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From the Editor-in-Chief

This edition of Nigerian Journal of Space Research is dedicated to the International Heliophysical Year
IHY African Regional School, which was held at Enugu, Nigeria from 10" to 22" November, 2009. The

School was hosted by NASRDA Centre for Basic Space Science on behalf of Nigerian government.

This volume consists of peer-reviewed lecture notes from various instructors, who participated in the
school. The topics covered during the school were in areas of Space Science known as heliospace and
geospace. The School also featured hands-on laboratory classes on Mathlab. AFRIS2009 was poised at
setting the pace for intensive capacity building in Space Science and Technology in Africa — an aim that

was greatly achieved.

The International Heliophysical Year (IHY) 2007 was a 70-country scientific programme, which involved
thousands of scientists across the globe. This collaboration spanned from February 2007 to February
2009. The mission of the progamme was to enhance research, outreach, and historical preservation of the
International Geophysical Year of 1957. Activities of IHY 2007 included the deployment of new
instrumentation arrays especially in developing countries, and an extensive education and public outreach

component.

IHY Schools were organized at different regions of the world. The IHY African Regional School took place
at the historical city of Enugu, Nigeria. The IHY School was a huge success as forty-one graduate students
and postdocs from 12 African countries participated in the Regional School. Fifteen seasoned experts from
United States of America, Japan, France, Norway, Cote D’lvoire, South Africa and Nigeria taught in the
School. Countries with delegates were Algeria, Cote D’ivoire, Democratic Republic of Congo, Egypt,
Ethiopia, Ghana, Kenya, Mozambique, Nigeria, Republic of South Africa, Uganda and Zambia. The
Conveners were Professors Pius N. Okeke (Centre for Basic Space Science, Nigeria) and Maurius
Potigieter (North West University, South Africa); while Nat Gopalswamy (National Aeronautics and Space
Administration, United States) and Babatunde Rabiu (Federal University of Technology, Akure, Nigeria)

were Directors of the School.

The organizers of the School acknowledged the travel grants received from the International Secretariat of
IHY at National Aeronautics and Space Administration of the United States; Abdus Salam International
Center for Theoretical Physics, Trieste, Italy; North West University, South Africa; University of Bergen,
Norway; and Space Environment Research Center, Kyushu University, Japan. The host Institution - Centre
for Basic Space Science- bore the heavy costs of lodging and logistics for the meeting. The coordinating

support of United Nations Office for Outer Space Affairs, Vienna, is greatly appreciated.



The articles in this edition represent current states of developments in different areas of heliophysics and
shall for long remain reference materials for research and teaching in Space Science. Nigerian Journal of
Space Research is known for publication of dedicated research articles in the field of Space Science and

applications.

Prof. P. N. Okeke

Editor-in-Chief & Director, CBSS
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1.0. Introduction

One of the consequences of solar activity is the sudden release of energy known as solar
eruption in the form of heating and mass motion from localized magnetic regions on the Sun.
The primary characteristic of a magnetic region that leads to eruption is that the region is
magnetically closed — i.e., they have one or more polarity inversion lines at the photospheric
level. Such magnetic regions can be tiny bright points to large active regions containing

sunspots. The sudden localized release of thermal energy is recognized as a solar flare, while



N. Gopalswamy 2

the energy released in the form of mass motion is identified as coronal mass ejections (CMEs).
Solar flares are classified as eruptive (associated with CMEs) and compact (no CME
association). Flares are observed as enhanced thermal emission in soft X-rays, extreme
ultraviolet (EUV), H-alpha, and even white light. Nonthermal emission is also observed in
radio, hard X-rays, and gamma rays. Electrons and ions accelerated during the energy release
process are basically responsible for both thermal and nonthermal emissions during flares. Mass
ejections come in various shapes and sizes, ranging from the small-scale jets to the large-scale
CMEs. CME:s are also observed at various wavelengths, but white light images provide the
most complete picture over large distances from the Sun. Both flares and CMEs have important
consequences in the heliosphere. X-ray and EUV radiation from flares produce extra ionization
in the terrestrial ionosphere causing sudden ionospheric disturbances (SIDs) that seriously
affect radio communication and navigation. Energetic CMEs drive fast mode shocks that
accelerate the particles from the corona and interplanetary medium to high energies. CMEs
arriving at Earth can produce intense geomagnetic storms. Several review articles exist on
these topics (see the articles in the recent Geophysics Monographs by Kunow et al., 2006;
Gopalswamy et al., 2006). A more detailed description of the eruption events can be found in

(Gopalswamy, 2007; 2009).

2.0. Overview of Eruptions

Solar flares and CMEs occur from closed magnetic regions, where magnetic free energy is
stored and released in the eruptions. In this section, examples of the closed magnetic field
regions are provided. Examples of flares, CMEs and the associated phenomena are also
discussed.

2. 1. Eruption Regions

The two types of solar source regions that result in eruptions are illustrated in Figure 1 using a
photospheric magnetogram obtained by the Solar and Heliospheric Observatory (SOHO)
mission’s Michelson Doppler Imager (MDI) instrument and the corresponding H-alpha picture

from the Kanzelhoehe Solar Observatory. Compact regions like A with high magnetic field
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intensity (100s to 1000s of G) are active regions, which contain sunspots and thin filaments
overlying the polarity inversion line. Extended regions like B have weaker magnetic field
spread over a larger area with a long filament overlying the neutral line. Both types of magnetic
regions are potential sources of CMEs and flares. Filaments consist of cool material (~8000 K)
suspended in the hot (~2 MK) corona. The ends of filaments are rooted in opposite polarity
patches seen in the magnetogram. Filaments reside in filament channels, which appear as
cavities in coronal images. The filaments appear dark because they absorb H-alpha line
emission from the chromosphere. When viewed above the limb, the filaments appear as bright
features against the cold sky and therefore are referred to as prominences. Filaments and
prominences have similar appearance in microwaves. During an eruption, the filament is
ejected from the Sun (wholly or partially) including the surrounding coronal material. Thus a

CME typically contains multithermal plasma.

Figure 1. A line of sight magnetogram from SOHO/MDI taken at 08:03 UT (left) and an H-
alpha image from the Kanzelhoehe observatory taken at 07:49 UT (right) both on 2001
November 4. In the magnetogram, white and dark represent positive (north) and negative
(south) magnetic polarities, respectively. The elongated dark features in the H-alpha image are
the filaments. One of the active regions (AR 9684) is marked “A”. A large-scale weak field
region is marked “B”. In both regions, the filaments overly the polarity inversion lines. The
active region magnetic fields are intense and the filaments are generally thin. In the filament
regions, the magnetic field is also enhanced compared to the quiet Sun.
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2. 2. Eruption from a Quiescent Filament Region

Figure 2 shows an eruption imaged in H-alpha wavelengths from a region similar to B in Figure
1, but from a different day (2003 February 18). In the pre-eruption image, one can see a dark
filament (F) in EUV (from SOHO/EIT) overlying the photospheric polarity inversion line that
divides the positive and negative polarity patches of the extended magnetic region (from
SOHO/MDI obtained at 19:17 UT on 2003 February 17). The filament appears dark because it
is cool and hence absorbs the 195 A emissions from the underlying corona. In the 02:00 UT
image on February 18, the filament can be seen lifted from its initial location and can be seen
above the limb in projection. At this stage the filament is said to be eruptive. Directly beneath
the eruptive filament, one can see two thin bright patches parallel to each other, which are
referred as flare ribbons. The ribbons indicate energy input to the chromosphere, thought to be
due to electrons from the energy release site just beneath the erupting filament in the corona.
The ribbons expand with bright loops connecting them as the eruption progresses (Fig.1d).
These “post-eruption” loops are roughly perpendicular to neutral line, while the flare ribbons
are roughly parallel to the neutral line (located on either side of the neutral line). The loops are
known as flare loops and the entire structure as post eruption arcade (PEA) formed due to
reconnection above. PEAs can be seen in coronal images obtained in many wavelengths: EUV,
X-ray, and microwave. The centroid of the PEA is usually referred to as the solar source of the

eruption.

Figure 3 shows a set of coronal images obtained by SOHO/LASCO. Only a portion of the FOV
containing the CME is shown. Running difference images are used so changes can be readily
detected. In the image at 02:08 UT, the eruptive filament can be seen just above the limb.
Overlying the filament is a dark region, which indicates the outward movement of coronal
material overlying the filament. At this time, the coronal material is hidden by the occulting
disk of the coronagraph. In the image at 2:42 UT, the leading edge of the CME can be seen at a

heliocentric distance of 3.25 solar radii (Ro). The connection to the solar source region can be



Solar Eruptions 5

seen via the EUV disturbance. In the image at 03:42 UT, the parts of the CME leading edge
have already left the coronagraph FOV, whose outer edge is at 6 Ro. The large-scale dark
feature is the location of the CME in the previous frame (effect of the running difference). The
bright feature inside the dark region is the filament material seen earlier in EUV. The CME
speed is determined by tracking the leading edge in every frame in which the CME is observed
and fitting a straight line or second order fit to the height — time (h — t) measurements. In this
case, the h — t measurements gives a linear speed of 888 km/s, which is an average speed within
the LASCO FOV. Since the CME was accelerating within the LASCO FOV, the h — t

measurements fit better to a second order fit, giving a constant acceleration of 11.3ms™. The

SOHO/MDI

EIT02:00
20030217 19:17

AN

SOHO/EIT
20030218 00:48

EIT 03:48

Figure 2. A filament eruption from a non-sunspot region (also known as quiescent filament
region). a) a patch of the photospheric magnetogram from the northwest quadrant of the Sun
obtained by SOHO/MDI showing the extended magnetic region with positive (white) and
negative (dark) polarities separated by a polarity inversion line that runs east-west (marked N).
b) A dark filament (F) overlying the neutral line as seen in absorption at 195 A by SOHO/EIT.
¢) The filament F has lifted from its equilibrium position, with an arch shape seen above the
limb in projection and two bright ribbons (marked “Flare”) forming near the surface. d) The
ribbons have expanded with thin loops connecting the two ribbons, while the filament has long
moved past the EIT field of view (FOV). These loops are called flare loops and the entire
structure as flare (see Fig. 3).
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angular width of the CME measured as the position angle (PA) difference between the two
edges of the CME is 93°. PA is measured from the north in the counterclockwise direction. For
the CME in Fig. 3, the two edges are at PA = 265° and 358° yielding an angular width of 93° in
the sky plane. The central PA (CPA) is the mid angle between the two edges, which is 312°.
The speed, width, and central position angle are the basic attributes of a CME.

GOES X-Rays: 2003/02/18
. I ; I r

10°3fT '

2:08

2:42

3:42

1090, 1.-‘«'/\1“\"““1/\

00:00 02:00 04:00 06:00
UT on 2003/02/18

Figure 3. Three snapshots of the CME on 2003 February 18 (left) and the GOES soft X-ray
light curve. The white circle represents the optical limb of the Sun. The gray disk is the
coronagraph occulting disk, on which the EIT difference image is superposed to show the
activity taking place on the Sun. This figure also illustrates the flare-CME relationship.

Figure 3 also shows the flare light curve obtained by the Geostationary Operational
Environmental Satellites (GOES) in two soft X-ray wavelength channels (1 — 8 A upper curve
and 0.5 — 4 A lower curve). The times of the three coronagraph images are marked on the
GOES light curve by the three vertical lines. No flare was reported by the Solar Geophysical
Data (SGD), but we can identify a weak flare in association with the filament eruption.

However, the filament eruption itself was reported as a “Disappearing Solar Filament” or DSF
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starting at 01:23 UT and continuing beyond 02:53 UT based on H-alpha observations made at
the Learmonth observatory in Australia. Clearly the flare starts after the filament erupts. When
the flare reaches its peak at 03:42 UT, the CME has moved beyond 6 Ro. The PEA remains
visible for several hours more before fading to the background level. The flare in this case is
extremely weak. The peak soft X-ray flare intensity is used to designate the flare size. In this
case, the flare size is B5.0, which means the peak soft X-ray flux during the flare is 5.0x10”
Wm™. This is said to be a B-class flare. The Y-axis shows that flares in general can have
intensity varying over several orders of magnitude, starting below A class (1.0x10® Wm™) and
beyond X class (1.0x10* Wm™). Flares stronger than X class are expressed using X but with a
larger suffix. For example, the largest flare during cycle 23 was reported by NOAA at X17.4 on
2003 November 4. The detector was saturated at this intensity, so the actual flare size must
have been larger. The GOES detector has no spatial resolution, so the light curve is a
summation of all events taking place on the Sun including the background X-ray emission from
the corona. The background itself varies between solar minimum (A class) and maximum (C
class) by about two orders of magnitude. Traditionally, the flare size is measured as the total
area of the flare ribbons in H-alpha. The flare size is given on a scale of 1-4, with each number
subscripted by the letters F (faint), N (normal) and B (brilliant). In addition, flares below 1 are
classified as subflares (SF). Details on the flare classification can be found in Gopalswamy

(2007) at various wavelength regimes such as soft X-rays, H-alpha, and microwaves.

2. 3 Eruption from an Active Region

Figure 4 shows another CME, which seems to surround the occulting disk of the coronagraph.
Such CMEs are known as halo CMEs (Howard et al., 1982), which are like any other CME, but
are moving close to the Sun-Earth line. One can imagine this CME to be cone shaped with its
apex at the Sun and its base is moving towards or away from the observer. Projection of the
cone base on the sky plane gives the “halo” appearance. No EIT images were available for this
CME, so it is impossible to tell whether the CME is frontsided or backsided from the LASCO

images alone. Fortunately, soft X-ray images from the Yohkoh satellite were available, which
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show a PEA centered at the heliographic coordinates NO8W 18 (Fig.4). The eruption occurred in
the active region marked A (AR 9684) in Fig. 1on 2001 November 4. The CME was very fast,
with an average speed of 1810 km/s within the LASCO FOV. The h — t measurements fit to a
second order polynomial (constant acceleration of - 63ms™), suggesting that the CME was
rapidly decelerating within the LASCO FOV. This is a characteristic property of fast CMEs
because of the drag caused by the ambient medium (Gopalswamy et al., 2001). The flare is
also relatively big in this case, with an X-ray importance of X1.0 (peak flux is 1.0x10™* Wm™).

