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First observation of Jupiter by XMM-Newton
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Abstract. We present the first X-ray observation of Jupiter XiMM-Newton. Images taken with the EPIC cameras show
prominent emission, essentially all confined to the-@.D keV band, from the planet’s auroral spots; their specara be
modelled with a combination of unresolved emission lindsighly ionised oxygen (OVII and OVIIl), and a pseudo-contim
which may also be due to the superposition of many weak [ik&s80- enhancement in the RGS spectrum at22 A (~0.57
keV) is consistent with an OVII identification. Our spectaalalysis supports the hypothesis that Jupiter’s aurorésoms
originate from the capture and acceleration of solar wintim the planet's magnetosphere, followed by X-ray praduact
by charge exchange. The X-ray flux of the North spot is moddlatt Jupiter’s rotation period. We do not detect evidence fo
the ~45 min X-ray oscillations observed li$handra more than two years earlier. Emission from the equatoribres of the
planet’s disk is also observed. Its spectrum is consistéhttvat of scattered solar X-rays.
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1. Introduction itation from the inner magnetosphere is responsible fobttie
of the auroral X-rays. One possibility is high-latitudesaoec-

Einstein Observatory (Metzger et al[Z’1983) and were exten
sively studied withROSAT (e.g. Waite et al. 1
et al.[199B), which provided limited spectral informatiout b
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1995%,[200B). The ions were first thought to originate in 'O,rcation) indicate a role for energetic O and S ion precipitati

Jovian auroral X-ray emissions were first observed with tl?l%n of the planetary and solar wind magnetic fields, with the

. subsequent entry of the highly ionised (but low energy) heav
994, Gladstong,, component (such as highly charged O, Fe, etc.) of the sola

: S . o wind. The ions could then be accelerated to MeV energies by
fairly extensive imaging data. The emissions have been exz . rrents present in the outer magnetosphere, thereby pr

pIain(_ed as the result of charge exchangg and excitation-of Sﬂcing a spectrum rich in emission features much like comets
ergetic &1 MeV per nucleon) S and O ions (Cravens et a1|ndeedChandra ACIS-S spectra (Elsner et al. 2004, in prepa-

volcanos, and to precipitate from a region of Jupiter's mags 5 goyrce of the X-ray aurora: they show a strong OVIII line
netosphere just outside the lo Plasma Torus (IPT) at abouf 84 eV, which puts the charge exchange X-ray production,

— 12 Jovian radii (Mauk et al._19P6). This idea had to be r
considered, though, because of more recent (December 2
Chandra observations: they have shown that most of Jupiter’s

northern auroral X-rays come from a hot spot located poldwar. . .
: y . P po'el sions observed bghandrain December 2000 are45 min pul-
of the latitudes connected to the inner magnetospheretipgin

to a particle population in the outer magnetosphere beyﬂnds\;ﬁtlons’ similar to those reported for high-latitude rafid en-

Jovian radii (Gladstone et &l._2002). The magnetic mapping.eorgetlc electron bursts observed by thigsses spacecraft dur-

the hot spot to such large distances presents seriffusutties
regarding the source of the precipitating particles, satce30
Jovian radii there are inflicient S and O ions to account for
the hot spot emissions. Lack of correlation between theyX-r
emission morphology and the surface magnetic field stren
also suggests that some process other than energetic @p-pr

}irm observational ground.

y Cassini upstream of Jupiter at the time of tiandra ob-

{ . .
from processes internal to the Jovian magnetosphere,

In addition, there is the open question of the source
Send offprint requests to: G. Branduardi-Raymont e-mail: Jupiter’s low-latitude X-rays. Maurellis et al._{2000) feare-

ioneered by Horanyi et al.{1988) and Cravens et al. {{1995),

Another intriguing aspect of Jupiter’s hot spot X-ray emis-

ing a fly-by a decade before (MacDowall efal. 1993, McKibben
et al.[1998B). However, no comparable periodicity was seen in
solar wind or interplanetary magnetic field measurementema

(—F]rvations in 2000, indicating that the pulsations musteari

of

gbr@mssl.ucl.ac.uk cently suggested that much of the equatorial X-ray emission
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can be understood by the scattering of solar X-ray photons by
Jupiter’s atmosphere. However, Waite etlal. (1997) argbed t
the correspondence between the low-latitude surface niagne
field and the observed longitudinal asymmetries in the X-ray
emission observed bROSAT can best be explained by ener-
getic S and O ion precipitation from the inner radiation felt

