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Talk outline

• Charge exchange in the solar wind - locations and signatures

• Observing exospheric solar wind charge exchange (SWCX) with XMM-Newton

• Original motivation of project: a characterisation of ‘background’ emission 
for astronomers

• General results of project - characterisation of exospheric SWCX emission as 
seen by XMM-Newton

• Relationship with solar cycle and solar wind flux

• Spectral characteristics

• Modelling of SWCX using GUMICS-4 code

• This modelling to replace previous empirical modelling (my thesis)

• Initial results on test observations
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Charge exchange and the solar wind
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• Solar wind: velocities ~ 200-1000 
km s-1, densities ~ 7-40 cm-3

• 1% heavy ions

• Solar wind charge exchange 
(SWCX): charge exchange 
between a solar wind ion and a 
neutral in the Solar System

• Cross-sections for charge 
exchange are high ~10-16 cm-2

M. Weiss NASA/CXC
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• SWCX emission modelled in Earth’s exosphere

• Solar wind storms cause large increases in 
expected flux

• ...important consequences for XMM-Newton
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XMM-Newton’s orbit and viewing angles
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~Magnetopause

Sun

~Bow shock

~10 Earth radii

~Winter

• XMM-Newton: X-ray observatory in 
highly elliptical orbit

• Seasonal effects expected

• Rough winter/summer split

• Dynamic magnetosheath, responds to 
solar wind pressure

• In summer, XMM-Newton can 
observe SWCX when line-of-sight 
passes through the dayside 
magnetosheath

• Original motivation of project (from an 
astronomy perspective): how many 
XMM-Newton observations are 
affected and the characterisation of 
these cases (3 imaging cameras on 
board, but concentrate on 2 EPIC-
MOS instruments)

~Summer

XMM-Newton observing cone



Searching for XMM-Newton observations affected 
by SWCX

• Using the imaging EPIC-MOS cameras combined, in full-frame mode

• No. obs., 3012, up to revn. 1781 (February 2000 - August 2009).

1. Cleaned observations for flare periods & all sources

2. Looked for short timescale variability - indicative of variable SWCX near Earth

3. Create two lightcurves; 0.5 - 0.7 keV & 2.5 - 5.0 keV (SWCX, continuum)

4. Scatter plot between lightcurves, statistics of line fit, judge if variable SWCX seen

5• 103 cases (~3.4% of set) of variable SWCX found (Carter, Sembay & Read, 2011)



SWCX cases with respect to solar activity and 
XMM-Newton orbital position

• Cases preferentially detected in summer, as expected (summer/winter - 64/39)

• Cases preferentially detected about the sub-solar point (sunward magnetosheath)
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Very few observations with 
exospheric SWCX signatures 
towards solar minimum

Fraction of all cases 
affected by SWCX in red

Sun

~sub-solar point
solar maximum



Spectral modelling

• Defined SWCX-affected and 
SWCX-free periods for each 
lightcurve

• Created spectra for each 
period

• Created resultant spectra 
(affected - free period)

• Modelled each resultant 
spectrum using 38 Gaussian 
lines 

• Relative normalisations based 
on the cross-sections of 
Bodewits 2007 (0.2 - 1 keV)

• Calculate flux 0.25 - 2.5 keV 
and also fluxes from 
individual lines 
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Ion Energy (keV)

CV 0.299

CVI 0.367

NVI 0.420

NVII 0.500

OVII 0.561

OVIII 0.653

NeX 1.022

MgXI 1.330

SiXIV 2.000

SWCX-affected SWCX-free

SWCX band
Cont. band

ACE protons

Example resultant 
spectrum



Observed SWCX fluxes, 0.25 - 2.5 keV
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Observed flux versus mean solar wind proton 
flux difference between SWCX-affected and 
SWCX-free period as selected from X-ray 
lightcurve

High solar wind proton flux ⇒ high SWCX X-ray flux

Histogram of observed fluxes

• However, no simple linear relationship 

• Positive/negative ‘resultant’ proton flux: 73/12 i.e. 
not random

• Considerable scatter, but SW can have large 
compositional differences: slow, fast, Coronal Mass 
Ejection

Chapter 6. Spectral analysis of the SWCX set 6.4. Line flux ratios

Table 6.2: SWCX set observations exhibiting the highest Mg XI/O VII and O VIII/O VII flux ratios, or
the lower limit (95% confidence) to this ratio when O VII is badly constrained. We also note the ACE
SWICS mean value of the O7+ to O6+ ion ratio when available, with the standard deviation of this
ratio given as the error.

