX to the individual R1 and R2 bands, and we tested
di erent values of the H to He compound cross-section
ratio - from 1 to 8, as there is theoretical indica-

tion that the ratio may be higher than the maximum

12 http:/ /www.xray.mpe.mpg.de/rosat /survey/
13 http://omniweb.gsfc.nasa.gov
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TABLE 1
SUMMARY OF THE BEST-FIT PARAMETERS (DESCRIBED IN THE TEXT) DERIVED FROM A FIT TO DXL AND ROSAT DATA IN THE R12 BAND.
THE TABLE HIGHLIGHTS THE RESULTS FROM SOME OF THE DIFFERENT COMBINATION OF THE PARAMETERS TH AND G.
e

Parametelﬁ
H 1 1 2 2 4 6 8
He
G 0 50 0 50 0 0 0
Ci 0.90 0.06 0.94 0.06 0.86 0.07 0.91 0.07 0.80 0.07 0.77 0.07 0.76 0.07
Cii 0.99 0.07 1.04 0.07 0.95 0.07 1.01 0.07 0.88 0.08 0.85 0.08 0.84 0.08
rAss = Np(Ro)Vrel He(RU cm® AU) 5259 764 3052 721 4126 494 2712 465 3418 423 3212 536 3027 564
r:% 0.44 0.09 0.65 0.19 0.53 0.12 0.74 0.19 0.70 0.14 0.77 0.12 0.79 0.11
2(136 d.o.f) 226 215 224 213 221 217 216
On plane SWCX (RUE 124 18 122 17 123 15 131 14 146 18 179 30 208 39
2Errors are 1 sigma
P(ROSAT Units = 10 6 counts s ! arcmin 2)
TABLE 2
SUMMARY OF THE BEST-FIT PARAMETERS (DESCRIBED IN THE TEXT) DERIVED FROM A FIT TO DXL AND ROSAT DATA.
Parameter?|["] Rl R2 R12 R4 R5 R45
Ci 0.84 0.10 0.86 0.08 0.91 0.07 0.94 0.08 1.03 0.10 1.02 0.06
Cii 0.92 0.11 1.1 0.11 1.01 0.07 1.12 0.09 0.91 0.08 1.03 0.06
rAss = Np(Ro)Vrel He (RU cm? AU 1040 352 1810 341 2712 465 123 79 144 113 218 131
r= ;;;LS 1.00 048 0.76 0.20 0.74 0.19 1.00 0.51 1.00 0.64 1.00 0.48
2(136 d.o.f) 184 181 213 238 221 359

2Errors are 1 sigma
bThe results shown are calculated using TH:2’ G = 50 RU for the R12 band, G = 25 RU for the R1 band, G = 25 RU for the R2 band,
e

and G = 0 RU for all other bands.
¢Using data from the WIND satellite we calculated the DXL solar wind proton flux Np(Ro)Vre; = 2:7  108cm 2s 1.

TABLE 3
SWCX CONTRIBUTIONS TO ROSAT BANDS WITH STATISTICAL AND SYSTEMATIC ERRORS RESPECTIVELY.
SWCXE[P] R1 R2 R17°] R4 R5 R4FT

I 140:55 ;b 0 ) (RU) 56 11 20 79 10 7 131 14 30 4 2 2 4 4 3 7T 4 4
I 140:55 ;b 0 ) (%) 33 6 12 44 6 5 38 4 8 18 12 11 14 11 9 13 8 8

2Statistical errors are 1 sigma, systematic errors are absolute.

bThe results shown are calculated using Te:2’ G = 50 RU for the R12 band, G = 25 RU for the R1 band, G = 25 RU for the R2 band,
and G = 0 RU for all other bands.

°The R12 and R45 results come from independent fits of the data in the two combined bands and are consistent with the sum of the
SWCX contribution from the individual bands.

TABLE 4
EXTRAPOLATED SWCX CONTRIBUTIONS TO ROSAT BANDS AVERAGED ACROSS THE WHOLE SKY.
SWCXP[[P RI1 R2 R12 R4 R5 R45
All-sky average (RU) 70 15 33 103 15 14 168 20 53 5 3 4 6 55 9 6 7
All-sky average (%) 26 6 13 30 4 4 27 3 9 8 55 765 6 44

aStatistical errors are 1 sigma, systematic errors are absolute.

bThe results shown are calculated using ﬁ:Q, G = 50 RU for the R12 band, G = 25 RU for the R1 band, G = 25 RU for the R2 band,
and G = 0 RU for all other bands.