We set out to use the unparalleled combination of grasp
and energy resolution of théMM-Newton payload to inves-
tigate some of the un-answered questions concerning dapite
X-ray emission. Reported here is the initial 110 ks obséaat
performed in April 2003: its primary aim was that of verifgin
the feasibility of pointing at an optically bright targetcsuas
Jupiter. A more recent, longer (245 R&YIM-Newton observa-
tion carried out in November 2003 will be presented in a faitur
publication.

Fig. 1. Jupiter's image (2side) obtained combining EPIC-pn,
_ MOS1 and MOS2 data; North is to the top and East to the left.
2. Observations Superposed are the rectangular regions used in the egmtracti

XMM-Newton (Jansen et al._20D1) observed Jupiter for 110 Qg auroral and disk lightcurves and spectra.

between 2003, April 28, 16:00 and April 29, 22:00. The EPIC-

MOS (Turner et al._2001) and pn (Strider e(ial._2001) cameras The top panel of Fidl12 shows the EPIC-pn lightcurve (100
(with a field of view of 30 diameter) were operated in Fulls bins) for the full camera at energiesl0 keV, which gives
Frame and Large Window mode respectively, and the RGS &-good indication of the temporal behaviour of the particle
strument (den Herder et al._2001) in Spectroscopy. The filtesickground. Beginning and end of the observation fiezted
wheel of the OM telescope (Mason etlal. 2001) was kept in thg higher background levels; excluding such times, a low-
BLOCKED position because the optical brightness of Jupitbackground period of 80 ks (2003, April 28, 19:0April 29,

is above the safe limit for the instrument, so no OM data welg':20) is available and further analysis was restrictetiig t
collected; also to minimise the risk of optical contamioatihe
EPIC cameras were used with the thick filter. For a solar—ty%e
spectrum this filter is able to suppres@i@ently the optical
contamination for point sources up to magnitude 0 (pn) and/hen extracting lightcurves (and spectra; see Sect. 4hfor t
(MOS); this is valid for the worst case, of the brightest pixeuroral regions we have taken into account the fact that the
within the core of the Point Spread Function (PSF), and fsiMM-Newton telescope PSF will ‘'mix’ the auroral events with
Full Frame operational modes. During the April 2008IM- some from the planet’s disk. In order to establish the amount
Newton observation Jupiter had a surface brightness of 55 such contamination we convolveghandra ACIS images
magarcseé (from the JPL HORIZONS Ephemeris Generator]PSF of about 0/8 Half Energy Width, or HEW) with the
Thus we do not expect optical contamination in the EPIC-MO8VIM-Newton telescope PSF(15” HEW), and estimated the
cameras (1/1x 1.1” pixels) nor in the pn (4/1x 4.1” pixels). percentages of auroral, disk anfi-planet difuse background
This is confirmed by the lack of evidence for a steep rise in tlegents falling in rectangular regions offiidirent sizes posi-
spectra towards the lowest energies (see Eldk 6, Thnd 8). tioned at the auroral spots. As extraction regions we sedect

Jupiter’s motion on the sky (2'1hr) required eight pointing larger rectangles (24x 16" for the North spot and 16x 12”
trims during the long observation in order to avoid worsgnirfor the South) in preference to smaller ones because thay all
the RGS spectral resolution; the planet’'s path was veryeclass to include a larger number of auroral photons, with only a
to the RGS dispersion direction, so that the RGS spectrarefatively small increase in the contributions of disk aratlo
Jupiter’s two poles, well separated spatially (the plandisk ground events. A rectangular box (2& 13”) was also used
diameter was 38during the observations), did not overlap. to extract Jupiter’s equatorial lightcurve and spectruhe &x-