Revn Obsn Mg XI/ O VIII/ Mean
O VII O VII O7+/O6+

0342 0085150301 2.5±1.9 8.3±6.4 0.58±0.54
0494 0109120101 ≥0.60 ≥2.26 1.53±0.83
0747 0200730401 ≥1.09 ≥2.49 . . .
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Figure 6.3: Observed flux versus mean solar wind proton flux. The red dotted line indicates a linear
fit (minimising the "2 statistic) to the data.
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Line strengths - diagnostics of solar wind type?
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Coronal Mass Ejection, 
Carter, Sembay & Read 2010



Stacked SWCX spectra for all exospheric cases

• For MOS1 (black) and MOS2 (red), 103 cases

• Spectral resolution of EPIC-MOS cameras: moderate, E/ΔE ~ 20 at 1 keV
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• OVII triplet: 7.6 +/- 0.3 
photons cm-2 s-1 sr-1

• OVIII line: 3.0 +/- 0.1 
photons cm-2 s-1 sr-1

• But, O8+ can charge 
exchange to O7+ along line 
of sight, so ratio does not 
accurately represent SW 
composition

• OVII triplet: forbidden line 
normalisation stronger than 
resonance line as expected 
for charge exchange



GUMICS-4 and modelling efforts	

• Grand Unified Magnetosphere Ionosphere Coupling 
Simulation, version 4 (developed at FMI)

• GUMICS-4 outputs; e.g. plasma density in a box 
around the Earth

• Build a SWCX emissivity model:

• PX-ray = αμswnswnH (Robertson & Cravens, 2003) 

• model of neutral hydrogen target density about 
the Earth

• CX efficiency factor, α
• integrate along line of sight from observer

• Compare to fluxes seen by XMM-Newton

• Similar efforts with BATS-R-US (K. Kuntz, John 
Hopkins University, STORM consortium)
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Initial modelling
• Testing on a crude model grid, 0.5 RE

• Test against two XMM-Newton example 0.5 - 0.7 keV lightcurves 

• XMM-Newton field of view of 0.5 degrees diameter

• Take two snap shots for each observation: peak and trough periods

• Compare model A vs B and D vs C
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A B C D

0.5 - 0.7 keV lightcurves (black)



Model component snap shots (C), GSEY = 0
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Speed (km s-1)
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Density (cm-3)
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Flux (108 cm-2 s-1)
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Neutrals (cm-3)
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Model (eV cm-3 s-1)
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Summary of results
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Case X-ray 
period

Upstream 
solar wind 

speed, 
GUMICS 

input 
mean

(km s-1)

Upstream 
solar wind 

density, 
GUMICS 

input 
mean
(cm-3)

Bx
(nT)

XMM-Newton 
count rate 

(SWCX + sky)
0.5 - 0.7 keV

(ct s-1)

Model 
integrated flux
(eV cm-2 s-1)

Model count 
rate 

(no background)
0.5 - 0.7 keV

(ct s-1)

Modelled 
background 

subtracted rate

Observed to 
modelled 

ratio

A Peak 362 65 -3.0 0.175 ± 0.01 1.21 0.026 0.01

2.3

B Trough 375 31 4.8 0.152 ± 0.01 0.85 0.016 -

2.3

C Trough 468 5 -0.5 0.155 ± 0.02 0.29 0.015 -

flat model

D Peak 468 5 -0.5 0.220 ± 0.02 0.29 0.015 0.0

flat model

• A vs B: variability modelled, D vs C: variability not modelled



Summary

• 3.4% of XMM-Newton observations, over one solar cycle, contain a 
detectable level of temporally variable SWCX

• A coronal mass ejection has been observed by XMM-Newton, with distinct 
spectral characteristics (e.g. Mg/O ratios)

• Temporal and spatial information from SWCX occurring in the vicinity of the 
Earth can be used to understand how the Sun and Earth plasmas interact and  
provide information about the minor-ion composition of the solar wind

• Initial modelling efforts show reasonable order of magnitude rates, but in one 
test fail to show the variability seen by XMM-Newton: what is causing this 
variability: neutral target model, minor ion abundances in solar wind (vs 
protons), CX efficiencies.....?