GOES X-Rays: 2001/11/04 16:40
T v T : T " T

NOBW18 A

1090 P T
Henng tha e ST 14:00 16:00 18:00 20:00
C2: 2001/11/04 16:40 ' : YOHKOH/SXT uT

Figure 4. The halo CME of 2001 November 4 at 16:40 UT as observed by LASCO/C?2 (left), its
solar source in the soft X-ray image obtained by Yohkoh (middle), and the GOES light curves
(right). The eruption occurred in AR 9634 in association with an X1.0 flare that had a start
time of 16:03 UT. The CME first appeared in LASCO/C2 FOV at 16:25 UT and became halo in
the next frame at 16:35 UT.

2. 4. CMEs and Shocks

Figure 5 shows a large-scale disturbance in the corona surrounding the flaring region revealed
by EUV images for the 2005 May 13 CME. Such disturbances are coronal waves (MHD fast
mode waves or shocks depending on the speed) surrounding the erupting CME. The EUV
disturbance has a size of ~0.4 Ro at 16:37 UT. The disturbance spreads over the entire solar
disk by 17:07 UT as can be seen in Fig. 5. In this event, the disturbance is most likely a shock
because the CME was rather fast (1689 km/s). Detection of such large-scale EUV disturbances
has become one of the standard techniques of identifying the solar source of CMEs. The white-

light image in Fig. 5 taken about 15 min after the EUV image clearly shows the close
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connection between the EUV disturbance and the CME in white light. The diffuse feature
surrounding the main body of the CME (marked S for shock in Fig. 5) can be identified with
the EUV disturbance. The main body of the CME is thought to be a flux rope whose legs are
rooted in the dimming regions D1 and D2, located on either side of the neutral line. The flare
reconnection process is thought to create the flux rope (or builds upon a pre-existing one),
whose outward motion causes the disturbance seen in white light as the CME with the

surrounding shock.

 CME.

“ -
163716277 . 5 ‘
e R e - JC2: 2005/05/13 17:22  EIT: 2005/05/13 17:07

Figure 5. (left) SOHO/EIT 195 A difference image on 2005 May 13 at 16:37 UT showing the
flare (PEA), dimming regions (D1, D2) and a large-scale disturbance surrounds the active
region. (right) The corresponding white-light CME at 17:12 UT. Superposed on this image is a
EUV difference image from SOHO/EIT at 17:07 UT. Note that the EUV disturbance has spread
over the entire solar disk compared to the image at 16:37 UT. The disturbance is seen as the
diffuse feature marked as that surrounds the CME.

The shock can also be inferred from a type II radio burst, which is caused by ~10 keV electrons
accelerated at the shock front. The escaping electrons form a beam that is unstable to Langmuir
waves in the background plasma. The Langmuir waves are then converted into electromagnetic
radiation at the fundamental and harmonic of the local plasma frequency by the plasma
emission mechanism. Figure 6 shows an intense type II burst associated with the 2001
November 4 CME discussed earlier (see Fig. 4). The radio dynamic spectrum shows a type 111
burst indicative of electron beams from the eruption site, supposed to be accelerated at the flare

reconnection. The type II burst, on the other hand, is due to nonthermal electrons accelerated at



N. Gopalswamy 10

the CME-driven shock. Thus the radio data provide a simple means of probing two acceleration
mechanisms: the flare and shock acceleration. Both types of bursts are due to the plasma
emission mechanism and hence occur at progressively lower frequencies as the electron beam
and the shock propagate away from the eruption site. Thus, one can track the electron beams
and shocks in the corona as they move away from the Sun. When the shocks reach the observer
near Earth (e.g., at the spacecraft located at Sun-Earth L1), one can observe the type II burst,
Langmuir waves, and the electron beams all at once at the shock front, thus confirming the

plasma emission mechanism (Bale et al., 1999).

Wind/WAVES: 2001/11/04 17:15

C3: 2001/11/04

Figure 6. (left) The 2001 November 4 CME. (right) Wind/WAVES Dynamic spectrum showing
the type 11l and type Il bursts associated with the CME. The type Il radio emission occurs at ~1
MHz when the CME is at 11 Ro (indicated by the vertical line). The streaks in the background
corona are actually secondary particles hitting the SOHO detector produced by primary SEPs
arriving at the SOHO spacecraft

2. 5. Consequences of CMEs

CME-driven shocks accelerate ions (protons and heavier ions) and high energy electrons that
can be detected when they arrive at Earth in tens of minutes. These particles are collectively
known as solar energetic particles (SEPs). Shocks continue to accelerate SEPs as they
propagate into the IP medium, so they are continuously detected until the shock reaches the

observing spacecraft, when a sudden increase in SEP intensity is observed. The intensity

increase at the shock is referred to as an energetic storm particle (ESP) event. SEPs also reach
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the detector when the shock moves past Earth if there is magnetic connectivity. The onset phase
of the SEP event associated with the 2001 November 4 CME is shown in Fig. 7. The onset time
(17:05:30 UT) 1s within an hour of the CME lift off time (16:17 UT). If one accounts for the
propagation time of the 13 MeV protons along the Parker spiral (typical length ~1.2 AU), the
particle release time at the Sun can be placed immediately after the CME lift off because this is
a fast CME and drives shock early on. Statistical studies indicate that SEPs are released near the

Sun when the associated CMEs are at a heliocentric distance of ~7 Ro (Gopalswamy, 2008a).
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Figure 7. The SEP event (left) and the geomagnetic storm (right) associated with the 2001
November 4 CME (Figs. 4 and 6). The SEP data are from SOHO/ERNE in the 12.9 — 22.4 MeV
energy channel. The SEP onset time at Earth is at17:05:30 UT, right after the CME liftoff. The
geomagnetic storm reaches its maximum intensity (i.e., minimum Dst) at 22:00 UT on
November 6. The shock ahead of the 2001 November 4 CME arrived at Earth at 1:45 UT on
November 6 as indicated by the vertical line in the Dst plot. The horizontal line at -100 nT
indicates the intense storm level. Dst > -100 nT storms are considered moderate to weatk.

The shock arrival at Earth is also recognized in the ground-based magnetometer data as a
sudden increase in the horizontal component of Earth’s magnetic field. The Disturbance storm
time (Dst) index is a measure of this magnetic field change. The sudden increase in Dst index
is referred to as storm sudden commencement (SSC) because usually a geomagnetic storm
follows the SSC. The ESP event is so called because of its association with the geomagnetic
storm. The Dst plot in Fig. 7 shows that the 2001 November 4 CME resulted in a sudden

commencement (shock) followed by an intense (Dst < -100 nT) geomagnetic storm. The

occurrence of a storm following the SSC depends on the magnetic structure in the shock sheath
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and the interplanetary counterpart of the CME (ICME) that drives the shock. The magnetic
structure must contain a south pointing field, which reconnects with Earth’s magnetic field to

initiate the storm process. Geomagnetic storms can also happen without the SSC because some

ICMEs do not drive a shock.

The above discussion introduced various phenomena associated with solar eruptions: flares (H-
alpha and soft X-ray), filament eruptions, EUV waves, white-light CMEs, type II and type III
radio bursts (metric and IP), SEPs, ICMEs with shock, and geomagnetic storms. Of these, the
SEP and geomagnetic storm effects have important practical consequences because they cause
severe weather in the space environment. Such “space weather” is hazardous to space and
ground based technological systems, radio communication and navigation, and to human

health. These are CME related space weather. The rest of the article will focus on CMEs.

3.0. General Structure of the Magnetosphere

CMEs have been studied extensively using data from several spaceborne coronagraphs since
the early 1970s and the ground-based Mauna Loa K-coronameter (see e.g., Howard et al., 1985;
Hundhausen, 1993; Gopalswamy, 2004; 2006a,b; Kahler et al., 2006). SOHO observations
provided the most extensive information on CMEs as summarized below:

1. The CME speed is obtained by tracking the leading edge until it reaches the edge of the
coronagraphic FOV. A linear fit to the height — time (h — t) measurements gives the average
speed within the FOV. Since the h — t measurements are made in the sky plane, the speed is a
lower limit. Figure 8 shows that the speed varies over two orders of magnitude from 20 km/s to
more than 3000 km/s, with an average value of 475 km/s (see Fig. 8).

2. The CME angular width ranges from <5° to 360° (halo CMEs). The average width of CMEs
with width <120° is ~44°. The widths shown in Fig.8 have been measured after the CME has
reached a height of ~8 Ro because the speed changes with time when the CME is close to the
Sun. Almost 90% of the CMEs have width <120°, and only ~3.5% have an apparent width of
360°. About 11% of CMEs have width > 120° (see Fig. 8). There is actually a correlation
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between CME speed (V km/s) and width (W in degrees) indicating that faster CMEs are
generally wider: V =360 + 3.64W (Gopalswamy et al., 2009a).
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Figure 8. Speed, width, and acceleration of CMEs measured in the sky plane for all CMEs
detected until the end of 2006. The acceleration is shown as a function of the measured speed.
The average width is computed for CMEs with width <120° because the width of halo CMEs is
unknown.

3. The linear fit is not a good approximation for many CMEs. A second order (constant
acceleration) fit often represents the h — t measurements better. The scatter plot shown in Fig. 8
is between the constant acceleration and linear speed obtained from the same h — t
measurements. We see that CMEs moving faster than the slow solar wind decelerate, while the
lower speed ones accelerate. CMEs with speeds close to that of the slow solar wind move with
constant speed. A scatter plot between the observed acceleration and the CME linear speed
shows a weak correlation with the regression line a = - 0.015 (V - 466), where V is the CME
speed and a is the acceleration (see Fig. 8). One can associate the 466 km/s as the slow solar
wind speed (see Gopalswamy et al., 2000). This is only approximate because the CME
propulsion and gravity may still be playing a role in the coronagraphic FOV.

4. CME mass ranges from a few times 10'* g to more than 10'® g with an average value of
3.4x10" g (Gopalswamy, 2004). Wider CMEs generally have a greater mass content (M): logM
=12.6 + 1.3 logW (Gopalswamy et al. 2005a). The corresponding kinetic energies range from

~10%" erg to more than 10** erg, with an average value of 2.9x10%erg.
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Figure 9. CME rate (left two) and speed (right) averaged over Carrington rotation periods
(27.4 days). The left panel includes all the CMEs detected manually. The middle panel shows
only CMEs wider than 30°. The spikes in the speed plot are due to super active regions.

5. CMEs occur at a rate (averaged over Carrington Rotation periods) of ~0.5 per day (solar
minimum) to >6 per day (solar maximum). During solar maximum, manual detection of faint
and narrow CME:s is difficult. This causes a change in the contribution to the total CME rate
from such CMEs over the solar cycle, as illustrated in Fig. 9. Considering only CMEs wider
than 30°, one sees that the CME rate is similar to the sunspot number.

6. The sunspot number (SSN) and the CME daily rate are reasonably correlated (Gopalswamy
et al., 2009b and references therein): CME rate = 0.02SSN + 0.9 with a correlation coefficient r
=0.84. However, there is a clear solar-cycle variation of this correlation. The correlation is high
during the rise (r = 0.90) and declining (r = 0.73) phases of the solar cycle, but is lower during
the maximum phase (r = 0.64). This has been attributed to the fact that CMEs also originate
from non-spot regions, which occur in large numbers during the maximum phase (e.g., polar
crown filament regions, which occur exclusively outside the sunspot zone).

7. The average speed of CMEs (averaged over Carrington Rotation periods) also varies in phase
with the solar cycle: it increases by a factor of 2 from ~250 km/s during solar minimum to ~550
km/s during solar maximum. Occasionally, the average speed reaches very high values because

of some super active regions that produce energetic CMEs in quick succession (see Fig. 9).
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8. CMEs contain coronal material at a temperature of ~ a few MK in the outer structure with
cool filament material (~8000 K) in the core. When the CME is shock-driving, the compressed
sheath behind the shock can have higher temperature than in the ambient corona.

9. CMEs moving faster than the coronal magnetosonic speed drive shocks, which accelerate
solar energetic particles (SEPs) to GeV energies. The shocks also accelerate electrons, which
produce nonthermal radio emission (type II radio bursts) throughout the inner heliosphere. EUV
waves maybe another manifestation of the CME-driven waves that surround CMEs.

10. Each CME eruption is accompanied by a solar flare. The soft X-ray peak flux is correlated
with the CME kinetic energy (Hundhausen, 1997; Yashiro and Gopalswamy, 2009:
Gopalswamy et al., 2009a). However, more than half of the flares are not associated with
CMEs. There are even X-class flares without CMEs (Gopalswamy et al., 2009¢).

11. There is a close temporal and spatial connection between CMEs and flares: CMEs move
radially away from the eruption region (Yashiro et al., 2008), except for small deviations that
depend on the phase of the solar cycle (Gopalswamy et al., 2003).

12. Statistical studies (Kay et al., 2003) indicate that flares without CMEs are generally much
hotter (18.4 MK compared to 11.7 MK for flares with CMEs).

