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歴史(1) ：謎のX線時間変動
ROSAT衛星(1990年代)　軟X線全天スキャン

Snowden et al. 1994

次のスキャンではほぼ同じ
場所を見ているのに強度が

一致しない

0.5-0.8 keV
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歴史(2) ：彗星からのX線放射
百武彗星 (Lisse et al.1996) 太陽風重イオンと彗星の中性ガス

の電荷交換反応
CVI, OVII, OVIII  
emission lines

€ 

A+Bn+ →A+ +B(n−1)+

emission (18, 25) correlate with the solar
wind ion flux and not with solar x-ray
intensity. Evidently, we can also exclude as
a major x-ray source any dust-related
mechanism. The only remaining viable
mechanism that can account for a major
part of cometary EUV and soft x-ray emis-
sion is the SWCX mechanism (48).

Minor ions in the solar wind exist in
highly charged states (29, 52), including
species such as O7!, O6!, C6!, C5!, N6!,
Ne8!, Si9!, and Fe12!. Experimental and
theoretical work in atomic and molecular
physics tells us that such ions readily un-
dergo charge transfer reactions in which an
incident ion removes an electron from a
target neutral atom or molecule (57–59).
The product ion remains highly charged
and is almost always left in an excited state.
This charge transfer (CT) reac-
tion can be represented by:

Aq ! ! B 3 A"q " 1# ! * ! B !

where A denotes the projectile
(e.g., O, C, Si, and so forth), q is the
projectile charge (e.g., q $ 5, 6, or
7) and B denotes the cometary tar-
get species (e.g., H2O, OH, CO, O,
H, and so forth). The excited
(denoted by *) product ion de-ex-
cites by emitting one or more pho-
tons [A(q – 1)!*3 A(q – 1)! ! h%,
where h% represents a photon].
For species and charge states
relevant to comets, the principal
quantum number of the ion A(q –

1)!* is usually about n $ 4, 5,
or 6. The classical over-barrier
model (60, 61), although not as
accurate as other atomic colli-
sion theories (62), graphically
illustrates why the product ions
are so highly excited (Fig. 4).
The de-excitation usually takes
place by cascading through
intermediate states rather than
by a single transition to the
ground state. If q is large enough (e.g., q &
4 for oxygen), then at least some of the
transitions lead to the emission of x-ray
photons (63); otherwise, the transition en-
ergies are smaller, and non–x-ray photons
are emitted.

An estimate of the local x-ray power
density (Px) can be obtained if only a single
CT collision occurs during the course of a
solar wind ion’s journey through the comet.
This collisionally thin approximation yields
the expression Px $ 'nswuswnn, where nsw,
usw, and nn are the solar wind proton den-
sity, solar wind speed, and neutral target
density, respectively (48). All the atomic
and molecular details, as well as the solar
wind heavy ion fraction fh, are swept into
the parameter ', which is given by ' ( fh

)*ct& Eave, where )*ct& is an average
CT cross section for all species and charge
states and Eave is an average photon energy.
Integration of Px over the volume contain-
ing cometary neutrals (or as defined by the
observational aperture) yields Lx, which is
thus proportional to Q, in agreement with
the observations. With this model, time
variations of the solar wind flux directly
translate into time variations of the x-ray
emission and thus satisfy observations of
this correlation (25).

A more careful treatment of the SWCX
mechanism is needed to model the spatial
morphology and the spectrum. A complica-
tion is that multiple CT collisions take
place in regions close to the nucleus, where
the target density is high (i.e., the collision-
ally thick case). The charge state is reduced

by 1 during each CT collision, such that for
an extreme case an ion is converted into a
neutral atom. When the charge state be-
comes too low, x-ray photons are no longer
emitted. This effect explains the observed
crescent-shaped emission with its sunward-
displaced peak (Fig. 1). Numerical simula-
tions of the solar wind interaction with
Hyakutake including SWCX have been
used to generate x-ray images. A global
magnetohydrodynamic (MHD) model (49)
and a hydrodynamic model (50) were used
to predict solar wind speeds and densities
and the x-ray emission around a comet. The
simulated x-ray images are remarkably
similar to the observed images (Fig. 1).