• Could use SWCX to image the Earth’s magnetosheath with wide field 
optics: AXIOM/AXIOM-C/STORM (see J. Eastwood’s talk)
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• THANK YOU
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Additional slides



Background subtraction for CME case
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Flare period Quiescent period

• CME split into flare and 
quiescent periods



Alternative standard lightcurves
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SWCX-free SWCX-affected

Line
Continuum



Minna Palmroth GUMICS, MHD simulation
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2.5.4 Upstream solar wind measurement requirements 

Knowledge of the upstream solar wind conditions is crucial. It is assumed that one or more solar wind 
space probes will operate in the time frame of the AXIOM-C mission, since gathering such information 
is vital for space weather monitoring, and thus that the necessary data will be available.  

2.5.5 Simulation support  

Since all imaging techniques involve line-of-sight 
integration, careful analysis, modelling and 
interpretation of the X-ray images will be necessary. 
In particular, theoretical support (in the form of 
global magnetospheric simulations) is a key element 
of the mission design. This will be provided by the 
Finnish Meteorological Institute, led by Minna 
Palmroth. In addition to the interpretation of 
observations, MHD simulations will be used to 
calculate spacecraft pointing requirements as a 
function of season and time of observation. Mapping 
uncertainties are a crucial part of understanding the 
cusp behavior as the cusps image a large portion of 
the magnetospheric dynamics. 

We use here the Finnish Meteorological Institute 
code GUMICS that is both able to give context to 
the AXIOM-C observations, but can also be used to 
map the events accurately to the ionosphere and 
elsewhere within the magnetosphere, and evaluate 
system energetics accurately [Palmroth et al. 2011]. 
An example of output from GUMICS modelling the 
cusp is shown in Fig. 6.  

3. Mission profile proposed to achieve the scientific objectives  

AXIOM-C will carry a payload specifically targeted to achieving the scientific objectives set out in 
section 2, comprising an X-ray imaging telescope complemented by a compact plasma package and a 
magnetometer; this allows in situ measurements of the precipitating cusp particles and of the local 
magnetic field environment to be carried out simultaneously with the X-ray observations.  

3.1 Launcher  

The baseline launch scenario assumes a piggyback launch to LEO on VEGA as a secondary 
payload/passenger on the VESPA ancillary structure, providing significant cost savings compared to 
the standard VEGA “full fairing” or primary passenger options. This is fully compatible with ESA 
launcher policy for ESA missions, ensuring the mission cost remains well under the ESA S-Class cost 
contribution limit of 50 M€. The VEGA piggyback is made possible because of two key factors: 

• The modest payload complement enables the use of an off-the-shelf microsatellite which is easily 
compatible with the larger VEGA trapezoidal piggyback envelope (φ1335-1950mm x 1000-1300mm; 
~400kg). In fact, preliminary accommodation analysis shows that the smaller cuboidal piggyback 
envelope (800mm x 800mm x 1000mm; 200kg) may be a negotiable envelope because although the 
spacecraft slightly exceeds the standard dimensions of the smaller piggyback slot, it is within the 
mass constraints and does not protrude into the adjacent piggyback slot. 

 

Fig. 6 Global MHD simulation of the magnetosphere and 

cusps, performed using the GUMICS code. The color 

shows the plasma density, with the solar wind flowing 

from the right. Note that the inner magnetosphere is not 

shown in this figure.#

• Plasma density



Using CX to image the magnetosheath

• Charge-exchange could be used to image 
large areas of the magnetosheath

• Various transient phenomena could be 
observed, for example ‘flux-transfer events’ or 
boundary events at the magnetopause

• Use very large field of view optics

• X-ray imaging using microchannel plates, and a 
CCD or MCP detector at the focal plane

• Several mission proposals have been 
submitted, in Europe and the US

• AXIOM, AXIOM-C and STORM

• Sounding rocket experiment in late 2012
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A Soft X-Ray Imager for Earth’s Magnetosphere
D. G. Sibeck1, J. A. Carter2, M. R. Collier1, T. E. Cravens3, J. Goldstein4, K. D. Kuntz5, N. Omidi6, F. S. Porter1, 