4.0. Interplanetary CMEs

The idea of interplanetary CMEs and shocks (Parker, 1957; Gold, 1962) precedes the discovery
of white-light CMEs in 1971 (Tousey, 1973). Interplanetary shocks were first detected by
Mariner 2 (Sonnet et al., 1964). The picture that a magnetic bottle moves from the Sun into the
IP space driving a shock proposed by Gold (1962) is now the standard picture of ICMEs,
except that the magnetic bottle is replaced by a flux rope. Koomen et al. (1974) recognized the
similarity between the Gold magnetic bottle and CMEs observed by OSO-7 coronagraph.
Burlaga et al. (1981) reported a complete ICME structure with shock, sheath, and the driving
magnetic cloud using observations made by five spacecraft. Various signatures are used to
identify ICMEs: solar wind plasma signatures (temperature, plasma beta, flow speed), magnetic

signatures (field strength, field rotation), compositional and charge state signatures (average Fe



N. Gopalswamy 16

charge state, O7+/O6+ ratio, alpha to proton ratio), and particle (thermal and nonthermal) flux
signatures (see Gosling, 1990; Neugebauer and Goldstein, 1997 for a review). Arrival of shocks
at the spacecraft is also a good indicator of the impending ICME arrival except when the
associated CME propagates at a large angle to the Sun-spacecraft line. Space observations
made by a large number of spacecraft over the past several decades have shown that ICMEs can
be found throughout the heliosphere (see e.g., Wang et al., 2005). Techniques such as IP
scintillation observations (see e.g., Tokumaru et al., 2007), IP type II radio burst observations
(see e.g., Gopalswamy et al., 2005a), and solar energetic particle events (see e.g., Gopalswamy

et al., 2008a) also provide information on parts of CMEs in the heliosphere.
4.1. Magnetic Clouds

The magnetic cloud signatures defined by Burlaga et al. (1981) combine magnetic (enhanced
field, smooth rotation of the field) and plasma signatures (reduced proton temperature). The
smooth rotation is thought to be due to the flux-rope (helical) structure of the ICME. MCs can
be classified into four types based the orientation of the MC axis with respect to the ecliptic. If
the axis is close to the ecliptic plane, the MC is known as a low-inclination cloud. The out-of-
the ecliptic component at the leading edge of the MC can be north or south pointing. As one
approaches the axis and crosses it, the direction of the out-of-the ecliptic component flips from
one direction in the leading edge to the opposite in the trailing edge. Thus the MCs are called
NS and SN for north-south and south-north rotation, respectively. When the MC axis makes an
angle > 45° with the ecliptic, the MC is referred to as a high-inclination cloud. The out-of-the-
ecliptic component in this case points either to the south or to the north throughout the cloud.
For the high-inclination MCs, the rotation is in the east-west direction. i.e., the leading edge of
the MC has east or west pointing field with the opposite sense in the trailing edge. If the axial
field of the high-inclination MC points to the north (south) it is said to be of FN (FS) type.
Each MC type will have two subtypes based on the handedness of the MC. For example, the
NS MC can be NES or NWS depending on the direction of the axial field in the east (E) or west
(W) direction (Bothmer and Schwenn, 1994). Similarly, an FN MC can be of ENW WNE
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depending on the direction of the east-west component at the leading edge. Figure 10 illustrates
the four MC types using the out-of-the ecliptic (Z component in GSE coordinates) component
of the magnetic field (B,). All the MCs shown in Fig. 10 are shock-driving, so there is a sheath
region between the MC and the shock as indicated. The magnitude of the field component is
large (>10 nT) compared to the solar wind field (~5 nT). The statistical properties of MCs can
be summarized as follows: 1. The total magnetic field in MCs has an average value of 17 nT,
which is about three times the solar wind value. 2. The density inside MCs is ~8.5 cm™, which
is not too different from the solar wind value. 3. The mean speed of MCs (478 km/s) is only
slightly larger than the typical slow solar wind speed (437 km/s—see Gopalswamy, 2006c). At
the Sun, the CMEs associated with MCs have a much larger average speed (~1000 km/s). The
speed reduction is due to the interaction with the ambient solar wind. Depending on the initial
speed V, the CME undergoes an acceleration a = - 0.0054 (V —406), where V is in km/s and a
is in m/s>. For high initial speeds, the relation is quadratic (Gopalswamy, 2009). 4. The average
MC duration is ~21 h, which implies a spatial scale of ~0.25 AU for the thickness of the MC
(see Lepping and Berdichevski, 2000; Gopalswamy, 2006¢). 5. Although both SN and SN

MCs are observed during every solar cycle, there is a predominance of one type during a given
cycle. The predominance seems to be decided by the global magnetic field of the Sun. The
global field of the Sun reverses during solar maxima, so the predominance switches around this
time. For example, when the north pole of the Sun has positive polarity, there was the
predominance of the NS MCs. After the polarity reversal in 2002, the SN MCs started
appearing in larger numbers (see Echer et al., 2005; Gopalswamy, 2008b).
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Figure 10. The four MC types defined based on the direction of the leading field from the B,
component in GSE coordinates: North-south (NS), south-north (SN), fully north (FN), and fully
south (FS). The vertical dashed line denotes the shock. The MC interval is between the two
vertical solid lines. The region between the shock and MC is the sheath region.

4.2. ICMEs without MC Structure

Not all ICMEs have flux rope structure at 1 AU. Only about a third of the ICMEs were found to
be MCs (Zhang and Burlaga, 1988). Counting only shock driving ICMEs, Gopalswamy et al.
(2009d) found that out of 180 ICMEs, 57 were MCs and the rest were non-cloud ejecta, which
confirms earlier statistics. However, the MC fraction depends on the phase of the solar cycle.
During solar minimum, the fraction of MCs is very high, close to 100%, whereas during solar
maximum, the fraction decreases to ~20% (Riley et al., 2006). One of the reasons is that during
solar minimum the global dipolar field of the Sun is strong so CMEs are generally channeled
towards the equator, even though the source regions are at relatively higher latitudes during the
beginning of solar cycles. This can be seen from the solar source locations MCs shown in Fig.
11. First of all we note that the source longitudes are within £30° from the central meridian.
The same is true for latitudes also with a few exceptions during the rise phase. In the rise phase
of a solar cycle, active regions typically emerge at higher latitudes, but the CMEs move toward
lower latitudes because of the strong global dipolar field. During the maximum and declining

phases, the MC sources progressively appear closer to the equator, which resembles the sunspot
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butterfly diagram. This is consistent with the fact that only active regions contain high enough

free energy to power the CMEs that become MCs.
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Figure 11. Solar sources of CMEs associated with MCs shown as heliographic coordinates
(left) and latitude distribution (vight). The three phases of the solar cycle 23 are distinguished.

The latitude distribution of non-cloud ICME:s is nearly identical to that of the MCs, but the
longitude distribution is quite different. The source longitudes of non-cloud ICMEs are
generally farther from the central meridian. This means CMEs responsible for the non-cloud
ICMEs are ejected at larger angles to the Sun-Earth line and hence typically make a glancing
impact on Earth. On the other hand the MC-associated CMEs are mostly ejected close to the
Sun-Earth line. In the extreme case, CMEs ejected orthogonal to the Sun-Earth line may be
observed purely as a shock with the driving ejecta not arriving at Earth. This geometrical
difference may be responsible for observing non-cloud ICMEs even though they possess the
flux rope structure. In other words, all ICMEs may be flux ropes if viewed appropriately. This
point is illustrated in Fig. 12, which shows two magnetic clouds, one driving a shock and the
other not. When the observing spacecraft passes through the nose of the flux rope, it observes
an MC. When it is away from the nose, it observes ejecta. In the extreme case, the spacecraft
observes just the sheath. The source locations of MCs and non-MCs overlap significantly, so

there may be factors other than geometry. Interaction with other CMEs and nearby coronal
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holes may alter the trajectory of ICMEs (Gopalswamy et al., 2009¢). It is also not clear if some
CMEs inherently lack flux rope structure (Gosling, 1990).

™ Sun

1 shock only

2 shock + sheath 4 ejecta?

5 ejecta?

6 MC only
3 shock+sheath+MC

Figure 12. A shock-driving magnetic cloud (left) and another without a shock (right). Various
possible spacecraft paths (labeled 1 to 6) shown and the corresponding structures observed.
Paths 3 and 6 observe the ICMEs as MCs.

It must be pointed out that the vast majority of CMEs are not distinctly observed as ICMEs at
1AU. If we count just the shock driving ICMEs, they amount to about ~2% of all CMEs (230
IP shocks were detected at 1 AU even though ~13000 CMEs were observed during solar cycle
23). It is estimated that about 10% all CMEs are energetic enough to make a significant impact

on Earth’s atmosphere and the heliosphere in general.

5.0. Solar Eruptions and Space Weather
Both flares and CMEs affect space weather. Flares cause excess ionization of the subsolar
ionosphere for the duration of the flare (minutes to hours). This primarily causes changes in the

ionospheric electron density resulting in communication and navigation problems. CMEs cause
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two key space weather effects: SEPs and geomagnetic storms, illustrated schematically in Fig.
13. CME:s responsible for SEPs and magnetic storms have different longitude distributions,
with some overlap. SEP production typically starts when the CME-driven shock is within a few
solar radii (~7 Ro on the average) from the Sun (Gopalswamy, 2008a). The CME-driven shock
continues to produce SEPs in the [P medium on the way to Earth. When the shock arrives at the
observing spacecraft, a sudden increase in SEP intensity is observed, which is known as the
ESP event. Production of geomagnetic storms, on the other hand, happens only upon the arrival
of the southward magnetic field component (Bs) in the CME and/or the sheath at Earth’s
magnetosphere. Thus, Bs in the CME is the crucial aspect of storm-causing CMEs. The shock-
driving ability of a CME, on the other hand, is crucial for the production of SEPs. The CME
speed need to exceed the sum of the solar wind speed (V) and the Alfven speed (V) of the
ambient medium to drive a shock. In addition, the shock must be supercritical to be efficient in
accelerating particles. It has been shown that about 35% of shocks observed at 1 AU are radio
quiet (lack of type II radio bursts), which also lack large SEP events (Gopalswamy et al.,
2009d). The shock strength is not only determined by the CME speed, but also by the coronal
and interplanetary environment through which the shock propagates. For example, the Alfven
speed can vary by a factor of 4 in the region where the SEP production starts (Gopalswamy et
al., 2008a,b). The shock is often produces what is known as a storm sudden commencement
(SSC) an indicator of impending geomagnetic storm, provided the ICME that follows the SSC
has Bs. Thus the magnetic structure of the ICME is important for geomagnetic storms, but not
for SEPs. For example an FN MC does not produce a geomagnetic storm, even though the

shock driven by it may be producing SEPs.
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Figure 13. The two space weather aspects of CMEs: SEPs and magnetic storms. SEPs are
produced by CME-driven shocks on the way and upon arrival at Earth. CME speed (Vcug)
must exceed sum of the solar wind speed (Vsw) and the ambient magnetosonic speed (Vys) in
order to drive shocks. The SEPs affect space systems (with or without humans), passengers in
high-altitude airplanes, and Earth’s atmosphere. Geomagnetic storms are produced only when
CMEs arrive at Earth with the additional condition that they possess south-pointing magnetic
fields (Bz < (). Geomagnetic storms have consequences to space systems, the entire geospace
and even to the ground.

5.1. CMEs and Geomagnetic Storms

The primary CME link to the geomagnetic storms arises from the fact that they can introduce
an out-of-the ecliptic component to the interplanetary magnetic field that arrives at Earth.
Whenever the out-of-the-ecliptic component of the magnetic field in a solar wind structure
points to the south, a geomagnetic storm ensues due to a series of physical processes elucidated
by Dungey (1961). The intensity of a geomagnetic storm is expressed using a number of
indices. Here we use the Dst (disturbance storm time) index, which represents the average

change in the horizontal component of Earth’s magnetic field (in units of nT) brought about by

the geomagnetic storm at four low-latitude stations (see http://swdcwww.kugi.kyoto-
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u.ac.jp/dstdir/dst2/onDstindex.html). A storm is indicated when Dst < —50 nT (Loewe & Prolss

1997); Dst < —100 nT indicates intense storms. Alfven waves in the solar wind, corotating
interaction regions (CIRs) and coronal mass ejections (CMEs) are the sources of Bs in the IP
magnetic field (IMF; Lindsay et al. 1995; Echer, et al. 2006; Xu et al. 2009). CMEs cause the
most intense of the storms (see e.g., Zhang et al. 2007; Gopalswamy et al., 2007). The CME
link to geomagnetic storms can be readily seen from the empirical relationship between the Dst
index (nT) and the speed (V in km/s) and the magnitude of the out-of-the-ecliptic component of
the IMF (Bs = —Bz in nT) of the solar wind structure: Dst = —0.01V Bz — 32. This empirical
relation was obtained by Gopalswamy et al. (2008c) for MCs. For V = 1000 km/s and Bz = 60
nT, one gets Dst = =632 nT, which is roughly the maximum recorded value of the Dst index
since solar cycle 19. For extreme CMEs, the 1 AU speed can reach more than 2000 km/s, in
which case the magnitude of the Dst index can exceed 1000 nT. For the Halloween 2003
CMEs, indeed had such speeds, but the Bs values were not too large, so the storm intensity did
not exceed ~400 nT (Gopalswamy et al. 2005b). The southward component of the magnetic
field in a CME arises from their flux-rope structure and in the sheath region due to field line
draping around the flux rope and compression. The flux rope originates from the source active
region, whereas the sheath field is from the heliosphere. The CME speed depends on the active
region free energy, modified by the interaction with the solar wind. Thus both the speed and
magnetic field parameters are linked to the free energy and magnetic properties of the source

active region.

When the ICME is a MC, then one can infer which section of the MC is geoeffective based on
the magnetic structure of the MC (flux rope orientation with respect to the ecliptic plane and its
sense of rotation. Although most of the large geomagnetic storms are caused by magnetic
clouds, non-cloud ejecta can also be geoeffective. Depending on the magnetic structure in the
sheath and cloud portions, the following situations are encountered: (1) sheath and MC are
geoeffective, (2) Sheath alone is geoeffective, (3) MCs alone are geoeffective, and (4) None are

geoeffective. The last situation arises when neither the sheath nor the MC contains south-
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pointing magnetic field component. When both sheath and MC are geoeffective, the Dst profile
can be complex depending on the location of the south-pointing field in the sheath and cloud

portions.

5.2. CMEs and SEPs

SEPs are so-called because they are of solar origin as opposed to cosmic rays, which are
energetic particles of galactic origin. The SEP kinetic energy is much higher than that of the
solar wind particles. The SEP intensity is defined in terms of particle flux units (pfu, 1 pfu =1
particle cm s ' sr'). SEPs of intensity exceeding 10 pfu in the >10 MeV energy channel are
considered to be important for space weather. Occasionally the >10 MeV SEP intensity can
exceed 10* pfu (see Gopalswamy et al., 2005b). Each SEP event can be uniquely associated
with an energetic CME (fast and wide). The average sky-plane speed of SEP-associated CMEs
is ~1623 km/s, much larger than the average speed (475 km/s) of all CMEs (see Fig. 8). There
is a high concentration of halo or partial halo CMEs among the SEP-producing CMEs, which is
an indicator of their higher energy. Figure 14 compares the speed distribution of SEP-
associated CMEs with three other types of CMEs. It is clear that all the distributions are
skewed, except for the speed distribution of SEP-associated CMEs (symmetric, approximate

Gaussian). The average speed of the SEP-associated CMEs is also about 50% higher.
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Figure 14. Speed distributions of several CME populations (from left to right): halo CMEs,
CMEs resulting in MCs, CMEs producing major geomagnetic storms, and SEP=producing
CMEs. The average speeds of the first three are similar, while that of the SEP-producing CMEs
is the highest.
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The close similarity among the first three distributions in Fig. 14 is expected because the
concerned CMEs originate close to the disk center of the Sun. Therefore, they are subject to
large projection effects. These three populations are highly likely to travel to Earth and impact
the magnetosphere (halo CMEs need to be frontsided for this). On the other hand, the SEP
associated CMEs originate from the western hemisphere with many events at the limb and even
slightly behind the west limb, so they are subject to minimal projection effects (see Fig. 15).
Apart from the projection effects, the SEP-producing CMEs may be faster because they have to
drive strong shocks that accelerate the particles. The different source positions of CMEs
resulting in large SEP events and major geomagnetic storms arise from the geometrical
requirements for an observer along the Sun-Earth line. SEPs travel along the Parker spiral field
lines of the IP medium, so only particles propagating along the field lines intercepted by Earth
can be detected by an observer near Earth. Sources located on the western hemisphere of the
Sun are “well-connected” to Earth. Since CME-driven shocks are of large extent, shock flanks
of CMEs originating from outside the well-connected region can connect to the Sun-Earth field
lines and cause weak SEP events. The geomagnetic storms are caused by direct plasma impact,
so only those CMEs aimed directly at Earth have the highest probability in hitting Earth. This
happens only for CMEs originating close to the central meridian on the Sun, as is clear from

Fig. 15.
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Figure 15. Solar source locations of CMEs that produce large SEP events (left) and major
(Dst <-100nT) geomagnetic storms (right).