The data were analysed with théMM-Newton Science traction regions are shown in Figl 1, superposed on the com-
Analysis Software (SAS) v. 5.4 (see SAS User’s Guide attittpbined EPIC-pn, MOS1 and MOS2 image of Jupiter: we expect
xmm.vilspa.esa.gaxterngixmm.usersupportdocumentation). that in the boxes over the North and South spots 71 and 66%
Photons collected during the nine pointings along Jugitedf the events are of auroral origin, 27 and 31% of disk ori-
path were referred to the centre of the planet’s disk. An ienagin, and 2 and 3% are from thefeplanet difuse background,
of the planet, obtained by combining EPIC-pn, MOS1 am@spectively. The latter contribution is small enough thats
MOS?2 data, is shown in Fifil 1. A field source was occulted meglected when extracting the auroral lightcurves (andtspe
Jupiter’s equatorial region at the beginning of the obs@ma A ~2% contribution of particle background (estimated from an
because of its low countrate (one fifth of the planet’s disld a out-of-field-of-view area of the MOS1 camera) was also ne-
of the short time £1 hr) for eclipse ingress and egress, thglected.
source is expected to produce no contamination on Jupiter's EPIC-pn lightcurves for Jupiter's equatorial region angl th
equatorial emission. planet’'s North and South auroral spots (the latter two sftier

EPIC timing analysis
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Fig.3. EPIC-pn amplitude spectra for Jupiter's North and
South spots and equatorial region.
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Fig.2. EPIC-pn lightcurves from the observation of Jupiter | S spot

(Top panel: full camera field at energies10 keV, in 100 s
bins, showing times of high particle background; middle-pa# o.o1s:
els: 0.2-2.0 keV, 200 s bins; bottom panel: Central Meridian 0010
Longitude; see text for details).
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traction of the appropriate contribution from Jupiter'sidiare o00 L A L R

shown in the middle panels of Figl 2 (in 200 s bins and in the>02s;
energy range 0:22.0 keV, where essentially all the X-ray emis-
sion is detected).
The planet’s~10 hr rotation period is clearly seen in thg 0015}
lightcurve of the North spot (third panel from top in Hig. Bt
is apparently not visible for the (weaker) South spot (batto
but one panel) and the equatorial region (second panel fromeos
top). We have further investigated the possible presenpe-of g0l Ll L
riodic variability in the X-ray emissions of Jupiter by geae 0.0 05 Rotations phase 15 20
ing amplitude spectra for the lightcurves (in 240 s bins)hef t
events originating in the equatorial and the two aurorabregy Fig. 4. EPIC-pn lightcurves folded on Jupiter’s 10 hr rotation
individually. period.
The amplitude spectra (Fidl 3) clearly show power at
Jupiter’s 10 hr rotation period in the North spot, but nothe t
South spot nor in the equatorial data. This is confirmed by in-
spection of the lightcurves folded on the 10 hr period (B)g. 4 est around longitude 180which is similar to whatChandra
The bottom panel in Figd2 shows the Central Meridiafound (Gladstone et dl."2002); for the equatorial regiontaed
Longitude (CML, i.e. the system lll longitude of the meridia South spot the distribution in longitude is more or less amif
facing the observer) for the duration of tk&M-Newton ob- (again similar toChandra, which revealed a band, rather than
servation. From the plot it is clear that the North spotighti a hot spot, of emission near the South pole).

Equator
0.020 -

0.010




4 G. Branduardi-Raymont et al.: First observation of JugiteXMM-Newton

to produce integrated EPIC spectra for the North and South
spots and the equatorial disk region; finally the spectreewer
binned so as to have gi$ratio greater than@ (North spot)

or at least 20 counts (South spot and equator) in each bin: in
this way they? minimisation technique is applicable in the fits.
The spectra were fitted, usirk$PEC v. 11.3.0, in the energy
range 0.22 keV, which contains essentially all the signal from
Jupiter. Response matrices and auxiliary response filethéor
three EPIC cameras and each of Jupiter’'s three regions were
built using the SAS taskemfgen andarfgen. Since most or

all of the flux comes from inside the extraction boxes andeher
is no source flux from outside the boxes falling into them, we
adopted the point source option arfgen, because this will
produce a better approximation of the real flux. The response
matrices for the three EPIC cameras were then combined (fol-
Fig.5. Smoothed EPIC-pn image of Jupiter (2.9ixels); |owing Page et al._2003) before being convolved with the spec