A. M. Read2, I. P. Robertson3, S. Sembay2, and S. L. Snowden1

1. NASA’s Goddard Space Flight Center, Greenbelt, MD USA  2. University of Leicester, Leicester, UK 3. University of Kansas, Lawrence, KS USA
4. SWRI, San Antonio, TX USA 5. Johns Hopkins University, Baltimore, MD USA 

1. The Need For Global Imaging

The phenomena that occur in the region upstream 

of solar wind mass, energy, and momentum into 

phenomenon to the solar wind-magnetosphere 
interaction depends on its occurrence pattern and 
spatial extent.  Because the phenomena generate 
characteristics density structures, they can be ob-
served in soft x-rays.

SM51B-2063

The STORM magnetopause imager will resolve longstanding controversies about the 

mass, energy and momentum through the magnetosheath and into the magnetosphere.

Soft x-ray emissions (0.1 to 10 nm) have been 
observed from the magnetosheaths surrounding 
comets, Venus, Mars, and the Earth.  The emis-
sions occur when high charge state solar wind ions 
(e.g., O7+, C6+) capture electrons from neutral 
hydrogen atoms, enter into excited states, and then 
relax.

2. Soft X-Rays from Solar Wind Charge 
    Exchange

3. Simulating Expected Images

We simulate the image expected for an instrument 

0.5°x0.5° located at GSE (x, y, z) = (10, -30, 0) RE 
at 1442 UT on July 15, 2000 during the Bastille 
Day geomagnetic storm when the solar wind den-
sity was 22 cm-3, the velocity 930 km/s, IMF By 
= 26 nT, and IMF Bz = -1 nT.  We use the BATS-
R-US model for dayside plasma densities and the 
Hodges model for exospheric neutral densities.

From top to bottom, the panels show:

A.  The nominal soft x-ray background

B. Integrated line-of-sight soft x-ray emis-
sions from the dayside interaction.

C. The sum of A & B

D. The sum of A & B & Poisson noise

E. The expected image: D minus A. The 
black curves indicate sharp gradients.

a. line of sight tangents to the open/closed 

b. line of sight tangents to the boundary 

Earth from those with no ends on earth.

c. line of sight tangents to the bow 
shock.

d. The white square shows the nominal 
23°x23° FOV.

6. Conclusion

Global observations are needed to evaluate the 

govern the solar wind-magnetosphere interac-
tion.  Efforts are well underway to prototype a 
global soft x-ray imager capable of resolving 
density structures in this region, and simulate the 
expected response.  

For more information, see Collier et al. (Astro-
physics Noise: A Space Weather Signal, EOS, 
91, 213-220, 2010).

Global simulations predict pronounced plasma density structures in the 
region upstream from the magnetosphere [C. C. Goodrich, personal 
comm.] 

ROSAT imaged comet Hyakutake in the soft x-rays emitted by solar wind 
charge exchange in the cometary magnetosheath.

At Earth, the greatest soft x-ray intensities are ex-
pected from the subsolar magnetosheath and cusp, 
regions of high solar wind ion and exospheric 
neutral density.

by Cravens et al. [2001]

4. Observables and Science Objectives

1. Magnetopause location - To quantify the roles 
of solar wind features and magnetospheric cur-
rents in determining the magnetopause location

2. Cusp location - To determine the location and 
extent of reconnection

3. Magnetopause and cusp motion - To deter-
mine rate of reconnection and distinguish be-
tween steady and unsteady reconnection

4. Bow shock strength and location - To de-
termine the structure of the foreshock and bow 
shock and the regions where particle accelera-
tion occur.

5. Magnetosheath structure - To distinguish be-
tween and quantify the downstream effects of 

5. Current Conceptual Design

We plan to prototype and test an imager compris-
ing an array of light-weight curved micropore 

MCP detectors backed by an anticoincidence 
scintillator to veto counts caused by cosmic rays.  
The expected image resolution is ~0.1 RE from 
30 RE.