The speed distribution of SEP-producing CMEs is virtually the same (Gopalswamy et al.,
2005a) as that of CMEs associated with type II radio bursts that start near the Sun (meter
wavelengths) and continue to 1 AU (kilometer wavelengths). These bursts are referred to m-
km type IIs because the underlying CMEs are capable of driving strong shocks throughout the
inner heliosphere. There is nearly one-to-one correspondence between the m-km type II bursts
originating from the western hemispheric CMEs and the large SEP events (see Gopalswamy et
al., 2008a) because the same shock accelerates electrons (observed as type II bursts) and SEPs

(detected when they arrive at the detector).

Despite the close correspondence between CMEs and SEP events, several questions remain:
CMEs as slow as 500 km/s can produce an SEP event, while a CME as fast as 1500 km/s may
not produce an SEP event. There have been attempts to account for this variability using the
variability in the Alfven speed of the ambient medium, the local shock geometry, and the
availability of seed particles in the upstream medium. Flares are also known accelerators of
SEPs and energetic CMEs are associated with major flares, so it is not easy to separate the

contributions from the flare and CME in a given SEP event. Since the flare site has a very small
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angular extent, the SEP events from poorly-connected CMEs are certainly due to shocks. The
difficulty is when the CME is well connected to the observer, in which case one cannot tell
whether the SEPs are from the flare site or from the nose of the shock, which is located radially
above the flare site, but a few solar radii away (Gopalswamy, 2008a). In extremely rare cases,
the early anisotropic peak in the intensity of SEP events with ground level enhancement (GLE)

has been interpreted to be due to flare acceleration (McCracken et al., 2008).
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Figure 16. The cumulative distribution of more than 13000 CMEs observed by SOHO/LASCO
until the end of 2007. The average speeds of various energetic subsets are marked.

6.0. Summary

In this article, we discussed on the two important aspects of solar eruptions, viz., solar flares
and coronal mass ejections. The primary aspect of solar flares is the enhanced electromagnetic
emission from minutes to hours that produce excess ionization in Earth’s atmosphere. Flares
also accelerate particles, which are responsible for most of the nonthermal emissions in radio,
X-ray and gamma rays. CMEs, on the other hand, represent the mass emission aspect of solar
eruptions. CMEs constitute the highest energy phenomenon in the heliosphere because of the
amount of kinetic energy they carry. CMEs are also responsible for fast mode MHD shocks in

the heliosphere that accelerate electrons and ions from the ambient medium.
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The vast majority of CMEs are not detected above the background by the time they reach 1 AU.
Only a small fraction of CMEs are responsible for significant consequences. Figurel6 shows a
cumulative distribution of CME speeds with the average speeds of several CME subsets
marked. These speeds are all far higher than the average speed of the general population (466
km/s). The CME subsets are: (1) CMEs associated with metric type II radio bursts (m, 610
km/s), which drive shocks very close to the Sun (within 2 Ro). (2) CMEs associated with
magnetic clouds (MCs, 782 km/s). These CMEs originate close to the disk center. (3) CMEs
that cause major geomagnetic storms (G, 988 km/s). (4) Halo CMEs (H, 1081 km/s) are those
which appear to surround the occulting disk of the coronagraph. (5) CMEs associated with type
IT bursts having emission components at all (from metric to kilometric) wavelengths (mkm,
1532 km/s). (6) CMEs that produce large SEP events (SEP, 1557 km/s). (7) CMEs associated
with the ground level enhancement (GLE, 1916 km/s) events. Note that the three fastest
populations (mkm, SEP, GLE) all drive shocks and accelerate particles. The three populations
with intermediate speed (MC, G, and H) are important for plasma impact on Earth’s
magnetosphere. The m population also drives shocks, but very close to the Sun. The average
speed of CMEs associated with metric type II bursts is only ~600 km/s, so they do not have
enough energy to drive shocks far into the IP medium. Note that only ~3000 CMEs have
significant consequences. If we exclude the m CME:s that drive shocks only near the Sun, we
see that slightly more than ~1000 CMEs over the solar cycle that are responsible for the space
weather effects (SEPs, geomagnetic storms). In other words, ~10% of the fastest CMEs make

significant impact on the heliosphere.
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1. Introduction
Energetic particles include: mildly relativistic particles (with energy E > 30 eV) and

relativistic particles (with energy E > 0.3MeV) .

The word Heliosphere refers to region 100 — 300 AU, where 1 AU = Earth-Sun mean distance
= 10" m. The Content of the Heliosphere includes:

(1) primary and secondary particles of Planetary, Galactic and extragalactic origin.

(11) magnetic fields

(ii1) ions and nuclei.

It is therefore obvious that fundamental ‘Particle interactions’ as well as ‘Reacceleration’

processes should be continuously taken place in such an environment.

Sources of the Heliospheric energetic particles include: High energy cosmic rays, solar winds,
solar flares, Coronal Mass Ejection (CMEs), Particles accelerated by pulsars, accretion discs of
massive black holes, and supernovae particles. However, the proportion of particles spewed

into the heliosphere by each of these sources is not definite .

2. Physical constants, units, Elementary particles and e-m spectrum
2.1. Physical constants
Astronomical units (AU) = mean Earth-Sun distance = 1.5x10 ''m

Parsec (pc) = 3x10"°m =3.3LY = 6.3x10°AU.
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Angstron (A°) = 10"’m

Speed of light (¢) = 3x10°ms™

Gravitational constant (G) = 6.7x10"'m 3kg™'s? = 6.7x10 ' ®ergsK!
Plank’s constant (h) = 6.63x107* J.S = 6.63x10%’ ergs

Mass of electron (me) = 9.1x107'kg

Mass of proton or neutron or hydrogen, m, = m,=my = 1.67x10%kg
Rest masses of proton and neutron: m, = m, = 207MeV

Rest mass of electron, m. = 0.511 MeV

Ration m,/m. = 2000 (1836)

Electronic Charge = 1.6x10™"°C

Ratio e/m. = 1.6x10"°/9.1x107'C/kg

Classical electron radius r, = e2/mc? =2.8x10"%cm

Thomson cross-section = 6.6x10*cm?; 1 barn = 10 cm?

1 solar mass (Mg, = 1.989x10° 0kg): 1 solar radius (Rgyn = 6.96x108m)
Luminosity of sun Lg,, = 3.9x10%°W.

2.2. Units of Energy
Joule — J, erg, or eV

17=10"ergand 1 eV =1.6x10"" J=1.6x10" erg = 1165.9 K = 2.4x10"* Hz ~ 12396.3 A’

Energies play important role in high energy astrophysics. It is usually quoted in eV, with usual

SI modifications for greater orders.

1 KeV =10%V, IMeV = 10%V, 1 GeV = 10’eV, 1 TeV = 10"* eV
The following conversion factor will be found useful:

Proton rest mass energy (mpcz) =938.3 MeV =10’ eV ~ 1 GeV
Electron rest mass energy (mec’) = 0.511 MeV = 5x10°eV

Where frequency is in hertz and wavelength, A is in microns, 10°m.
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Although wavelength A is usually measured in A° some people use Microns (u), micrometers
(um) and nanometers (nm). Recall 1 A°=0.1nm = 10'4;,tm =10"m

Very often we are interested in the radiation from hot bodies, then we use the conversion:

E=KT=138x102T;J=8.617x 10°TeV

2.3. Flux

Flux is the amount of something, particles, radiation, energy passing through a surface per unit
time.

Flux density = S,= Wm™Hz"' (J,)

1J,=10"° W/m?*/Hz or ergs/cm*/Hz

Luminosity on the other hand is the energy per second. It is given in Js" or ergs™

2.4. Elementary Particles

Historical Timelines:

1808: the atom was considered to be an elementary particle i.e. the smallest indivisible

constituents of matter —
1897: Thomson discovered electron.
1913: Bohr theory of nuclear atom was propounded

1932: Discovery of neutrons ‘n’ and Positrons ‘e*. Shortly after this, the muons, p, pions, ©

and many particles were discovered, or predicted.

1950: Enormous amounts of money were invested into the construction of a number of particle
accelerators of greater energies in the hopes of discovering particles predicted by theories.

Consequently, some fundamental particles were discovered or detected..

2.4.1. Classification
There are four basic interactions found in nature:

i.  The strong nuclear interaction (forces between nucleons — hadronic interaction).
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ii.  The electromagnetic interaction. (mediated by Photons)

iii.  The weak (nuclear) interaction — mainly decays.

iv.  The gravitational interactions (very important in the universe but negligible in particles

physics).

Particles that interact via strong interaction are called Hadrons. There are two kinds of
Hadrons: Baryons and mesons. Baryons have spin %2 (or 3/2, 5/2 and so on).
Mesons have spin 0 or integral. Baryons, which include nucleons, are mostly massive
elementary particles. Mesons have intermediate mass between the mass of protons and

electrons.

The existence of m-meson was discovered by Yukawa in 1947. Particles that decay via strong
interaction have very short life times of ~ 10*’s which is about the time it takes light to travel a
distance equal to the diameter of a nucleus. Particles that decay via the weak interaction have a

much longer lifetime of ~ 10%.

It is now believed that all hadrons are composed of more fundamental entities called quarks,
which are truly elementary particles. Table 1 lists the properties of some hadrons and their

decay modes via strong interaction.

2.4.2. Properties
For every elementary particle there is an anti—particle. Elementary particles are particles that

have well defined mass, charge and angular momentum, with their anti — particles included

(ﬁ). See Tables 2 and 3 for list of elementary particles and their anti-particles and some
physical properties of elementary particles respectively. Strange particles are high energy

particles formed by collision of fundamental particles. These particles decay fast.
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Table 1. The Properties of Some Hadrons and their Decay Modes

Names Symbol Mass Spin H | Charge | Anti particles | Mean life
MeV/c? Time, sec.
Baryons 938.3 Ve +1 p- Infinite
Nucleon n 939.6 e 0 n- 930
Lambda AO 1116 Ve 0 AO 2.5x 10-10
Sigma > 1189 Y +1 >- 0.8 x 10-10
> 1197 V2 0 >+ 10-20
>0 1193 V2 0 2.0 ~10-10
Xi ~0 1315 Y 0 =0 3.0x10-10
=~ 1321 -1 ~* 1.7 x 10-10
Omega 0- 1672 3/2 -1 QF 1.3x10-10
Mesons T 139.6 0 +1 T 2.6x10-8
Pi 7° 135 0 0 n’ 0.8x10-16
o 139.6 0 -1 " 2.6x10-8
K’ 497 0 0 K’ 1.24x10-10
Kaon K’ 497 0 0 K’ 0.8810-10
Eta n’ 549 0 0 2.0x10-19
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Table 2: Elementary Particles and their Anti-particles

Electrons (¢) Anti-particle
Protons (p) Anti-particle

Neutrons (n)’ Anti-particle

Photon (y) Anti-particle
Neutrino ve,vu Anti-particle
Pions n'n '’ Anti-particle
Muon p'w Anti-particle

Table 3. Some Physical Properties of Elementary particles

Particles ~ Symbol Spin
Electron e-¢’ Vs
Proton p, P Y
Neutron  n,N Y
Photon Y 1
Pions e 0
Muons T Vs
Neutrino  v,,v, Va
anti-v Ve, VU

2.4.3. Decay modes of zand

T+ — ut +Vu/‘7'u

pt — ve/

= = + . + +
Vetv, /v, +e +yporus —>e +y

39

Positron e
Anti-proton ( p )
Anti-neutron ((ﬁ)

Y

Ve’V,u

-+
TCTCTCO

+

B

Rest Charge (C) Mean life (s)
(Mev)

0.511 48x 10" Infinite
938.3 +4.8x 10" Infinite
939.6 0 103

0 0 Infinite
139,135(1") - 10-8

- 105.7 10

0 0 infinite

2 5yy; 1 oy oy +et + e n’ o 2et +2e-
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2

Cross section for neutrino (v;) production ~ 10*em? ; very small.

Weak interaction involving electron and muon neutrinos (v, and vy,

2.4.4. The Quark Model
The quark model assumes that all hadrons are thought to consist of combination of two or three
elementary particles called quarks. Table 4 presents approximate masses of fundamental

quarks.

Table 4. Fundamental Quarks and their Approximate Masses:

Particle Light Medium Heavy Charge

Quarks u(-400MeV/c2) ¢(1.59eV/c2) t(89eV/c2) +2/3e
d(~700MeV/c2) s(-0.15eV/c2) b(-4.7eV/c2) -1/3e

Lepton e(0.511MeV/c2) p(106MeV/c2) 1(1.78GeV/c2) -le

Ve(<16eV/c) V,(<300keV/c2) v(<40MeV/c2) 0

Table 5. Bosons that mediate in basic interactions

Type Bosons Spin | Mass charge
Strong Gluon 1 0 0
Weak W*; Z0 1 79.8GeV/c2,91GeV/c2 tle
EM Y 1 0 0
Gravitational graviton' 2 0 0

+not yet observed

2.5. Electromagnetic Spectrum
Table 6 shows the 7 bands of the electromagnetic ‘em’ spectrum which however overlap. As
shown above the wavelengths range from 0.1 A to 1 m. The associated frequencies range from

10" Hz to 10° Hz.
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Table 6. Electromagnetic Spectrum

Component | y —Ray X-ray Uuv Visible Infrared | mm Band | Radio

Wavelength | 0.1A 10A 1000A lu 100p 1000p lem -1m
(mm)

Frequency |~10"Hz |10'° 107 10" 10" 10" 10°Hz

Table 6 shows the 7 bands of the electromagnetic ‘em’ spectrum which however overlap. As

shown above the wavelengths range from 0.1 A to 1 m. The associated frequencies range from

10" Hz to 10° Hz.