North is to the top and East to the left; colour code: redtral models in the fitting procedure for each region of thepta
0.2-0.5keV, green - 0.50.7 keV, blue - 0.#2.0 keV. A gratic-

ule showing Jupiter’s orientation with 3(ntervals in latitude
and longitude is overlaid. The circular mark indicates thie-s 4-.1. North and South auroral spots
solar point; the sub-Earth point is at the centre of the guddi

A mekal coronal plasma model and models comprising a num-
ber of Gaussian emission lines, with and without a continuum

A search for periodic behaviour at shorter timescales (eg@mPonent, were tried.
the ~45 min oscillations observed b@handra in December The besimekal fits to the auroral regions are obtained for
2000) shows that there are individual peaks in the power-spédgemperature 0f£0.2 keV with solar abundances, but the val-
trum below 200 min (see Fi@l 3), but that they are not signifiles ofy?/d.o.f. are very high (1084 and 55 for the North
cant: we proved this by taking the N spot lightcurve, randomand South spots respectively): the overall shape of the mode
populating the data bins (of 240 s each) and generating {B@ poor match to the observed spectrum and the sharp peak at
events amplitude spectra. This was repeated 100 times, with6 keV. For both auroral regions the bestjft/¢l.o.f.= 46/40
the result that no peak in the observed data is greater tieanaRd 2021 for North and South spot respectively) is found with
general noise in the simulated data. A separate power spect® power law continuum and five Gaussian emission lines corre-
analysis of the section of the lightcurve betweexil@* and sponding to CVI Lyr (0.37 keV), the OVl triplet (0.57 keV),
4x10* s into the observation (which shows a 'burst’-type bedVIll Ly @ (0.65 keV), a combination of higher order OVII
haviour) also does not produce any significant peak. Angitutransitions (€ective energy 0.69 keV) and a blend of higher
analysis of the EPIC-MOS data produces results consistender OVl lines (dfective energy 0.80 keV). The energies of
with those from the pn. the lines were fixed in the fits and their intrinsic widths weeé

We conclude that the-45 min oscillations observed byto zero (the latter are found to be below the EPIC resoluton,
Chandra in December 2000 were not present, or were belo¥@nsistent with zero, if they are allowed to vary in the fits).
the level of detectability, during théMM-Newton observation The relevant best fit parameters (with errors; these are
of April 2003. Itis worth pointing out that subjecting tM-  quoted at 90% confidence throughout the paper) are given in
Newton data to the same analysis carried out on@handra Table 1; data, best fit model and the contribution of each bin
data shows a very similar level of amplitude noise at periotts they? are shown in Figldé and Fifl 7 for the North and the
shorter than-30 min. South spot respectively. The measured-@.8 keV flux is 5.6
x 107 erg cnm? s71 for the North spot, and 2.% 1071* erg
cm 2 st for the South.

We explored the possibility that CV (0.31 keV) rather than
Fig. @ shows a smoothed EPIC-pn colour image of JupitéV! emission may be present at the low energy end of the
(where red corresponds to 8:@.5 keV, green to 0.50.7 keV  Spectra by letting the energy of the line free in the fits: far t
and blue to 0.72.0 keV) which clearly demonstrates that th&lorth spot we find a best fit energy of 08602 keV %/d.o ..
equatorial disk emission is harder than that of the aurpatss = 45/39); fixing the line at 0.31 keV gives a much worse fit

EPIC-pn, MOS1 and 2 spectra for Jupiter's auroral spotth x/d.o.f. = 53/40. For the South spot, the best fit energy
and disk were extracted using the SAS taskselect, se- IS 0.33393 (x?/d.o.f.= 17/20), marginally consistent with CV
lecting only good quality (FLAG= 0) events. The appropri- €mission; the rather poor statistical quality of the ddtaugh,
ate percentage of disk events (see Sect. 3) was then selotra@takes line discrimination uncertain.
from the auroral spectra, after normalising to thedient ar- With a view at establishing the origin (solar wind or inner
eas of the extraction regions. No background was subtractedgnetosphere) of the ions responsible for the X-ray produc
from the disk spectrum. The resulting spectra were combingah in the auroral spots, we checked whether the carbon-emis

4. EPIC spectral analysis
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North spot

Table 1. Best fit parameters for the 0:2 keV spectra of
Jupiter’s auroral spots (errors are at 90% confidence).
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channel energy (keV)
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0.01
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Equator

0.5 1
channel energy (keV)