“The all-sky average were derived from the values of rass and R from Table|2|and the model of the neutral distribution from Koutroumpa
et al.| (2006)



value of 2 considered in the previous analysis. (Vasili
Kharchenko, private communication). The comparison
between |Galeazzi et al.| (2014) and [Kuntz et al.| (2015)
also indicates that the ratio may be higher. The t re-
sult depends weakly on the ratio =, preventing us from
successfully tting independently for ay and ape. For
example, in the R12 band, the SWCX contribution on
the Galactic plane slowly changes by less than a factor
of 2 while the ratio is increased by a factor of 8. Table[]]
shows the individual parameters for some of the com-
binations in R12 band. Similar or weaker trends have
been found in all other bands. As a consequence, from
here on, we show one nominal set of values and include
the variation due to di erent values of G and —*- in

the systematic error (up to a ratio of 4). The system-
atic error also includes uncertainties in the laboratory
calibration (represented by Cj and Cjj), di erences in
the response function between ROSAT and DXL (repre-
sented by D(R2/R1)), and the e ect of the data range
used for the ts (for example, using only the slow scan
region vs. the full scan, half the data, etc.).

As expected, the SWCX contribution to the RASS R6
and R7 bands was found to be compatible with zero,
therefore, for the rest of this paper, we focus only on the
R1-R5 bands.

The tting parameters obtained in all the bands are
presented in Table 2l The table shows the representa-
tive data for the condition when the ratio of H to He
cross-sections was 2 and the geocoronal contribution to
the RASS was assumed to be 50 RU (ROSAT Units or
1076 counts s—! arcmin—2) for the R12 band - evenly split
between the two bands - and 0 RU for the R45 band. As
we previously discussed, changes in the results due to dif-
ferent assumptions are included in the systematic error
(up to a ratio TH:A')' Following the same convention

used in|Galeazzi et al .| (2014), the parameters C; and Cj;
are the ratios of the tted DXL response to the nominal
value from laboratory conditions for the two DXL coun-
ters. The errors in the table are 1 0. We note that the
values of x? are larger than optimal. The DXL mission
was designed to focus on the slow scan region, as it is
the region that constrains the SWCX to LHB ratio near
the Galactic plane. In that region the reduced x? is well
within statistically acceptable values for all ts. How-
ever, outside the slow scan region, particularly at very
low longitude, there are additional e ects not included
in the model that a ect the value of x2, but do not af-
fect the result of the investigation (this was veri ed by
using di erent tting ranges).

To better understand the contribution of SWCX to the
RASS bands and, more in general, to the di use X-ray
emission, we use the parameters from Table [2] to calcu-
late both absolute (in RU) and fractional SWCX rates.
In particular, in Table [3|we report the SWCX contribu-
tion at [ ~ 140.5°, b ~ 0, which is were the DXL scan
path intersects the Galactic plane. We point out that,
according the the ROSAT maps, this is a point where
the total di use X-ray emission is close to the minimum
across the whole sky, and where we therefore expect the
highest relative SWCX contribution. Although we used
an independent (and slightly di erent) procedure to re-
duce the data, the results in the combined R12 band are
consistent with those already reported in |Galeazzi et al.
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(2014). In the R12 band, we nd that the total SWCX
contribution is 131+ 14(statistical) £30(systematic) RU
at the Galactic plane. The combined SWCX contribu-
tion is 38% + 4% + 8% of the ROSAT count rate at the
location.

4.2. Extrapolating the DXL Results

We also used the expected distribution of neutral H
and He from [Koutroumpa et al.| (2006)) to estimate the
SWCX contribution over the whole sky (Table [4). The
composite emission coe cients tin the area of the DXL
scan were used for all directions and for the six month
duration of the survey, placing considerably more stress
on the assumptions of isotropy and constancy in time
of the Solar wind. The systematic uncertainties given
for the all-sky averages do not include these additional
factors, but since the Solar wind is expected to be most
isotropic at Solar maximum when the survey was per-
formed, we estimate that these are small compared to
those from the poorly constrained ratio of ay /ae. The
model for the 3-D distribution of neutral H and He over
the Solar system has been tested by Solar backscatter
and direct in-situ measurements and should not be a ma-
jor contributor to the uncertainties. Using this method,
the Aito -Hammer projection of SWCX contribution in
the RASS R12 band is presented in Figure [I0] The esti-
mated all-sky average emission from SWCX in the R12
band is 168 + 20 + 53 RU, which is 27% + 3% + 9% of
the total R12 emission. We have also used the estimated
SWCX emission of Figure [10] to remove its contribution
from RASS. The \cleaned” ROSAT R12 map is shown
in Figure [11]