1 micron, 1 p=10°m; 1A =10""m; Inm = 10A, 10°Hz = IMHz, 10°Hz = 1GHz

Deduction from above:

v — ray has the shortest wavelength <1 A

X —ray lies between 1 A and 100 A

UV lies between 100 A and 1000 A

Violet ~400 A or 400nm; orange ~600 A; red light ~ 6500 A; Human eye is sensitive to 4000 A
- 6600 A

Infrared Astronomy lies between 6600 A - 100 p

mm Astronomy lies from 10mm — 0.1mm, i.e. 1000 p - 100

Radio Astronomy lies 100 — 1cm

3.0. High Energy Processes in Astrophysical Sites.

This chapter considers high energy processes involving either particles or photons.

3.1 Creation of electron positron pairs
Creation of electron-position pairs (¢* + e') by y ray absorption occurs in the presence of a

Nucleus:
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Yy+Ze —>e-+etZe 3.1

It can be shown that the cross-section for the pair production reaction is:

et oc 77 1, 32
Where the classical radius of electron:
1, =e’/(mc’) ~2.818x10%ecm - 33

Creation of p -meson pair by 7y -rays in the presence of a Nucleus

v+Ze — piHp+Ze-- 3.5
This is similar to the process above. The cross — section will be given by the corresponding

+ - . .
value for e e” with m, replacing m..

3.2 Creation of Electron-Positron Pairs by Two-Photon Collision

y+y —  e+e 3.6

An electron — positron pair may be produced in the collision of a photon of energy E1 with a
photon of energy E,, provided that (E;.E;) > (mc?)*; where mc® = 0.511 MeV is the rest mass

energy electron.

The cross section O is of the same order as the Thomson cross — section, ©T. This reaction is
important in high energy gamma-ray astrophysics. It is known that the absorption process y + y
- ¢ + e’ as it may be called takes place in the interstellar space by optical photons at very
high energies E > 1018 eV where absorption of very high energy y-ray by radio photons

seriously occurs.

3.3 Pair annihilation or creation of photons by e+e- annihilation

e +te — yty 3.8
A positron may collide with an electron e- to produce two gamma ray photons according

to the reaction: e +e¢° — v+
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This is an electromagnetic process. If the energy of the positron is given by ymc” where y is
Lorenz factor, the cross-section for the two photon annihilation with free electron at rest is

given by

It is discovered recently that this occurs at the galactic centre as 0.5MeV y ray line

observations.

3.4 Creation of Recoil (knock — on) Electrons by charged particles.

e + p (Electron energy = Eo) — e + p (Electron energy=Wr> Eo) --------- 3.12

3.5 Collisional Bremstralung:

High Energy Photon Emission by the Bremstralung of a relativistic electron or muon

et+tZe >Ze+y 3.15

3.6 Photon emission by synchrotron process (magnetic Bremstrahlung)

Other process of particle emission which is similar to collisional bremstrahlung is magnetic
bremstrahlung in which an electron emits a photon radiation when it sees a magnetic field. In
other words, when a relativistic electron of energy E is moving through a region of uniform

magnetic field H, it emits high photons by synchrotron radiation.

3.7. Emission of High Energy Photon by the Inverse Compton Effect

e + Y — e + Y

! ! ! !

High Low reduced higher energy ~  ------—--—-- 3.17
energy energy energy photon

electron,E hv E; hv,
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This is a process in which a free electron with energy , E= ymc® collides with a photon of
energy hv, to produce a new photon whose energy is enhanced hv;.

The enhanced frequency v, is given by:

1)1=y21) or h1)1=h721) 3.18

3.8 High Energy electron loss Mechanisms

Ionization Losses

When ultra-relativistic electrons of free electron density Ne and energy vy, are incident upon
matter, ionization occurs. The ionization rate is:

‘i—E =2.54x10"" N, (Iny —In Ne+73.4) eVem™ 3.20

X

Loss by Bremstrahlung
When a relativistic electron of energy E, collides with a target nuclei of charge eZ and number
density N (for special case of hydrogen atom Z =1)

_GE 2.6 x107° N, evem™ forE>mc*/o - 3.21

dx

Inverse Compton Loss
When a relativistic electron of energy E = mc’y collide with photon of energy hv, it produces a

photon of energy Ey = y*hv and loses energy according to:

_(;_E =oTU? (where 6T = 6.65 x 10% sz) -------- 3.22
X

U =hoN (hv).

Synchrotron Loss
When a relativistic electron of energy E = ymc* moves with velocity v in a magnetic field of

strength H, it looses energy according to:

-dE = 6.6 x 10"* E*H? erg cm™ 3.23




Energetic Particles in the Heliosphere 45

where p = v/c, E is in ergs and H in Gauss. (For conversion 1 eV = 1.6021 x 10'? ergs).

Nuclear Interactions

The important reactions for the production of n-mesons are:

P+P—>P+P+n (n +x)+P2x°
P+P—>P+n 7" +n3 (@ +n)+ndn’
P+P—n+n+2rx +n5 @ +n)+nér’

P+P—>D+xn +n7 (" +x)+n8n’ 3.24

Where P = protons, n = neutrons, D = deuterium, n; — ng are positive integers. Once m-mesons
are produced, p-mesons, electrons, positrons and neutrinos may also be produced through the
decay reactions:

T — oV p-

'’ — vy

u— e +ve/Ve+o/V p 3.25

4.0. Cosmic Rays in the Heliosphere
Cosmic Rays can be defined as all particles (mostly protons) that arrives the surface of the earth
from outer space. There are two categories of cosmic rays (CR): Primary and secondary cosmic

rays.

4.1. Primary and Secondary CR
Primary CR are rays (or particles mainly proton) that arrive at the top of the atmosphere from
outer space without interaction with the atmosphere. These are expected to very energetic

protons of low flux density.
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Secondary CR are rays produced as a result of interaction of primary cosmic rays with the
nuclei of atmospheric gas molecules. In these high energy collisions mainly secondary particles
are produced including high energy pions. A high energy charged pion decays into high energy

muon.

N
—_

e _)u:t_,r_ ei+Vﬁ

4.2 Low, high and very highest energy cosmic rays

Low energy cosmic rays are made up of low energy protons and electrons. Most of them are
produce by the sun as we know the solar wind consist mainly of low energy protons and
electrons ejected from the solar corona and from solar flares. Only a small fraction are energetic

particles. The rest have very low energy.

High energy cosmic rays constitute mainly protons that come from interstellar space and
sometimes Galaxy. Some are also thought of coming from beyond our galaxy. These solar
winds are continuous stream of plasma - protons and electrons. Their influence is felt in the
region of space which we are currently discussing — the heliosphere, which extends far beyond
the orbit of Pluto. Because the solar wind is plasma, it is electrically conducting and transmits a
part of the sun’s magnetic field. When CR approaches the sun, they encounter the Helioshere
and the magnetic field within it. Because of the shape of the magnetic field, the CRs loose some
of their energy, and the lower energy ones never reach the vicinity of the earth.

The cosmic rays we are interested in here are those with much higher energy than those from
the sun. They typically have energies of several billion eV (GeV) — trillion eV, (TeV) >10"¢eV.
They are mainly protons and come from outer space outside our galaxy. It is not precisely
known where these come from and how these protons get their high energy. One probability is
that they are accelerated in very high and extensive magnetic fields surrounding for example

the remnants of supernova explosions.
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The very highest energy cosmic rays are of particular interest for various reasons. They may
provide a useful tool for finding the origin of cosmic rays because they are deflected very little
by the galactic and interstellar magnetic fields that permeate space. Therefore the direction in
which they are traveling when they arrive at Earth should point back to the area of space where

they came from. There are many unanswered questions regarding their production:-

How are they produced?

Mechanisms to accelerate particles up to energies of 10" ¢V have been proposed and generally
consist of binary star systems (two stars in orbit around each other) or supernova remnants (the
turbulent shell of gas left behind after a star has exploded). However the acceleration
mechanisms involved in producing the highest energy cosmic rays are still unknown. There
may even be new physics involved. One possibility is that they are generated by very massive

particles produced at the beginning of time.

Where are they produced?

The places in the universe where cosmic rays of >10'® eV are produced must either have very
large magnetic fields or be of enormous size. Could it be from within our galaxy then the
production sites would be expected to be relatively close to Earth because the galaxy cannot

trap such energetic particles within its magnetic field (unlike lower energy cosmic rays)

5. Solar Wind in the Heliosphere

Solar wind is a stream of low energy (mildly relativistic) charged particles, protons, electrons
and heavy ions ejected from the sun into space. The sun can spew clouds of charged particles
into its surroundings both from the study of geomagnetic storms and cosmic rays (Okeke et al.

2004).

It was found that ions in the comet’s plasma tails are always systematically accelerated in anti-

solar direction and the plasma tails are always present in all heliographic latitudes. It was
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shown that this outflow of particles from the sun is almost at uniform rate much like wind.
Estimates show that the flow is super-sonic speed, that is, speed greater than that of sound
waves. The ionic composition of solar wind plasma is about 95% and 5% helium nuclei (a
particle). The solar wind plasma has very high temperature and is therefore very conductive. It
carries with it magnetic field which is ultimately the source of the interplanetary magnetic field.

At 1 AU, the interplanetary magnetic field ranges from 1 to 10*Gauss.

5.1 Distribution of Solar Wind

Solar wind and energetic particles represent major and minor population of particle distribution
function fi. (r,v,t) for ions and electrons in the heliosphere. There is no strict and well defined
boundaries between both populations in the phase space (r,v). These particles are intermixed
every time and everywhere in the heliosphere in the way that the solar wind can be associated

with the main body of the ion distribution functions.

It is peaked around several hundred volts or Kev domains for typical and perturbed solar wind
bulk velocities which are nearly the same for different kinds of ions. (Vesclovsky, 2006). The
distribution function of electrons in the solar wind has approximately Maxwellian cores with

energies of the order of ten eV.

Local Maxwellian distribution functions are often used as approximations allowing the
calculations of first lower moments: density n, bulk velocity v, temperature T and heat flux q
for each kind of particle in the solar wind (ions and electrons). As stated earlier, the main ion
component of the solar wind are protons and a-particle more than 90% with proton more
abundant in the solar wind everywhere and every time. Solar wind density varies roughly as the

square of the heliocentric distance because of the super-magnetosonic radial plasma expansion.

The bulk velocity of electrons in the solar wind is poorly known because of difficulties with the

measurements. The main part of energy, mass and momentum transferred by the solar wind is



Energetic Particles in the Heliosphere 49

attributed to proton radial motion away from the sun. Transportation by heat is of secondary
importance. Demarcation between particle populations in the phase space is not physically
meaningful. Solar energetic particles and heliospheric particles are difficult to distinguish or to
be considered as separate population in any real situation where acceleration and propagation

process accompany each other in the phase space and time.

Nevertheless, one can indicate clear acceleration and heating sites in solar flares, CN ejection
and propagating shocks in the heliosphere. In the opinion of the author, there is no universal
geometry or parameter of accelerators on the sun and heliosphere. At the same time magnetic
field in the heliosphere plays an important role in the plasma and particle dynamics. The free
magnetic energy of the heliospheric electric current is the key factor of the non-local

electromagnetic solar terrestrial connection producing geomagnetic storms.

5.2 Some Astrophysical and Geophysical effects of the Solar Wind

Solar wind plays an important role in the heliosphere. It forms an outer plasma environment of
the sun, the corona and the heliosphere. The free energy of the solar wind feeds dynamical
plasma processes in a broad range of space-time scales from smallest kinetic structures up to
largest bulk inhomogeneities and variations of many orders of magnitude. It drives the electric

current and the magnetic fields here.

The solar wind plays an important role in shaping the outer solar corona seen as bright coronal
streams and rays. The solar wind and heliospheric magnetic fields control the formation and
dynamics of planetary magnetospheres and comet tails. The variability of the solar wind is one
of the factors regulating the space weather conditions, geomagnetic perturbations and magnetic

storms.
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5.3 Energetic Particles: Terrestrial Impacts

Solar energetic particles penetrate the magnetosphere and influence on the upper atmosphere
and the ionosphere in many ways. Energetic solar protons produce ionization in the D-region
and corresponding black-outs in the short-wave radio communication. The same protons play
their role in the chemistry of the upper atmosphere. They destroy ozone molecules, influence
nitric oxide balance. Radiation damages of materials in space by solar energetic protons and
ions are essential especially for semiconductors and dielectrics (solar panels, microelectronics,
optical glasses). They can be a risk factor during man’s flight in space and even for aircraft
crew and passengers crossing polar region of the earth during storms in space weather.
Relativistic electrons accelerated inside the geomagnetic storm appear sometime at the

geostationary orbit with severe consequences for communication satellites.

6. Solar Flares and Coronal Mass Ejection

6.1 Solar Flares

Solar flares are complex energetic events, seen normally as sudden brightening near the solar
surface, a legacy linked to solar magnetic activities. Flares occur within the magnetically active
regions near sunspots. Solar flare is a violent explosive outburst of energy that sends particles
and radiation into the interplanetary space. The energetic particles include protons and electrons
with energies in kilo-electron-volts. The radiation produced in flares emits over the full
electromagnetic spectrum from gamma-rays, X-rays and the long radio waves. The Japanese
satellite Yohkoh launched into space in August 1991, for example, is partly devoted to studying

solar flares.

Flare events last for a few minutes to hours, but the effect can be felt for days in the
interplanetary space. The ejected particles may reach the Earth within a day or more and
sometimes interact with the Earth’s magnetic field. Flares can disrupt radio waves transmission,
trigger auroras, and on occasions they can cause surges in high voltage transmission lines.

Thus, the study of solar flare is both practically useful as well as intellectually challenging.
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Although flares are believed to be associated with sudden release of magnetically stored energy

but the way of conversion into particles energy is still an open question.

6.2 Coronal Mass Ejection

Coronal Mass Ejection or CME is a sudden expulsion of solar coronal material into space. The
total mass and kinetic energy ejected by CME has been estimated to be 2 x 10" to 2 x 10'g
and 2 x 10 % to 5 x 10 *' ergs, respectively. Some CME events are associated with flares and
those events may have speed of ejecta up to 1000kms-1 with energetic particles spewed into the
Heliosphere. One example of a CME event is observed with the Solar and Heliospheric

Observatory (SOHO), a satellite launched around 1996.

