JID: YICAR [m5G;August 22, 2016;22:0]

Icarus 000 (2016) 1-7

Contents lists available at ScienceDirect

[carus

journal homepage: www.elsevier.com/locate/icarus

The puzzling detection of x-rays from Pluto by Chandra

C.M. Lisse®* R.L. McNutt Jr.2, S.J. WolkP, F. Bagenal¢, S.A. Stern¢Y, G.R. Gladstone®,

T.E. Cravens, MLE. Hill?, P. Kollmann?, H.A. Weaver?, D.F. Strobel?, H.A. Elliott®,

D.J. McComas", R.P. Binzel!, B.T. Snios), A. Bhardwaj¥ A. Chutjian', L.A. Young¢, C.B. Olkin¢,
K.A. Ennico™

@ Planetary Exploration Group, Space Exploration Sector, Johns Hopkins University Applied Physics Laboratory, 11100 Johns Hopkins Rd, Laurel, MD 20723,
USA

bChandra X-ray Center, Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA

¢ Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO 80303

dSouthwest Research Institute, Boulder, CO 80302, USA

¢ Southwest Research Institute, San Antonio, TX 28510, USA

fDepartment of Physics and Astronomy, University of Kansas, Malott Hall, 1251 Wescoe Hall Dr., Lawrence, KS 66045, USA

& Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, MD 21218, USA

h Department of Astrophysical Sciences, Princeton University, 4 Ivy Lane, Princeton, NJ 08544, USA

Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
I Department of Physics, University of Connecticut, Storrs, CT 06269, USA

kSpace Physics Laboratory, Vikram Sarabhai Space Centre, Trivandrum 695022, India

! Astrophysics and Space Sciences Section, Jet Propulsion Laboratory/Caltech, Pasadena, CA 91109, USA

M Astrophysics Branch, Space Sciences Division, NASA/Ames Research Center, Moffett Field, CA 94035, USA

ARTICLE INFO ABSTRACT
Article history: Using Chandra ACIS-S, we have obtained low-resolution imaging X-ray spectrophotometry of the Pluto
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“seed” campaign conducted in one visit on 24 Feb 2014, and a follow-up campaign conducted soon after
the New Horizons flyby that consisted of 3 visits spanning 26 Jul to 03 Aug 2015. In a total of 174 ksec
of on-target time, in the 0.31 to 0.60 keV passband, we measured 8 total photons in a co-moving 11 x 11

Keywords: pixel? box (the 90% flux aperture determined by observations of fixed background sources in the field)

Pluto, atmosphere measuring ~121,000 x 121,000 km? (or ~100 x 100 Rpyy;,) at Pluto. No photons were detected from 0.60 to

Solar wind 1.0 keV in this box during the same exposures. Allowing for background, we find a net signal of 6.8 counts

lsntETtPla“etafY medium and a statistical noise level of 1.2 counts, for a detection of Pluto in this passband at > 99.95% confidence.
pectroscopy

The Pluto photons do not have the spectral shape of the background, are coincident with a 90% flux
aperture co-moving with Pluto, and are not confused with any background source, so we consider them
as sourced from the Pluto system. The mean 0.31 - 0.60 keV X-ray power from Pluto is 200 +200/ .,
MW, in the middle range of X-ray power levels seen for other known Solar System emission sources:
auroral precipitation, solar X-ray scattering, and charge exchange (CXE) between solar wind (SW) ions
and atmospheric neutrals. We eliminate auroral effects as a source, as Pluto has no known magnetic field
and the New Horizons Alice UV spectrometer detected no airglow from Pluto during the flyby. Nano-
scale atmospheric haze particles could lead to enhanced resonant scattering of solar X-rays from Pluto,
but the energy signature of the detected photons does not match the solar spectrum and estimates of
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Pluto’s scattered X-ray emission are 2 to 3 orders of magnitude below the 3.9 4+ 0.7 x 10> cps found in
our observations. Charge-exchange-driven emission from hydrogenic and heliogenic SW carbon, nitrogen,
and oxygen (CNO) ions can produce the energy signature seen, and the 6 x 10%> neutral gas escape rate
from Pluto deduced from New Horizons’ data (Gladstone et al. 2016) can support the ~3.0 *30/_;5 x
10** X-ray photons/s emission rate required by our observations. Using the solar wind proton density
and speed measured by the Solar Wind Around Pluto (SWAP) instrument in the vicinity of Pluto at the
time of the photon emissions, we find a factor of 40 *49/_,; lower SW minor ions flowing planarly into
an 11 x 11 pixel?, 90% flux box centered on Pluto than are needed to support the observed emission rate.
Hence, the SW must be somehow significantly focused and enhanced within 60,000 km (projected) of
Pluto for this mechanism to work.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Pluto, the first and largest discovered Kuiper Belt Object, lies
at the outer edges of our Solar System and was the target of
the 14 July 2015 flyby by the NASA New Horizons (NH) mission
(Stern, 2008, Stern et al. 2015). Pluto is known to have an at-
mosphere which changes size and density with its seasons (Elliot
et al. 1989, 2003, McNutt et al. 1989, Strobel et al. 2008). Pre-
liminary simulation results of its atmosphere from the flyby re-
vealed a majority N, atmosphere with a condensed exobase of
~1000 km height and a low escape rate of <7 x 102 mol/s (Stern
et al. 2015, Gladstone et al. 2016). Pluto is also immersed in
the interplanetary solar wind (SW), and how it interacts with
the wind depends on the state of its atmosphere. This physi-
cal situation is similar to that of Mars in the SW at 1.5 As-
tronomical Units (AU) from the Sun, although the presence of
a long extended plasma tail streaming downstream from Pluto
(McComas et al. 2016) may have aspects of the comet case at
1 AU (Bodewits et al. 2007, 2012; Christian et al. 2010; Dennerl
et al. 1997, 2012; Lisse et al. 1996, 2001, 2005, 2007, 2013;
Wegmann et al. 2004, Wegmann & Dennerl, 2005; Wolk et al.
2009).