North spot South spot
re NormnP ra NormP
Power law 3237020 459705 2687033 3.02°053
Emiss lines Energy® Fluxd EWe  Flux EwWe
CVI Lya 037 1428518 13047 389357 ggrdl
OVlltriplet 057 1769254 6382 430171 305712
OVIllLye 065 154145 8556 (931126 170140
OVII higher 069 3427192 22868 097083 0480
080 1683% 180% 0823% 1447,

@ Photon index

b Power law normalisation at 1 keV in units of fOph cnt? st
kev1

¢ Energy of the emission features in keV (fixed in the fits)

d Total flux in the line in units of 16 ph cnT? s*

€ Line equivalent width in eV

ergy, the best fits obtained by letting the line energy free (s
above) appear to indicate, at least for the North spot, prate
for a higher energy, i.e for the CVI lyline (0.37 keV).

We find similar line intensities to those listed in Table 1t, bu
slightly worse fits, if we substitute a bremsstrahlung amniim
for the power law ¢?/d.o.f. = 48/40 and 2&1 for North and
South spot respectively). Replacing the continuum compbne
r\gith a combination of emission lines also produces worséqua

y fit

4.2. Equatorial region

As suggested by Fi@l 5, we find that Jupiter's equatoriabmegi
displays a dierent, harder spectrum than the auroral spots.
The data are best fittegpq/d.o.f. = 26/38) by a two temper-
aturemekal model, with solar abundances, combined with a
bremsstrahlung continuum and a Gaussian emission line at
1.35 keV (fixed in the fit), corresponding to the energy of the
MgXI triplet. Relevant best fit parameters are listed in €yl
data, best fit model angf contribution from each spectral bin
are shown in Fid[]8. A fit of the same statistical quality is ob-
tained replacing the bremsstrahlung component with a power
law of photon index 1.37 and normalisation at 1 keV of 146
107 ph cnt2 s keV~1. The 0.3-2.0 keV flux measured for

Fig.8. Data and best fit for the EPIC-pn spectrum of Jupitertie equatorial region is 401014 erg cn? sL.
equatorial region (see text for details).

5. RGS detection

sion could be replaced by sulphur lines: we considered lin€ke data from RGS1 and RGS2 (cross-dispersion vs disper-
(or blends) at 0.32 keV (SXI), 0.34 keV (SXII) and 0.35 ke\sion, before background subtraction, 1st order only) aogvsh
(SXII) (some of the strongest in the atomic spectral taloles as colour plots in the top panels of Aigl. 9, and the extracsed 1
Podobedova et dl. 2003; see also Elsner et al. 2004, in greparder spectra, background-subtracted, are in the middie pa
tion). While the energy resolution of the EPIC CCB4.00 eV els. The gross spectrum of the planet is obtained by intiegrat
FWHM below 1 keV), combined with the low countrate, makalong the cross-dispersion direction withid0” of the cen-

it very hard to distinguish between lines that are so clognin tre of the planet’s disk (i.e. between the two darker horiabn
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Table 2. Best fit parameters for the 0-2 keV spectrum of
Jupiter’s equatorial region (errors are at 90% confidence)

RGS1 RGS2
; Taal 3 Y y 7.
Equator ~ 100"3 i T A i
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4136 234 a K iy a ot 51 Bl
Bremsstrahlung 5% 207553 = oo ‘ g R ‘ o
- - SRR LR, e
Emiss. line Energy® Flux! EWe 10 15 20 25 30 35 10 15 20 25 30 35
Wavelength (Angstroms) Wavelength (Angstroms)
MgXIl 1.35 039f8:§% 1441?15
2.0 2.0

@ mekal/bremsstrahlung temperature in keV

b mekal/bremsstrahlung normalisation in units of-$(h cn1? s*
kev!