7. Supernovae, Neutron Stars and Pulsars

Supernovae could be a Source of heliospheric electrons. The radio properties of supernova
remnants provide convincing evidence that they are sources of cosmic ray/heliospheric
electrons. The energy liberated in the collapse of the central regions of the star is deposited in
the outer layers which are heated to high temperature and ejected with a velocity of about 10* —
2 x 10* kms™. As the remnant continues to expand, the temperature in the region behind the
shock front drops below 10°K, the expansion eventually becomes subsonic (< 20kms-1) and the

remnant loses its identity.

A pulsar is probably a neutron star whose magnetic field lines accelerate electrons along the
magnetic axis, causing emission of a beam of radio waves rotating with the star and producing a
pulse when the bean intercepts the line of sight of an observer. Since 1968, numerous other
pulsars have been discovered and some of them have been found to emit not only in the radio
wavelength but also at higher frequencies up to X-rays and y-rays. All frequencies are

modulated in the same way by the rotation of the star.
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About 700 radio pulsars are known to-date. They are mostly situated in the galactic plane; with
concentration within a few kilo-parsecs of the Sun. Obviously the most promising place to look
for pulsars is in supernovae remnants (SNR). Current theories suggest that radiation emitted by
pulsars is as a result of charged particles emitted by neutron stars that are accelerated along
star’s magnetic field lines as a consequence of rapid rotation. The Crab pulsar is also an optical
variable and emits energy at an incredible rate; 3 x 1038 erg s-1 (1031W). Its period is equally
incredible; only 0.33 s, one of the shortest periods known. Also, as it emits energy into space,
the neutron star slowly cools and tries to approach thermal equilibrium with the universe like

what the white dwarf does.

8. Black Holes and Accretion Discs

Double star systems in which one very compact component, which optically invisible, emits a
considerable flux of X-rays. The detection of these binaries, made possible through satellites
like the first X-ray satellite UHURU, and HEAO-1 and -2, is one of the major discoveries in
recent years. On a much larger scale, the superactive galaxies such as seyferts, quasars and BL
Lacertae objects (or BL Lac objects, or an elliptical galaxy with very bright nucleus) emit far
greater amount of energy than a normal galaxy, at all wavelengths from the radio region
through X-rays and gamma-rays. The important point is that all of those violent phenomena
appear to be associated with the presence of very compact massive bodies; neutron stars or
stellar black holes in the case of X-ray binaries, giant or supermassive black holes for active

galactic nuclei (also referred to by astronomers as AGN).

A black hole is thus the most efficient device for converting the mass-energy of a body into
electro-magnetic radiation. In the case of X-ray binary sources, the compact star swallows the
atmosphere of its companion and falling gas produces the observed X-rays. However, the

compact star could be either neutron star or black hole.
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Another class of observed ultra-energetic phenomenon is that of the gamma-ray burst like that
studied by the BeppoSax and the Compton Gamma-Ray Observatory satellites. The gamma-ray
bursts are the supremely energetic events of our heaven, often sending photons of energies
between 5 keV to GeV (more typical range is 100 KeV to 2MeV) in bursts between 100
milliseconds and 100 seconds to the Earth’s detectors. Research on the origin of gamma-ray
bursts is a rapidly expanding field. Gamma-ray bursts seem to be associated with the already
known astronomical objects and phenomena like supernova, neutron star, and black hole nuclei

of galaxies. Well, if so, where is the supermassive black hole?

9. Particle Acceleration from Solar System/Heliosphere
Several IAU symposia have been dedicated to the discussion of particle acceleration; for

examples: IAU coloquim 142, 1993 and that of General Assembly IAU XXVI, 2006.

It is shown that all the high energy advances have been further enhanced by coordinated multi-
wavelength observations especially in the radio. These have expanded our knowledge of
particle acceleration in all cosmic scales including: Planetary and interplanetary particles, solar
flare particles, stellar fast particles in colliding hot star winds, pulsar shell type supernovae,

extragalactic jets, AGN, ultra-high energy cosmic rays.

Despite all the efforts put in both theoretical and observational investigation, particle
acceleration process remains one of the greatest unsolved problems in Astrophysics. Melrose
D.B 2006, discussed acceleration problems and progress. Robert P. Lin, 2006 discussed the
solar system as a laboratory for the study of physics of particle acceleration. He stated that a

remarkable variety of particle acceleration occurs in the solar system.

Electrons are accelerated to tens of MeV energy in planetary atmosphere and acceleration of

auroral and radiation belt particles in planetary atmospheres. Shocks are driven by fast coronal
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mass ejections and possibly at the heliosphere. Acceleration also takes place in the reconnection
regions in solar flares and at the planetary magnetospause and magnetotail current sheets. These
accelerations occur in conjunction with efficient energy release. Unlike the acceleration process
outside the solar system, the accelerated particles and physical conditions can be studied

through direct in situ measurements or through imaging spectroscopy.

Stephen W. Kahler 2006, discussed evidences for solar shock production of heliospheric near-
relativistic and relativistic electron events. He reviewed properties of near-relativistic (E >
30KeV) and relativistic E > 0.3MeV) electron events produced near the sun observed within 1
AU. He highlighted the recent very high energy y-ray observation (VHE) which is the current
and most direct probe of particle acceleration in the Galaxy up to energies of several hundreds

of TeV.

10. Heliosphere and Space Weather

Space Weather in the heliosphere (solar wind, magnetosphere, ionosphere and thermosphere)
can influence the performance and reliability of space-borne and ground-based technological
systems and can endanger human life and health. This is as a result of violent transfer of Energy

via energetic particles from sun to the earth.

Within our own solar system, space weather is greatly influenced by solar wind plasma. A
variety of phenomena associated with Space Weather including geomagnetic storms and sub-
storms, ionospheric disturbances, scintillation and magnetic induced current at earth’s surface.

Solar energetic particles accelerated by coronal mass ejection or solar flare are important
drivers of Space Weather as they can damage electronics on board spacecrafts and threaten the
life of astronauts. An understanding of space environment is important in designing and

shielding life support systems for manned spacecraft.
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1.0. Introduction

Magnetosphere refers to the region of the upper atmosphere of an astronomical object which is
dominated by its magnetic field. Different planets experience different degree of magnetic
dominance. Six planets have significant internal magnetic fields and hence, substantial and
active magnetospheres: Mercury, Earth, Jupiter, Saturn, Uranus, and Neptune (Bagenal, 1995).
Mars is known to have patchy surface magnetization, while pulsars and some other celestial
objects also have magnetosphere. The Earth's magnetosphere was discovered in 1958 by
Explorer 1 during the International Geophysical Year. In 1959 Thomas Gold proposed the
name magnetosphere and defined it as the region above the ionosphere in which the magnetic
field of the earth has a dominant control over the motions of gas and fast charged particles is

known to extend out to a distance of the order of 10 earth radii.

The magnetized plasmas of the solar corona, the solar wind, and the outer environments of the
planets are all collisionless and highly electrically conducting. An electric field E =V x B is
associated with a conductor moving through a magnetic field or with a moving magnetized
conductor. Throughout most of the volume of the plasma in the solar system the electrical
conductivity of the plasma is so high that this expression constitutes the Ohm's law of the
plasma and as a consequence there are no significant electric fields parallel to the magnetic
field in these regions. In such a situation it can be shown that the plasma and magnetic field
threading it, a magnetic flux tube, move as a unit. The cross section of the tube, the density, and
the velocity of the plasma may change but the same plasma elements remain connected by the
same field lines at all times. Thus, one can approximate the interactions of such plasmas, by
assuming they can press against one another but they will not interpenetrate. This principle

greatly simplifies an exceedingly complex situation to a merely complex one.

Throughout most of the volume of the solar system plasma this guiding principle, called the
frozen-in flux theorem, is obeyed and like plasmas are confined to elongated magnetic cells or

flux tubes, along which they can communicate but across which they cannot, except to
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equilibrate transverse pressure. However, in small but highly important regions where the
frozen-in flux theorem is violated, parallel electric fields arise and magnetic field lines can slip
from one plasma region to another. This slippage can occur due to collisions, as happens in
planetary ionospheres, and due to resistive instabilities, as those that lead to the process known

as reconnection, which process occurs in an otherwise collisionless medium.

Guided by the frozen-in flux theorem we can develop a zero-order guide to the solar wind
interaction with the planets. The solar wind plasma expands supersonically from the solar
corona, well past the planet Pluto, until it achieves a low enough pressure that it can he stopped
by the plasma of the local interstellar medium or very local interstellar medium as the
astronomers refer to it. There is no static solution for the plasma of the solar corona because
any static solution has a pressure at infinity that dominates over the pressure of the local
interstellar medium. The velocity relative to the planets, attained by the solar wind as it
accelerates away from the Sun, surpasses that of the compressional waves in the plasma. Hence
the solar wind flows supersonically with respect to the planets and any interaction with the
planets will be accompanied by a shock wave standing in the flow. The obstacle which deflects
the flow and results in the shock wave is the planetary ionosphere in the case of Venus and
Mars. At highest ionospheric altitudes the ionospheres are collisionless although, when the
momentum flux of the solar wind is large, the altitude to which the solar wind reaches
decreases, collisions become important, and the physics of the interaction changes. At Earth,
Mercury and the Jovian planets, the magnetized solar wind is deflected by the planetary
magnetic field generated in the interior magnetic dynamo. While the interactions at each of the
planets have certain similarities they also have critical differences in part because the evolution

of the properties of the solar wind with distance from the Sun.
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2.0. Earth’s Magnetosphere

Interplanetary
Magnetic Field Tall Current

..._4._..-....-_.
Magnetic Tail | Northern Lobe

L ErE e
asma ag
W

Meutral Sheet Current

= A tt jl;;ldﬁllgned(?rurrent
ing Curren /_,/

— __— L Magnetopause

_:-"'-'-FFF'-

Solar Wind
Magnetopause Current

Figure 1. A cut away drawing of the Earth’s magnetosphere (showing various different plasma
regimes).
The magnetosphere of the Earth is of course the most widely studied magnetosphere. Because
the properties of this magnetosphere generally lie in the middle of the range of properties found
in the solar system we can regard the terrestrial magnetosphere as typical. Figure 1 shows a cut
away drawing of the magnetosphere. The outer boundary of the magnetosphere is called the
magnetopause, upon which flows the magnetopause current, a large current vortex which
separates the magnetic field of the Earth and the solar wind. Behind the Earth are the two lobes
of the magnetic tail, the top one pointing to the Earth and the bottom one pointing away. These
magnetic field lines enter and leave the Earth in oval shaped regions known as the polar cusps.
These polar cusps vary in size as solar wind conditions vary. This variation plays a very
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important role in energy transfer into the magnetosphere and will be discussed in greater detail
below. Between the two tail lobes flows the neutral sheet current which is simply part of the
magnetopause current vortex and also the plasma sheet a hotter and denser plasma than in the
surrounding regions. The production of this plasma sheet is one of the areas of most intense

study at the present time.

Deeper in the magnetosphere is the plasmasphere, a region of dense cold plasma which is the
upper extension of the ionosphere. The plasmasphere extends out to about 5 Earth radii. Within
this distance magnetic flux tubes fill up with cold plasma from the ionosphere below. Outside
this distance the filling time is long compared to the transport and loss time so the magnetic

flux tubes do not fill up with cold plasma.

The closed, dipolar field lines in the magnetosphere provide efficient magnetic mirrors in which
to trap energetic particles. Close to the Earth these radiation belts are very stable and can
remain constant for hundreds of years but in the outer regions the belts are subject to frequent
disturbances and change from day-to-day. Particles from the outer regions can cross the field
lines by diffusion and convection. Diffusion is a slow process which relies on fluctuations of
the magnetic and electric fields. Convection refers to the drifts induced by the large scale
electric field in the magnetosphere. It is important only for low energy particles and only in the

outer parts of the magnetosphere.

If one pushes or pulls on the outer parts of the magnetosphere, one would expect the stresses
created by that action to affect the plasma in the Earth's ionosphere for the ionosphere is where
the magnetosphere is coupled to the Earth. The magnetosphere communicates this stress

through field-aligned currents. Figure 1 shows the paths of some of these currents.
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3.0. General Structure of the Magnetosphere
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Figure 2. Noon-midnight slice of the interaction of the solar wind with the Earth's intrinsic
magnetosphere, the solar wind flows from the left, crossing the Earth's bow shock where it is
slowed, heated, and deflected about the magnetospheric cavity. This post-shock region is called
the polar cusp. Behind the Earth are the two lobes of the magnetotail, one with field directed
toward the Earth and one away from the Earth. The centre of the tail contains a sheet of
plasma that carries the current that reverses the field in the two lobes of tail. The lines with
arrows in the magnetosphere represent the magnetic field connected to the Earth.

The magnetosphere is a large plasma cavity generated by the Earth’s magnetic field and the
solar wind plasma. The streaming solar wind, as illustrated in Fig. 2, compresses the dayside
portion of the Earth’s field and generates a tail which is many hundreds of Earth radii long. The
basic mechanism for the formation of the magnetosphere is extremely simple; it is a magnetic
dipole exposed to a stream of charged particles. The entire magnetosphere is subject to only

two boundary conditions, explicitly the boundary between the magnetosphere on the streaming



A. B. Rabiu 62

solar wind and the boundary of the plasma in the ionosphere. The basic elements of the
magnetosphere are

3.1. The Bow Shock and the Magnetosheath

While not part of the magnetosphere proper the magnetosheath is an outer layer embedding the
magnetosphere. The solar wind plasma travels usually at super-fast speeds relative to the
magnetosphere. Therefore a standing shock wave forms around the magnetosphere just as in
front of an aircraft traveling at supersonic speeds. The bow shock is the shock in front of the
magnetosphere and the magnetosheath is the shocked solar wind plasma. Therefore it is not
directly the solar wind plasma which constitutes the boundary of the magnetosphere but the
strongly heated and compressed plasma behind the bow shock. The region is rich in various

wave phenomena, boundaries and shocks are often treated as discontinuities.