The optics element of the instrument consists of an array of curved mi-

soft X-ray camera. The upper right panel shows a slumped micropore 
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of possible different plasma characteristics between adjacent convection cells as well as in terms of 
multiple reconnection lines at the magnetopause [Newell and Meng 1991; Trattner et al. 2002a,b]. 

Because it will provide high-cadence and high sensitivity measurements of the cusps with high spatial 
resolution, AXIOM-C will give us the previously unreachable ability to observe the structure of the 
cusps. A combination of imaging and in situ measurements will allow us to determine how often and 
why the cusps are filamentary in nature. Precipitation measurements in LEO and ground observations 
place the images in context and provide the ground truth needed to interpret the soft X-ray images. 

2.4.2 What determines when and where dayside reconnection is steady or bursty? 

What appears as filamentary structures in LEO and in situ measurements of the cusps may be 
generated in response to plasma injections at multiple reconnection sites, the motion of a single cusp 
back and forth over the spacecraft as the open flux content of the magnetosphere waxes and wanes, or 
as the result of sequentially generated reconnection lines. This has been debated in the literature 
without a consensus yet being reached [e.g. Trattner et al. 2002a,b; Lockwood et al. 1998; Lavraud et 
al. 2005].  

Magnetic reconnection can be pulsed in nature, either as a consequence of changes in the solar wind 
or due to the natural variability of the reconnection process itself. Sub-solar reconnection can appear to 
occur as quasi-periodic bursts, known as flux transfer events (FTEs), with a canonical repetition rate 
close to 8 min [e.g. Fig. 5; Omidi and Sibeck 2007]. The newly-reconnected flux tubes associated with 
each FTE should move across the magnetopause to high latitudes at speeds up to ~100 km s-1. 
AXIOM-C will image equatorward jumps in the cusp location each time bundles of magnetospheric 
magnetic field lines open, allowing particles to enter the magnetosphere and causing enhancements in 
soft X-ray emissions. Since reconnection X-lines may extend across the dayside magnetopause 
[Dunlop et al. 2011] it is an open question as to whether FTEs 
can extend across both the dayside magnetopause and the 
cusp. AXIOM-C will resolve questions concerning the local 
time extent of FTEs, and by inference the time-dependent 
nature of reconnection, which is critical for understanding the 
overall solar wind – magnetosphere coupling process.  If 
FTEs do not extend across the enter magnetopause, AXIOM-
C will provide the information needed to understand their 
azimuthal motion through the cusps in response to field-line 
curvature forces and pressure gradients in the 
magnetosheath. 

At times other than the equinoxes the cusps are not 
symmetrically presented to the incoming solar wind: the 
summer hemisphere cusp will be directed towards the 
inflowing solar wind, and the winter cusp will be somewhat 
shielded. MHD models predict enhanced densities in the 
summer cusp, and evidence for this has been found in low 
altitude DMSP data  and more recently by Petrinec et al. 
[2011] using IBEX ENA observations. The dipole tilt was also 
recently proposed to govern the preferential hemisphere of 
generation of FTEs as a result of sequential X-line formation 
at the dayside magnetosphere [Raeder 2006]. This 
conclusion, which is based on global MHD simulations, has 
recently received further support from case studies using in 
situ magnetopause observations [e.g. Hasegawa et al. 2011]. 

 
Fig. 5 Simulation of a flux transfer event 
crossing the cusps [Omidi and Sibeck 2007] 

Omidi & Sibeck, 2007



A standout case

• Case warranted particular extra study - 
strongest case (Carter, Sembay & Read 
2010)

• Two other observations, same sky target - 
helpful to extract the sky background and 
concentrate on the SWCX signatures

• Anything left over is (mainly/assumed) 
SWCX

• Looked at data from all three X-ray 
imaging detectors on XMM-Newton

• Very strong OVIII and upstream Coronal 
Mass Ejection detected by solar wind 
monitors

• Lots of other high-energy lines
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Modelled flux (old model) - compared to observed 
flux
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Fractional difference defined as:
      (observed - modelled) / observed flux
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Modelled X-ray emission typically to same order of 
magnitude as the observed emission

Would have liked to have seen a strong, linear 
relationship between the observed and modelled 
flux

The model is currently too simple to describe the 
phenomena fully



Previous modelling vs observed flux, with position
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Good, Bad 
(fractional 
difference)