Given that most pre-encounter models of Pluto’s atmosphere
had predicted it to be much more extended, with an estimated
loss rate to space of ~10%7 to 1028 mol/s of N, and CH4 (similar to
the typical H,0 loss rates for Jupiter Family Comets (JFC) comets
at 1 AU; Bagenal & McNutt, 1989, Bagenal et al. 1997, Delamere &
Bagenal, 2004, Tian & Toon, 2005, Strobel, 2008, Zhu et al. 2014,
Tucker et al. 2012, 2015), we attempted to detect X-ray emission
created by SW-neutral gas charge exchange interactions in the low
density neutral gas surrounding Pluto similar to those found in
other Solar System environments (Cravens, 1997, Lisse et al. 2001,
Dennerl 2002, Wargelin et al. 2004, 2014; Dennerl, 2010, Collier
et al. 2014). Even though the solar illumination and the SW flux
both decrease as 1/r?, causing a near-Pluto neutral molecule’s life-
time against photionization and charge exchange to be measured
in years rather than days (Bagenal et al. 2015), the projected Chan-
dra pixel size increases as r2. Hence, roughly the same number of
total emitting X-ray centers should be in each Chandra projected
12,000 x 12,000 km? pixel for Pluto, as for a “typical” JFC comet
observed by Chandra at 1 AU (e.g., 2P/Encke observed by Chandra
in 2003 (Lisse et al. 2005) or 9P/Tempel 1 observed by Chandra
in 2005 (Lisse et al. 2007)). Based on our previous JFC comet X-
ray detections, and an estimated neutral gas escape rate Qgas ~
3 x 1027 mol/s, we expected a total Chandra count rate for Pluto on
the order of 3 x 1073 cps. With an estimated chip background rate
of ~1x 106 cps, the major concern with observing Pluto was that
any sky or particle backgrounds could dominate the observed X-
ray signal.

In late 2013 we received 35 ksec (~10 h) of Chandra time to im-
age the system spectrophotometrically. Given the Chandra visibil-
ity window constraints for the Pluto system, the first observations

were possible starting mid-February 2014. To maximize the poten-
tial signal from the Chandra observations, we worked to schedule
the Chandra Pluto observations at a time when the variable SW
flux as extrapolated from New Horizons to Pluto’s location would
be near its maximum. We used the SW trends measured by the
NH Solar Wind Around Pluto (SWAP) instrument (McComas et al.
2008), which was ~4 AU upstream of Pluto at the time of our
observations and had been monitoring the SW for almost a year
previously while NH was in its “hibernation mode.” At the time
of the observations we had received downloaded NH data only
through Oct 2013, and the need to extrapolate the SW conditions
forward in time to late February 2014 introduced significant uncer-
tainties in the extrapolation.

2. Results and analysis
2.1. 24 Feb 2014 observations

Spectral imaging observations of the Pluto system using the
Chandra Advanced CCD Imaging Spectrometer (ACIS) - S-array
(ACIS-S) were obtained under Chandra program #15,699 using
a single telescope sky pointing from 24 Feb 2014 02:02:51 to
12:17:15 UTC (Tables 1 and 2). The Pluto system was centered near
the “sweet spot” of the Chandra S3 chip, where the instrument
spectral imaging response is best behaved. Chandra did not track
the motion of Pluto on the sky, but instead tracked sky-fixed tar-
gets at the nominal sidereal rate. The instrument was operated in
Very Faint (VF) event-detection mode, and a total of 8700 counts
were detected on the S3 chip during 35 ksec of observing. By fil-
tering the detected events in energy (0.31 to 0.60 keV for charge
exchange, and 0.8 to 2.0 keV for stellar photosphere emission), we
found that we best removed the instrumental background signal
while preserving the flux from astronomical sources. (The carbon
K-shell edge is at 280eV, close to the Chandra background peak
spanning 250 + 50 eV, making Pluto CV photons hard to distinguish
from ACIS-S background photons. For this reason we have chosen
to exclude X-ray photons below 310eV range in this study.) Even
after energy filtering, a low level of background counts was found
throughout the Chandra field of view (FOV). The average number
of counts per pixel across the array was <1, necessitating sig-
nal analysis using small-number, Poisson statistics. Smoothing out
the background using a very large, 30 x 30 pixel> Gaussian foot-
print produced a map which shows structure across the array sim-
ilar to that expected from Rontgensatellit (ROSAT) 1/4 and 3/4 keV
maps of the sky around (R.A.=283.60°, DEC=-20.15°). This argues
that the dominant low energy X-ray background contribution in
the data is from the sky background, consistent with other stud-
ies (Slavin et al. 2013, Wargelin et al. 2014).

As the ACIS-S3 FOV was tracking the sky at sidereal rates, stel-
lar objects were fixed in pixel position, while Pluto slowly moved,
at a rate of ~3.8” (or 7.5 ACIS-S pixels) per hour, with a to-
tal track length of ~72 pixels during our observations. Creating
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