The theoretical energy spectra obtained
using SWCX are in good agreement with

low-resolution measurements, but the care-
ful comparisons and calculations needed to
interpret the newer high-resolution obser-
vations, which show specific emission
lines, have not yet been undertaken. Some
theories included only a few solar wind
species but used a careful cascading
scheme (51), whereas others used a simple
cascading scheme and simple classical
overbarrier collision cross sections but in-
cluded a larger number of solar wind ions
and charge states (50, 52). One complica-
tion is that spectral differences are expected
for slow and fast solar wind streams, with
the slow solar wind, with its higher coronal
freeze-in temperature, producing a harder
(i.e., more energetic photons) spectrum
than does the fast solar wind (52). Kharch-
enko and Dalgarno (51, 53) treated the

cascading process accurately
but worked with a simple solar
wind interaction model. They
predicted the existence of a
large number of emission lines
of highly charged ions, includ-
ing the following: O5! (1s25d
3 1s22p) at 106.5 eV, C4!

(1s2s 3 1s2) at 298.9 eV, C5!

(2p 3 1s) at 367.3 eV, C5! (4p
3 1s) at 459.2 eV, O6! (1s2p
3 1s2) at 568.4 eV, and O6!

(1s2s 3 1s2) at 560.9 eV. At
least some of these lines appear
in the CXO spectrum of comet
C/LINEAR 1999 S4. For exam-
ple, most of the CXO peak mea-
sured near .56 keV (22) is cer-
tainly a combination of the two
O6! lines just mentioned (which
comes from CT of solar wind
O7!), and the CXO line located
at .32 keV may be due to C4!

(1s2s 3 1s2). Similar identifi-
cations can be made in the
EUVE spectrum of comet Hya-
kutake (28).

The SWCX mechanism suc-
cessfully explains the observations. Further
theoretical progress will require the inte-
gration of several ingredients into a single
model: (i) a suitable MHD model of the
solar wind interaction, (ii) accurate solar
wind composition for a range of solar wind
types, and (iii) a more complete set of
state-specific CT cross sections for co-
metary target species from laboratory mea-
surements and atomic theory. Most past
measurements were not carried out for co-
metary target species such as H2O, or for
collision energies relevant to the solar
wind, or with sufficiently detailed informa-
tion on the ion final states. However, recent
experimental work has started to address
these issues, motivated in part by the co-
metary x-ray problem (62, 64–69). For ex-

Fig. 4. Electron potential energy V [in atomic units (a.u.)] versus
distance from the target atom nucleus (assumed to be atomic hydro-
gen here) for a charge transfer reaction involving projectile ion Aq!
(calculated here for Be4!). The internuclear distance chosen here [10
a.u. (1 a.u. $ 1 Bohr radius $ 5.29 + 10,11 m)] is the curve-crossing
distance for the n $ 3 ion final state. 1 atomic energy unit $ 1
hartree $ 27.2 eV. The target energy level (and binding energy) and
product ion (Be3!) energy levels are shown. In the classical overbar-
rier model, the electron is able to cross over from the target to the
projectile for the favored principal quantum number (n ( 3, here). A
possible cascading pathway for the de-excitation by photon emission
is shown.

S C I E N C E ’ S C O M P A S S

10 MAY 2002 VOL 296 SCIENCE www.sciencemag.org1044

Cravens (2002)

excited state

A Bn+

C6+, O7+, O8+ ions  
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Hydrogen geocorona

ROSAT survey plane

歴史(3) ： 謎の時
間変動の起源

Geocoronal Solar Wind 
Charge Exchange X-ray 
emission (SWCX) 

Cravens, Robertson, & Snowden (2000)
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すざく衛星
小マゼラン銀河の超新星残骸E0102.2-729 1keV以下のX線