3.2. The Magnetopause

The magnetopause is the actual boundary between the shocked solar wind and the
magnetospheric plasma. However, the magnetosphere is not closed in terms of the magnetic
field but there is considerable magnetic flux crossing the magnetopause. Thus it is not easy to
define this boundary precisely. Also the boundary does permit a certain amount of solar wind
plasma entry. This entry is easier along magnetic field lines. The magnetopause is an highly
important region because the physical processes at this boundary control the entry of plasma,
momentum, energy and the redistribution of geomagnetic flux. Essential instabilities are
reconnection (tearing modes) and Kelvin Helmholtz modes in addition to various micro-

instabilities.

3.3. Cusp and Mantle
The cusp and mantle regions are directly adjacent and inward of the magnetopause. The cusp is
the region where dipolar field lines converge and in a two-dimensional case represents a field

line which goes into a singularity with B = 0. The mantle region represents a boundary to the
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magnetotail usually filled with solar wind plasma but with a stretched magnetospheric magnetic
field. The role of the cusps is not fully understood but it is a region where highly energetic
particle can be produced and it is very active in terms of turbulence and wave energy because
the boundary field lines converge in the cusp and all waves which travel along the magnetic

field are channeled into this region.

3.4. The Quiet Magnetotail

The magnetotail is the long tail-like extension of the magnetosphere on anti-sunward side of the
magnetosphere. since the magnetic field points toward the Earth in the northern lobe and away
in the southern lobe there is a current in the westward direction. Because of its structure there is
considerable energy stored in the magnetic field in the magnetotail. During magnetically quiet
times convection is typically low and energy in the plasma flow is only a tiny fraction of the

overall energy density.

3.5. The inner Magnetosphere

The inner magnetosphere is different from most of the magnetosphere in that the magnetic field
is mostly dipolar and perturbations of the field are small compared to the average dipole field.
However, there can still be large amounts of energy stored in this region in particular during so-
called storm times. During such times the ring current (current due to gradient curvature drifts
of charged particles) intensifies strongly and is responsible for strong magnetic perturbations at

low geomagnetic latitudes on the Earth.

3.6. Magnetosphere - lonosphere Coupling

The ionosphere is the region where the atmosphere is partially ionized and plasma and neutrals
strongly interact. This interaction exerts a drag on the plasma. The plasma density can be very
high but also strongly variable such that the ionospheric conductance can vary by orders of
magnitude. Magnetospheric plasma motion is transmitted into the ionosphere and forces

ionospheric convection. This also implies the existence of strong currents along magnetic field
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lines which close through the ionosphere. In particular at high latitudes these currents lead to
magnetic perturbations during times of strong magnetospheric activity (fast convection and

changes of the magnetospheric configuration).

4.0. Intrinsic and induced magnetospheres

All planets and comets explored to date have magnetospheres. The existence of these
magnetospheres is independent of whether the planet has an internally generated or intrinsic
magnetic field, but the nature of these magnetospheres is quite dependent on this fact. For the
planets that have no internal magnetic dynamo the solar wind induces a magnetosphere through
its interaction with the upper atmosphere and ionosphere. These two types of magnetospheres
are referred to as intrinsic and induced magnetospheres according to the source of their

magnetic fields and fully discussed by Russell (1991) as follows:

4.1. Induced Magnetospheres

The sun emits a constant stream of electrons and protons in all directions at speeds well above
the speed of "sound". This supersonic ionized gas, or plasma, called the solar wind carries with
it a magnetic field and a frame dependent electric field. The frame-dependence arises due to the
high electrical conductivity of the plasma and its magnetic field. In the frame moving with the
plasma the electric field under most circumstances is zero. There is no electric field parallel or
perpendicular to the magnetic field. In a frame not moving with the plasma there is an electric
field perpendicular to the magnetic field and to the velocity vector proportional to both the
magnetic field and the component of velocity perpendicular to the magnetic field. This electric

field is very important for the removal of a planetary atmosphere from an unmagnetized planet.

Solar extreme ultraviolet radiation ionizes the upper atmospheres of all planets to varying
degrees. If the thermal pressure of this ionosphere exceeds the solar wind momentum flux or
dynamic pressure, a quantity proportional to the density times the square of the velocity, then

the ionosphere can stand off the solar wind and it remains unmagnetized. A magnetic lid or cap
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forms on the ionosphere called the magnetic barrier and this barrier in turn deflects the solar
wind. The solar wind as mentioned above is supersonic and thus this deflection must involve
the formation of a detached bow shock. This bow shock, which interestingly forms without the
aid of collisions in the gas, slows, heats and deflects the solar wind. Figure 3 shows a cross

section of this interaction.
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Figure 3. Schematic of the solar wind interaction with an unmagnetized planet. Horizontal
lines which curve around the planet represent streamlines of the solar wind flow. Flow
proceeds from left to right. Vertical lines represent the interplanetary magnetic field which is
carried to the planet by the solar wind and draped over it. (Russel 1993)

The behavior of the ionosphere in such an interaction is quite unexpected. Although the thermal
pressure of the ionosphere may be strong enough to hold off the solar wind, still small magnetic
filaments or magnetic flux ropes sink from the magnetic barrier into the ionosphere, providing
an opportunity to study, in- situ, a phenomenon otherwise seen only remotely on the solar

surface. When the solar wind dynamic pressure is high and exceeds that of the thermal
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ionosphere magnetic field and plasma is pushed downward into the ionosphere and it acquires a
steady global magnetic field.

The induced magnetosphere has one more very important feature. The solar wind moves past
the planet at supersonic speed carrying its magnetic field with it. Near the planet the flow is
slowed. The magnetic field that connects the fast and slow regions must perforce be distorted as
shown in Figure 3 leading to the generation of a magnetic tail. The interaction can pick up mass
from the ionosphere, and through ionization from the atmosphere. This further slows the flow
near the planet and increases the magnetic flux in the tail. The bend in the magnetic field and
gradients in field strength act to accelerate the plasma in the antisolar direction. Much plasma

can reach escape velocities by this mechanism.
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Figure 4. Schematic illustration of the formation of a magnetic tail in the interaction of the
solar wind with an unmagnetized planet. Field lines from the solar wind which are convected
closest to the planet move most slowly as they pass the planet and become stretched the most.
(Saunders and Russell 1988)
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Another route for atmospheric loss is the electric field of the solar wind. If particles are ionized
in the magnetized flow, they will be quickly accelerated by the electric field and if the direction
of the acceleration is correct they can spiral out into the solar wind as illustrated in Figure 4.
The combined effect of the electric and magnetic fields of the solar wind acts to remove
atmospheric gases from the unmagnetized planets only some of which is replenished by the
absorption of the incoming solar wind. Magnetosphere of Venus, Mars and comets are formed

this way.

4.2. Venus

The magnetic moment of Venus is less than one hundred thousandths of that of the Earth and
plays no role in the solar wind interaction with the planet. Venus has been extensively explored
in the Soviet and American programs with the Mariner 2, 5 and 10 flyby missions, the Venera
2, 4, 6, 8-14 landers; the Venera 9 and 10 orbiters and the Pioneer Venus atmospheric probes
and orbiter. The orbiter missions especially have revealed much of the understanding outlined
above. Nevertheless we still do not know how much atmosphere is being lost to the solar wind,
nor do we understand many of the phenomena found to occur in the ionosphere such as the

formation of magnetic flux ropes.

4.3. Mars

The precise size of the magnetic field of Mars is not known but its strength is probably much
less than one ten thousandths of that of the Earth and like Venus the intrinsic magnetic field is
not significant for the solar wind interaction. The Martian magnetosphere has been studied by
the Mariner 4 flyby mission and the Mars 2, 3, 5 and Phobos orbiters. The ionosphere is
thought to be magnetized because the solar wind dynamic pressure exceeds the thermal
pressure of the ionosphere but no measurements have been made to confirm this hypothesis.
Other features, such as the bow shock and magnetotail, are very similar to those of Venus. We
have better measurements of the loss of the Martian ionosphere due to the solar wind

interaction taken on the Phobos mission but at this writing these data are not yet fully reduced.
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4.4. Comets

Comets are much smaller objects than planets if only their nuclei are considered. Their much
smaller mass means that gravity is not a factor in the solar wind interaction. The size over
which the cometary gas can spread in the solar wind is thus controlled by the speed of
expansion of the cometary gas (about one km/s) and the ionization time (about a day at 1 AU
from the Sun). Their product is about 10° km which is much larger than the size of the
interaction regions at Venus and Mars. Not only does the interaction cover greater territory but
it is much more gradual. Thus, for example, the bow shock is much weaker at a comet because
much of the ionization forms ahead of the region where the bow shock forms so the solar wind
is slowed prior to the shock. Measurements at and near comet Halley were made by five
spacecrafts: Vega 1 and 2, Giotto, Sakigake and Suisei. Measurements from the smaller comet
Giacobini- Zinner, were obtained from the ISEE-3 spacecraft. In no case were measurements
made in the fully developed cometary tail. The data returned by these missions provided
interesting insights into the physics of cometary magnetospheres but mainly whetted the
appetites of cometary physicists. A mission that matches trajectories with a comet and can take
long-term measurements is needed before the processes occurring at a comet are fully

understood.

4.5. Intrinsic Magnetospheres

An intrinsic magnetosphere is created when the currents driven by convective motions within a
planet are sufficiently strong to create a magnetic field whose pressure is sufficient to balance
the incoming solar wind pressure. The size of the magnetosphere is determined by a balance
between the dynamic pressure exerted by the solar wind and, to first order, the pressure exerted
by the planetary magnetic field. For the magnetized planets, those with intrinsic magnetic
fields, the obstacle to the solar wind is the planetary magnetic field and the size of the
magnetosphere is governed by the relative strengths of the magnetic field and the solar wind at

the planet. The strength of a planetary magnetic field is given by its dipole magnetic moment,
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the equatorial surface field strength times the cube of the planetary radius. The dipole magnetic
field falls off as the cube of the radius of the planet. Since the pressure balance is established
between the magnetic pressure and the solar wind dynamic pressure at the subsolar point and
since magnetic pressure is proportional to the square of the magnetic field strength, the sizes of
planetary magnetospheres are proportional to the sixth root of the dynamic pressure. Table 1
lists the dipole magnetic moments for all of the planets, the average solar wind dynamic
pressure for each planet which decreases as the square of the distance from the sun and the
expected location of the pressure balance point along the subsolar direction. Only one planet,
Jupiter, fails to follow this simple relation. At Jupiter part of the outward pressure is supplied
by rapidly rotating plasma supplied by the volcanoes of lo. As the Table shows the

magnetosphere of Mercury is clearly the smallest and that of Jupiter is by far the largest.

Table 1. Dipole magnetic moments and average solar wind dynamic pressure for each planet

Distance Magnetic Snlar wind Maghebaspause
Flanet Erom sun (A2 moment {ME} pDreasure diatange
KMercury 0.4 4 = 10=-4 20 nPa 1.5 REm
Earthn 1.4 1.0 3.0 npa 10 Re
Jupiter 5,2 1.8 % 10E4 0.1 nPa 70 R
Sacurn 9.5 L2 30 pPa 21 Rs
Uranug i9.2 5Q B pPa 27 Ru
Weptune in.1 24 i Ppa 26 Rn
4.6. Mercury

The magnetic moment of Mercury is about one 1/3000th of the terrestrial magnetic moment.
The equatorial surface magnetic field strength is about 250 nT. Mercury has been explored by
only one spacecraft Mariner 10 which passed by Mercury 3 times in 1974 and 1975. On two of
these passes the spacecraft passed through the wake of the planet encountering a mini-
magnetosphere much like that of the Earth. These two passes gave us only a brief glimpse of
the nature of the Mercury magnetosphere. This glimpse was not enough to precisely determine

the strength of the magnetic moment of the planet. It did however suggest that the
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magnetosphere more efficiently extracts energy from the solar wind than does the Earth's

magnetosphere.

4.7. Earth

The equatorial surface field of the Earth is about 31,000 nT. It is strong enough to activate
rudimentary magnetic compasses and has been used as a navigational aid for at least 1000
years. The investigation of the earth’'s magnetic field began in about the 16th century but
reached its zenith in the space age when it could be more fully explored with spacecraft. The
spacecraft which have examined the Earth's magnetosphere are too numerous to name and have
been launched by all the spacefaring nations. At present the most active area of research in

magnetospheric physics is energy transfer from the solar wind to the magnetosphere.

4.8. Jupiter

The magnetic moment of Jupiter, as befitting the largest planet in the solar system, is also the
largest of the planetary system over 10,000 times that of the earth. Its equatorial surface field is
over 10 times that of the Earth. The strength of its magnetic field combined with the weakness
of the solar wind at Jupiter produces a magnetosphere that is enormous. The sun could easily fit
inside the magnetosphere. Its tail is thought to extend past Saturn, over 5 AU away. If Jupiter's
magnetosphere could be seen from Earth it would appear to be larger than the Earth's moon.

Deep inside the Jovian magnetosphere orbit the Galilean satellites. One of these, lo, has a
volcanically produced atmosphere that is constantly being bombarded by the intense radiation
belts of Jupiter. This bombardment knocks atoms out of the atmosphere of lo into the
magnetosphere of Jupiter where they become ionized. This process produces a torus, or
doughnut, of hot ions circling Jupiter near lo's orbit. This torus together with the enormous
electrical and magnetic forces in the Jovian magnetosphere leads to intense radiation belts and
radio emissions. These emissions can be detected from Earth and were the first indication of

Jupiter's enormous magnetic field well before the first interplanetary spacecraft were launched.
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Jupiter has been visited four times by spacecraft: Pioneer 10 in 1973; Pioneer 11 in 1974; and

Voyager 1 and 2 in 1979. Each of these spacecraft were on flyby trajectories.

4.9. Saturn

The magnetosphere of Saturn is quite benign compared to that of Jupiter. Since Saturn is a
smaller planet, its conducting core in which the planetary magnetic field is generated is smaller,
and so is the planetary magnetic field. The magnetic moment of Saturn is 580 times that of the
Earth but its equatorial surface magnetic field strength is about equal that of the Earth. In stark
contrast to the magnetic fields of all the other planets, the Saturnian dipole moment is not tilted
with respect to the rotation axis of the planet. This observation was a great surprise to those
studying planetary magnetic dynamos. Saturn's ring system absorbs radiation belt particles so
that the radiation belts are weaker than at Jupiter and none of Saturn's moons exhibits volcanic
activity similar to that of lo. As a consequence Saturn's radiation belt resemble more those of
the Earth than those of Jupiter and few radio emissions are produced.

Saturn has been visited by 3 spacecraft Pioneer 11 in 1979, Voyager 1 in 1980 and Voyager 2
in 1981. Each of these were on flyby trajectories. NASA and ESA are working on an
orbiter/probe mission called Cassini/Huygens which is scheduled to arrive at Saturn early in the
21st century.