Similarly, in the R45 band, the SWCX contributions
atl ~ 140.5° b~ 0is 7+4+4 RU, or 13% =+ 8% 4 8% of
the observed ROSAT counts. As most charge exchange
models indicate that the SWCX contribution to the R45
band is dominated by oxygen emission (mostly OVI1), we
also used this result to get upper limits on the SWCX
OVII+0OVIII emissions. Speci cally, if we assume that
all the R45 SWCX emission is due to OVII+OVIII, we
can set an upper limit on the emission of 3.2 + 1.7 LU.
This is consistent with predictions from [Koutroumpa
et al.| (2009a) and with observations in the shadows of
nearby molecular clouds (Gupta et al.|[2009; Henley &
Shelton|2013)) showing that the small residual contribu-
tion to the R45 band from less than the ~150 pc dis-
tances to these clouds is dominated by OVII line emis-
sion. Both the apparent variability of these lines in mul-
tiple observations of the same cloud and the very small
OVII uxes predicted by the best emission model ts to
the LHB suggest that this is largely SWCX emission. Us-
ing the average temperature of 0.0903 keV for the LHB,
and an emission measure of 2.55 x 103 ¢cm~° pc from
Liu et. al. (in preparation - see also [Snowden et al.
(2014)), we calculated that the LHB contributes about
0.37 LU to OVII+OVIII, or ~3 RU to the R45 on the
Galactic plane, which is ~4% of the average ROSAT rate
on the plane. The bulk of the R45 ux must come from
non-local emission, identi ed with Galactic Halo or non-
Galactic emission at high latitude. The origin of the bulk
of R45 emission on the Galactic plane (where Galactic
Halo and non-Galactic emission are absorbed) remains
an open question. It seems that an additional, not yet
identi ed source of X-rays must be responsible for about
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300

F1c. 10.— The Aitoff-Hammer projection of SWCX contribution to the ROSAT R12 band. The intensity scale shows the SWCX count
rate in RU. Note that the sharp edges visible in this map are due to abrupt shifts in vantage point around the Earth’s orbit during the
ROSAT survey, since the survey comes back to its starting point after six months and there is a missed section that was filled in at a later

time.
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Fia. 11.— The Aitoff-Hammer projection of ROSAT R12 band in RU after removing the SWCX contribution.

90% of the total emission on the Galactic plane in the
R45 band. This is a long-standing issue in X-ray astron-

omy, pre-dating the discovery of SWCX (McCammon &
1990).

The Aito -Hammer projection of the SWCX contribu-
tion to the RASS R45 band is presented in Figure[I2] We
updated the ROSAT R45 map by removing the SWCX
emission as shown in Fig. [I3] Notice that the contribu-
tion from SWCX is very small, and its e ect on the RASS
map is barely noticeable. When extrapolated over the
whole sky, the average SWCX contribution is 9+6+7 RU,
or 6% + 4% + 4% of the total observed rate.

We also used the \AtomDB Charge Exchange (ACX)"
model (Smith et al. [2014) to compare our result with
the analysis performed by [Smith et al.| (2014) using data
from the DX S mission (Sanders et al.[2001). Specif-

ically, we performed a global t to our estimated all-
sky SWCX contribution to the R1-R5 bands with \so-
lar wind temperature” (i.e., the temperature of the solar
corona responsible for the solar wind) and normalization
as free parameters. We nd a solar wind temperature of
1.22 £ 0.08 x 106 K, within the range of temperatures
obtained by Smith et al.| (2014). However, we note that
Smith et al.[(2014) nd that SWCX is the main contrib-
utor to the total 0.1-0.4 keV ux, with the LHB con-
tributing only 26%+4%, which is inconsistent with the
results reported here and in|Galeazzi et al.| (2014). |Smith|
relied on an extremely approximate model
of the charge exchange spectrum (due to the lack of good

atomic data), and errors in the underlying model could
have caused the discrepancy.

5. CONCLUSIONS




F1c. 13.— ROSAT R45 band map after removing SWCX.

Using data from the DXL sounding rocket mission, we
have made quantitative estimates of the SWCX contribu-
tion to the RASS maps of the di use X-ray background.
This contribution was removed from the RASS maps to
produce \clean" maps of the interstellar and extragalac-
tic di use emission. Averaged over the sky, we found
about 27% of the observed ux in R12 and 6% in R45
is due to SWCX. Even at a point in the Galactic plane
where the observed uxes are near their absolute mini-
mum values, SWCX accounts for ~38% of the R12 band
and ~13% of R45.
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