に対して、これま
でにないよいエ
ネルギー分解能

炭素、酸素、ネ
オンなどの輝線

太陽風の電荷交
換

すざく

チャンドラ（米国）
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Blank skyのX線時間変動

12時間

“Flare” “Normal”
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電荷交換反応の決定的な証拠

炭素 酸素 鉄 ネオン

様々
な輝
線

水素原子から奪った電子は、炭素
の４番目の軌道にはいる。そのた
め、4番目の軌道から基底状態への
遷移に対応するX線が強く出る。CVI n=4からn=1

への遷移輝線

Fujimoto et al. 2007
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太陽風強度X線強度

太陽風強度

太陽風のイオンの量

12 時間

X線強度の強かった約12
時間は太陽風fluxも大き
かった。

しかし、X線の短時間変
動～10分　は太陽風flux
変動と相関していない

ACE

Suzaku
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Geopack2005, T96 
magnetic field model

(Tsyganenko et al. 2005)

開いた磁場

太陽側に開
いた磁場

すざく衛星

磁場が外に開いている視線上の最低点

X線強度

1.6 rE

1000km

衛星の軌道運動と地球磁場

磁場が太陽側に開いている視線の長さ
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輝線強度と中性密度の相関
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 O7+ flux(ACE) × 中性水素柱密度（磁場太陽側に開いた視線上） ×補正係数
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磁場のfootprint
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磁場が太陽側の開いている
X線の明るい点
＝磁場のfoot 
printが磁気緯
度～70度、
ローカル時刻
で午前中

惑星間空間磁
場は東向き

DMSP F13衛星のfoot print

視線上、磁場が開いた最下点

IMF：(-5.3, 6.1, 7.6)nT
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DMSP F13
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予測される輝線強度

€ 

f (OVII) =
1
4π

σ fO7+(l)∫ nH(l) dl

=
1
4π

σ
fO7+(ACE)
fH +(ACE)

fH +(l)
fH +(DMSP)

fH+(DMSP)∫ nH(l) dl

1.7x104 s-1cm-2

5.2x108 s-1cm-2

1+cos θc(l)
1+cos θc(DMSP)

1.5x108 s-1cm-2

1.4x10-14 cm2

night-side of the Earth. The existence of this feature,
referred to as a geotail in the literature, was first reported
by Thomas and Bohlin [1972] and confirmed by Rairden et
al. [1986]. Our data support the existence of a geotail.
[29] To obtain hydrogen density profiles in 10! solar

zenith angle intervals we use the yearly average Lyman a
profile at j = 90! (Figure 9) and adjust for solar zenith angle
dependence (equation (12)) above 3.5 RE. The results are
presented in Figure 11 showing increasing hydrogen den-
sity above 4 RE for each 10! solar zenith angle interval
from j = 90! (lower profile) to j = 180! (upper profile).
Our hydrogen density model can now be expressed as

n r; t;jð Þ ¼ C tð Þ n1 jð Þe$
r

a1ðjÞ þ n2 jð Þe$
r

a2 jð Þ
h i

ð13Þ

where r is given in RE and the parameters n1, a1, n2 and a2

for different solar zenith angles (j) are listed in Table 2.
[30] C(t) is determined empirically from Figure 7 and is a

constant for a specific day. C(t) varies between 0.8 and 1.3.
As discussed above this is larger than the uncertainties due
to the uncertainties in the solar Lyman a flux and the
counting statistics. We therefore believe that the temporal

variations are real. We emphasize that our results are only
valid above 3.5 RE as indicated by the shaded region in
Figures 10 and 11.
[31] Figures 6 and 9 show that the data can be fitted fairly

well with a double exponential function. As described in
Section 3, this implies that the hydrogen density also can be
expressed as a double exponential. It is interesting to notice
that this functional form replicates the two-temperature
model that has been frequently used to analyze the hydro-
gen density on Venus [Takacs et al., 1980; Bertaux et al.,
1982; Paxton and Anderson, 1992]. According to Paxton
and Anderson [1992] such a two-component density profile
also exists in the exospheres of Mars and Earth, but is hard
to observe due to the large scale heights of thermal
hydrogen on these two planets. They postulate that mea-
surements must be obtained from high in the exosphere
during low solar activity to be able to observe the two-
component density profile. Although our measurements are
obtained during solar maximum they are definitely from
high in the exosphere and they do indeed indicate a two-
component hydrogen density profile.
[32] In Figures 6, 9, 10, and 11 we have shown both the

original and the adjusted results from Rairden et al. [1986].
The downward adjustment was suggested by Woods and
Rottman [1997] as they claimed that Rairden et al. [1986]
used too low values for the solar Lyman a fluxes. Rairden