¢ Energy of the emission feature in keV (fixed in the fits)

d Total flux in the line in units of 16 ph cnT? s7*

€ Line equivalent width in eV

Cts/ksec/A
Cts/ksec/A
o =
3 o

o
=)

|
[=]
o

3y M i WH
g i

. . . . 10 15 20 25 30 35 10 15 20 25 30 35
lines in the top panels of Figl 9). The background spectrum is Wavelength (Angstroms) Wavelength (Angstroms)
the sum of two slices, each 4Wide, centred a:62” from the

|
—_
o

centre of the planet’s disk (i.e. in practice between théelar 0.0 P‘N ct; e /1‘0 T 0.05 P"N ct;/s/l‘o R

and the lighter horizontal lines in Figl. 9). 000 [PNets/s/10 | 0.oaf [PNets/s/10 ——— |
It is tantalising to see a bright spot at the expected loca- °%* ] 0.03 ]

tion of the OVII triplet (21-22 A, 0~0.57 keV) in the RGS1 2 002 + 1og oo {

colour plot, at the expected location of the North aurorattsp

il

(just above the origin in the cross-dispersion directiohiclr 0.00 ‘*“‘T‘T ‘T“ A |
corresponds to the centre of the planet’s disk). There appea -c.0: [ f | ~0.01} + ]
to be an enhancement also at about 15 A in RGS2, practically 0.2k ....ooo oo | —0.02b

0 5 10 15 20 25 0 5 10 15 20 25

at the centre in the cross-dispersion direction, implyitager
latitude on the planet. However, it has to be stressed tleatth
are very low surface brightness features, which only a londeig. 9. Top: RGS1 (left) and 2 (right) cross-dispersion vs dis-
observation will be able to confirm. persion plots for the Jupiter observation; the cross-dspe

In order to quantify the possible OVII detection, a box ofcale is referred to the centre of the planet’s disk. Middle:
40" in the cross-dispersion direction and 5 resolution elemeRGS1 (left) and 2 (right) background-subtracted spectra.
(~0.3 A) in the dispersion direction was used to measure tBettom: RGS1 (left) and 2 (right) lightcurves, with the EPIC
general level of background over CCD4 and the excess at firelightcurve, appropriately scaled, superposed (in red).
expected location of OVII: this results in a 2:&xcess in the
box centred on OVII. A similar estimate is obtained for the
excess around 15 A in RGS2. of weaker discrete emission features (although our atteatpt

The bottom panels in Fidl 9 show the background sutsplacing the power law with a combination of emission lines
tracted RGS lightcurves with the 0.2 — 2 keV EPIC-pdid not formally improve the quality of the fits). A spectrum
lightcurves superposed, appropriately scaled: the goddimaconsisting of many unresolved lines (mostly due to OVII and
of the data from the two instruments adds credibility to the-p OVIII ions) was found to provide the best fit to ti@handra
sible detection of Jupiter X-rays in the RGS. data of comet McNaught-Hartley and was interpreted as the
result of electron capture by heavy ions of the solar wind col
liding with the cometary atmosphere (Kharchenko et al. 2003
A similar interpretation can be proposed for Jupiter’s aairo
The first XMM-Newton observation of Jupiter provides inter-spots: solar wind ions could be captured and acceleratéutin t
esting new information with which we can try and clarify somplanet’s magnetic field, and subsequent charge exchandd wou
of the many unresolved issues concerning the planet's X-fapd to the observed spectra, rich in line emission fromlizigh
emission. Here we consider some of them. ionised oxygen and carbon. The identification of a CVI rather

i) The XMM-Newton EPIC spectra of the North and Soutlthan CV transition (Sect. 4) would also support an origimfro
auroral regions of Jupiter can be explained as the supdigrosithe solar wind, in which carbon is usually fully ionised.
of emission lines from highly ionised oxygen and carbon (the The North and South spot EPIC spectra (together with the
latter in preference to sulphur, at least for the North spidie tentative detection in RGS) clearly show a larger contidyut
power law component which is also needed to model the sp&om OVII line emission, relative to OVIII; this contraststiv
tra could be a pseudo-continuum produced by the combinatishat has been reported fraihandra observations in February

Time (Hours) Time (Hours)

6. Discussion and conclusions
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2003 (Elsner et al. 2004, in preparation) and suggestshibriathe South pole (which was the only pole visible during the
ity, over a period of a few weeks, in the level of ionisationgdla Chandra observation), suggestingftirent conditions in the
thus of overall energy of the ions penetrating Jupiter'sasppmagnetospheres of the two planets.

atmosphere.

ii) The 0.3-2.0 keV fluxes derived from the above SpeCAcknowIedgaments. ThiSV\_/ork is bgse_d on (_)bs_ervations obtained with
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