Figure 10. Yearly average hydrogen density profile at
j = 90!. Triangles (diamonds) show the values (adjusted
values) obtained by Rairden et al. [1986]. Crosses show the
values obtained by Tinsley et al. [1986] for solar maximum
condition. Squares show solstice values from Hodges
[1994] for average solar maximum conditions. Solid line
is the hydrogen density profile we derive using the values
from the double exponential fit in Figure 9 as input to
equations (9) and (10). The vertical error bars account for
the calibration uncertainty, the 1-s uncertainty of the solar
Lyman a flux and uncertainties due to counting statistics.
The shaded region indicates where the medium is
considered to be optical thick (t > 0.1).

Figure 11. Solid lines show the yearly average hydrogen
density profiles from j = 90! (lower profile) to j = 180!
(upper profile) using equation (13) with the values listed in
Table 2. As in Figure 10 triangles (diamonds) show the
values (adjusted values) obtained by Rairden et al. [1986].
Crosses show the values obtained by Tinsley et al. [1986]
for solar maximum condition. Squares show solstice values
from Hodges [1994] for average solar maximum conditions.
The shaded region indicates where the medium is
considered to be optical thick (t > 0.1).

ØSTGAARD ET AL.: NEUTRAL HYDROGEN DENSITY PROFILES SMP 18 - 9

(21:30, Sep 2, 2005)

(21:30, Sep 2, 2005)

Østgaard et al. 2004 

(Wegman et al. 1998)

= 5±0.3 s-1cm-2str-1
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観測された輝線強度
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 O7+ flux(ACE) × 中性水素柱密度（磁場太陽側に開いた視線上） ×補正係数
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予想と観測の比較
観測されたOVII強度=23±9 photons s-1cm-2str-1

O7+およびproton flux等からの予想＝5±0.3

➡Factor ~4のずれ
ずれの原因候補
散乱断面積が大きい
中性水素密度が高い
O7+/H+比が、ACEよりも、1.6rEの方が大きい
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Heriospheric SWCX
惑星間空間からの輝線放射

HGA has a sharp radiation pattern with a half beam width of
0.7!, the spacecraft spin axis, which coincides with the
HGA boresight direction is precisely controlled toward the
Earth. The field-of-view of the UVS instrument is perpen-
dicular to the spin axis of the spacecraft. The phase clock
divides a spin period (nominally 8 s) into 256 time intervals
for the timing of data sampling. The spatial resolution of
UVS-G is therefore 1.41! in a plane perpendicular to the
spin axis and 0.29! in a plane including the spin axis.
Although the UVS instrument instantaneously points to a
certain direction with this field-of-view, spatial distributions
of emissions are measured using the spin and orbital motion
of the NOZOMI spacecraft. One-year observations enable
us to obtain a full sky image of Lyman a emission with the
rotating motion of the spacecraft around the Sun.
[11] The SWAN instrument onboard the SOHO space-

craft is designed to measure the large scale structures of the
solar wind and the distributions of the solar wind mass flux
in heliographic latitude by remote sensing of solar Lyman a
emission scattered by interplanetary hydrogen atoms. A
complete description of the instrument and its various
operating modes are presented by Bertaux et al. [1995].
The two sensor units (SU + Z, SU ! Z) are identical and the
optical system of each SU is composed of two concave
mirrors with a toroidal shape, mounted in a steerable
periscope. The entrance window of the hydrogen cell is
an MgF2 lens and the exit window of the hydrogen cell
refocuses the beam on the cathode of the UV detector

behind the cell. The instantaneous field of view of one
sensor unit is a square of 5.0!" 5.0!, divided in 5" 5 pixels
of 1! square each. The SWAN detector is a microchannel
plate with a multi anode detector with 27 anodes. The
spectral band is 117–170 nm. One of these pixels is covered
by BaF2, which is used to filter out Lyman a radiation. One
pixel is used for the dark current monitoring. Counts from
the 25 pixels form a basic set for data analysis. In order
to make effective mapping, different pixel sensitivities must
be corrected in data by so-called flat fielding. The central
line of sight can be oriented toward any point of one
hemisphere by a mechanical periscope system containing
two mirrors at 45! incidence of each sensor. According to
the standard absolute calibration of GHRS on HST, the
sensitivities of SWAN sensors are 0.84 ± 0.08 cts/sec/
pixel/R at Lyman a for SU + Z at the HV digital level =
110 and 0.35 ± 0.035 cts/sec/pixel/R for SU ! Z at the HV
digital level = 130.
[12] The SWAN instrument has a capability to make a full

sky map of interplanetary Lyman a sky background. In order
to provide a full sky map from the three axis stabilized
SOHO platform, SWAN is composed of two sets of identical
SU: one is mounted on the +Z body axis of SOHO and
allows to map slightly more than one hemisphere centered
on +Z, while the second one is mounted on the !Z. Because
of the attitude control of SOHO, which maintains +X toward
the center of the Sun, and the solar rotation axis in the plane
XZ, the +Z and!Z axes are near the north and south ecliptic

Figure 1. Full sky Lyman a intensity map in ecliptic coordinates derived from UVS-G observation for
one year from 17 March 2000 to 13 March 2001.

NAKAGAWA ET AL.: INTERPLANETARY EMISSION AND SOLAR WIND LIS 10 - 3

Koutroumpa et al.: Heliospheric X-ray emission, Online Material p 3

Fig. 11. Solar maximum and solar minimum full sky monochromatic
emission maps. The two lines here are the 0.65 keV (O7+) and the
0.08 keV (O5+). The observer is situated at 121◦ ecliptic longitude. The
color scale is in units of 10−9 erg cm−2 sr−1 s−1, red colour correspond-
ing to minimum and blue to maximum values. The masked area corre-
sponds to the 20◦× 20◦ region around the solar disk. The map is shown
in ecliptic coordinates.

Fig. 12. Same as Fig. 11 for an observer at 165◦ ecliptic longitude. The
color scale is in units of 10−9 erg cm−2 sr−1 s−1, red colour corresponding
to minimum and blue to maximum values.

Kouroumpa et al. 2006

X-ray emission (Model)HI gas (Observation:Nozomi)

Nakagawa et al. 2003

X-ray emission (Observation:ROSAT)

高銀緯方向の放射の1/2以上
（あるいは全て）を説明？

Snowden et al. 1997
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すざくの長期観測
OⅦ

OⅧ

1年

< 6%

超新星残骸の
観測装置較正観測

時間

輝
線
強
度
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まとめ
すざく衛星が観測した、特定の明るいX線天体が存在しない方
向からのX線強度変動は、太陽風の高電離した炭素からネオン
までのイオンとジオコロナの電荷交換反応による輝線の強度変
動であった。
約10分の速い時間変動は、 衛星の軌道運動によるもので、太陽
風の重イオンが、1.6地球半径まで入り込んでいることを強く示
唆する。
対応する陽子フラックス増加が地球の朝側のDMSP衛星で観測
された。
観測されたX線輝線強度は、DMSP衛星とACE衛星のイオン
データを用いたモデル計算に比べて５倍程度強い。
この地球磁気圏からの放射に加えて、太陽圏全体がX線輝線で
輝いている可能性があり、それを捉えるための長期データの解
析を行っている。
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Comet 73P/Schwassmann-
Wachmann 3

C5+ O6+

O7+

Mgn+, Sin+, C4+

X線エネルギー (keV)

X線
強
度

すざく

SWIFT

Porter et al. 2007
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