4.10. Uranus and Neptune

The magnetic fields of Uranus and Neptune are quite unlike those of the other planets. The
magnetic fields are quite irregular and cannot be well represented by a simple dipole field.
When a dipole moment is fit to the flyby data available from VVoyager 2 which flew by these
planets in 1986 and 1989 respectively, a very large tilt angle between the rotation axis and the
dipole axis is found, about 50°. The magnetic fields are also much weaker than those found at
Jupiter and Saturn. The magnetic moments are about 40 times that of Earth and their surface
magnetic fields slightly less than the terrestrial field. The reason for this weakness and the

irregularity may be that the magnetic field is generated, not in a deep molten core like the
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Earth's, but in salty ice/water oceans closer to the surface. The radiation both of Uranus and

Neptune are quite weak.

4.11. Comparison of Intrinsic and Induced Magnetospheres

The induced magnetosphere is created when the intrinsic magnetic field magnetic field, if any,
is too weak to stand off the solar wind but the thermal pressure of the ionosphere exceeds the
dynamic pressure of the solar wind. The scale size of the induced magnetosphere is usually
similar to the radius of the planet since the ionosphere is usually gravitationally bound to the
planet and has a relatively small scale height. Figure 5 shows a noon-midnight cross section of

the Venus induced magnetosphere.
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Figure 5. Noon-midnight cross section of the Venus induced magnetosphere. Slice of the
interadon of the solar wind with the planet Venus in the plane containing the upstream
magnetic field, the solar wind velocity and the centre of the planet. The solar wind, flowing
from the left, carries magnetized plasma across the bow shock that slows, heats and deflects the
flow around the planer The magnetic field draped across the ionosphere both builds up in
pressure and loses its plasma so that it forms a magnetic barrier with a magnetic pressure that
balances the dynamic pressure of the incoming Bow. (After Russel, 1991)
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The induced and intrinsic magnetospheres have several common features. First, since the solar
wind that these 'obstacles’ deflect is supersonic relative to the velocity of compressional waves
in the solar wind plasma, a standing bow shock wave forms in front of each. This non-linear
bow wave heats, slows and deflects the solar wind at both types of obstacles. The forward or
sunward parts of the magnetospheres are confined to a roughly elliptical region filled in the
case of the intrinsic magnetosphere with a planetary magnetic field and in the case of an
induced magnetosphere usually with a nearly magnetic field-free ionospheric plasma. The night
side of each of the magnetospheres contains a region of elongated magnetic field called the
magnetotail. The intrinsic magnetotail contains magnetic field lines which intersect the surface

of the planet in two regions named the polar cusps.

The induced magnetotail consists of field lines which in general do not intersect the surface of
the planet but rather close in the tail or in the solar wind. Figure 6 illustrates how an
unmagnetized planet manages to stand off the solar wind Bow. As shown in the top two panels,
the Sun ionizes the upper atmosphere with its EUV radiations. The solar wind might be
absorbed by the ionosphere as in the lower right, but it carries magnetic flux tubes as shown in
the lower left. Flux tubes are pushed against the planetary obstacle. Those coming closest to the
planet are slowed the most. As they go by the planet they may also pick up more planetary ions
than more distant magnetic field lines and slow down even more. The ends of these magnetic
field lines, in the solar wind beyond the shock, are not slowed down and thus the tail is
stretched into its familiar configuration shown in figures 1 and 2. The bent magnetic field then
attempts to shorten itself by accelerating plasma away from the planet in the antisolar direction.
Eventually far downstream the magnetic field will straighten itself.
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Figure 6. The formation of a planetary ionosphere and induced magnetosphere. The upper left
panel shows the planetary atmosphere in the absence of other effects. In the upper right panel,
the Sun shines on the atmosphere ionizing it with its extreme ultraviolet radiation (EUV). In the
lower right an unmagnetized solar wind blows against the ionosphere. An unmagnetized solar
wind would collide with the planetary atmosphere and be absorbed, but since it is magnetized,
the magnetic field, which cannot penetrate the conducting ionosphere, piles up and creates a
magnetic barrier that in turn deflects the solar wind around the ionosphere. (after Russel 1993)

The process that creates an intrinsic magnetotail is quite different. The intrinsic field is
stretched in the antisolar direction by tangential stresses on the tail. These tangential stresses in
turn are caused by phenomena such as viscosity and the reconnection process that we describe
in more detail near the end of this review. Another important difference between induced and
intrinsic magnetospheres is that intrinsic magnetospheres are generally much larger than

induced magnetospheres.

5.0. Factors that affect structure and behavior of the magnetosphere
Two factors determine the structure and behavior of the magnetosphere: (1) The internal field
of the Earth, and (2) The solar wind.
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5.1. The internal field of the planet

The internal field of any planet (its "main field") appears to be generated in the planet’s core.
For example that of the Earth is generated at its core by a dynamo process, associated with the
circulation of liquid metal in the core, driven by internal heat sources. Its major part resembles
the field of a bar magnet ("dipole field") inclined by about 10° to the rotation axis of Earth, but
more complex parts ("higher harmonics") also exist, as first shown by Carl Friedrich Gauss.
The dipole field has an intensity of about 3 x 10* — 6 x 10* nT at the Earth's surface, and its
intensity diminishes like the inverse of the cube of the distance, i.e. at a distance of R Earth
radii it only amounts to 1/R?® of the surface field in the same direction. Higher harmonics
diminish faster, like higher powers of 1/R, making the dipole field the only important internal

source in most of the magnetosphere.

5.2. The solar wind

The solar wind is a fast outflow of hot plasma from the sun in all directions. Above the sun's
equator it typically attains 400 km/s; above the sun's poles, up to twice as much. The flow is
powered by the million-degree temperature of the sun's corona, for which no generally accepted
explanation exists as yet. Its composition resembles that of the Sun—about 95% of the ions are
protons, about 4% helium nuclei, with 1% of heavier matter (C, N, O, Ne, Si, Mg... up to Fe)
and enough electrons to keep charge neutrality. At Earth's orbit its typical density is 6 ions/cm3
(variable, as is the velocity), and it contains a variable interplanetary magnetic field (IMF) of
(typically) 2-5 nT. The IMF is produced by stretched-out magnetic field lines originating on
the Sun.

Schulz (1995) described the usual configuration of a planetary magnetosphere as a result of
dayside compression and nightside extension of an intrinsic planetary magnetic field by the
solar wind. In his words “The planetary magnetic field is thus confined (in first approximation)

behind an elongated boundary known as the magnetopause, whose position is determined
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largely by the requirement of kinetic pressure balance between the magnetic field and the solar

wind.”

Physical reasons make it difficult for solar wind plasma with its embedded IMF to mix with
terrestrial plasma whose magnetic field has a different source. The two plasmas end up
separated by a boundary, the magnetopause, and the Earth's plasma is confined to a cavity
inside the flowing solar wind, the magnetosphere. The isolation is not complete, thanks to
secondary processes such as magnetic reconnection — otherwise it would be hard for the solar
wind to transmit much energy to the magnetosphere — but it still determines the overall

configuration.

An additional feature is a collision-free bow shock which forms in the solar wind ahead of
Earth, typically at 13.5 RE on the sunward side. It forms because the solar velocity of the wind
exceeds (typically 2-3 times) that of Alfvén waves, a family of characteristic waves with which
disturbances propagate in a magnetized fluid. In the region behind the shock ("magnetosheath™)
the velocity drops briefly to the Alfvén velocity (and the temperature rises, absorbing lost
kinetic energy), but the velocity soon rises back as plasma is dragged forward by the

surrounding solar wind flow.

To understand the magnetosphere, one needs to visualize its magnetic field lines, that
everywhere point in the direction of the magnetic field—e.qg., diverging out near the magnetic
north pole (or geographic southpole), and converging again around the magnetic south pole (or
the geographic northpole), where they enter the Earth. They are discussed in MSPF, but for
now they can be visualized like wires which tie the magnetosphere together—wires that also
guide the motions of trapped particles, which slide along them like beads (though other motions

may also occur).
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The average position of a magnetopause, and therefore the size of a magnetosphere, can be
calculated from the properties of the solar wind. Much of the solar wind is deflected round a
magnetopause. Round a magnetosphere there is a shock wave, similar to the bow wave of a
ship, where the magnetic field lines abruptly change direction. Some of the waves that can
propagate in plasmas—ionized gases such as the solar wind—are similar to ordinary sound
waves. The nature of the interaction of an obstacle, such as the Earth’s magnetic field, with the
solar wind depends on the ratio of the velocity of the medium to the sound velocity, the Mach
number. If the Mach number is greater than 1, a shock wave develops ahead of the obstacle.
Depending on solar wind conditions, the Mach number of a magnetosphere in the solar wind is
between 5 and 10.

6.0. Advances in Planetary Magnetospheres

Reviews which gave excellent information on advances in magnetosphere include works of
Kennel (1973), Akasofu (1983), Baker (1995), Bagenal (1995), Schulz (1995), Stern (1996) and
Blanc et al (2005). Stern (1996) observed that space missions to other planets of the solar
system have shown that most of them are magnetized. In particular, the giant planets are
magnetized much more strongly than Earth (Bagenal, 1992) and their magnetospheres are all
much larger than ours, in part because of the stronger dipole moments, in part because the solar
wind becomes increasingly rarefied far from the Sun. Tiny Mercury has a magnetic moment
only about 1/2000 that of Earth and a very small magnetosphere, Venus seems non-magnetic
and Mars may or may not have a weak field. The magnitudes of the dipole moments of
Mercury, Earth, Jupiter, Saturn, Uranus and Neptune, in units of 10> Gauss cm®, are 0.004
(approx.), 7.9, 150,000, 4300, 420 and 200, respectively (Lepping, 1995).

Planetary magnetospheres have great diversity. Space missions that have been used to probe
planetary magnetosphere include Pioneer 10 (Jupiter), Mariner 10 (Mercury), Pioneer 11 and
Voyager 1 (Jupiter and Saturn), Voyager 2 (Jupiter, Saturn, Uranus and Neptune) and Ulysses
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(Jupiter) (Stern, 1996). The Galileo spacecraft reached Jupiter in December 1995 and entered
an orbit around the planet, after successfully launching a probe into Jupiter's atmosphere.

The strongest magnetic field and the most intense trapped radiation are found in the
magnetosphere of Jupiter, which is also the largest (Dessler, 1983). This was furthermore the
first planetary magnetosphere to be discovered: in 1955 strange radio noise was traced by
Burke and Franklin to the planet Jupiter (Franklin, 1959, 1985), although it was only attributed
to magnetically trapped plasma after the discovery of the Earth's radiation belt (Drake, 1985).
Jupiter's magnetosphere is loaded with ions of sulfur and also of sodium, ejected from
"volcanoes" on the satellite lo. o also has an ionosphere with an interesting dynamo interaction
with Jupiter (Ness et al., 1979). Jupiter's trapped plasma carries a dense ring current, and seems
to co-rotate with the planet, perhaps up to the magnetopause. Its density profile contains dips
due to absorption by Jupiter's moons and by the planet's thin ring, which resembles Saturn's
ring but is much narrower; the existence of that ring was first suggested by an absorption
feature in the belt (Acuna and Ness, 1976). Jupiter also has an aurora, observable from Earth,

and radio emissions with complicated patterns, some of them correlated with the position of lo.

Saturn's magnetosphere similarly tends to rotate with the planet and contains absorption
features. The planet seems to have an inner belt like the Earth's, believed to arise from albedo

neutrons knocked out of the planet's rings by cosmic rays (Cooper and Simpson, 1980).

The Earth's magnetic axis is very close to its rotation axis. Similar proximity between the two
axes was found for Jupiter, Saturn and Mercury (for Saturn the axes coincided within
observational error), and this was therefore widely held to be a general feature of planetary
magnetic fields. At the time of the encounter between Voyager 2 and Uranus, on 24 January
1986, the planet's axis pointed within a few degrees of the Sun. It was therefore expected that
here was a "pole-on" magnetosphere, a previously unstudied configuration in which the axis of

the planetary magnet pointed approximately into the solar wind (Stern, 1996).



Planetary Magnetospheres 79

But it was not to be. The magnetic axis of Uranus - and later also that of Neptune - was found
to make an angle of about 60° with the planetary rotation axis, causing the field to swing widely
with each rotation of the planet. As Uranus orbits the Sun, there will arise occasions when a

"pole-on" magnetosphere is realized, but it did not happen during the Voyager 2 encounter.

Finally, Mercury's magnetosphere (Ness et al., 1979) seems to be too small for energetic
particles to become trapped in it. However, as Mariner 10 went past the planet's night side, it
encountered a burst of energetic particles, which could be the result of a substorm-type event in

Mercury’s magnetic tail.

Interesting magnetic cavities are also formed around Venus, the Moon and comets (and
probably, Mars), but if the obstacle is not a planetary magnetic field, the cavity produced is
quite different from the ones described above. All this suggests a rather rich field for future
research, involving configurations unlike the Earth's, on which many additional observations

still remain to be made.

Table 2 presents the summary of the attributes of the magnetospheres of the planets, while Fig 7

illustrates the relative sizes of the planetary magnetospheres.

Table 2. Planetary Magnetic fields
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Fig, 7, The magnetosphere of the five magnetized planets. Boxes illustrate the relative sizes of
the magnetospheres. The conical shape on the left of each planet represents the bow shock. The
swept-back dipolar lines represent the planetary magnetic field. The size of the Sun is shown m
the Jovian magnetosphere for scale. (After Russel 1993)

7.0. Comparative Planetary Magnetospheric Processes

The magnetospheres of the planets differ both in size and internal energy sources but also in the
strength of the solar wind flow past their surfaces. Thus, the interaction of each of the
magnetospheres with the solar wind differs in some degree from the others. Herein we examine

how some of these processes vary from planet to planet.
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7.1. The Bow Shock

The bow shock is a standing wave in front of a magnetosphere at which the supersonic solar
wind is slowed, heated, and deflected around the planet. The strength of this shock depends on
the flow velocity of the solar wind relative to the velocity of compressional waves in the
plasma. This latter velocity decreases with increasing distance from the sun while the former
remains quite constant. As a result, the strength or Mach number of the bow shock increases
markedly from the inner solar system to the outer solar system. At Mercury the bow shock has
a Mach number of about 4 but at Neptune it is about 20. At low Mach numbers the shock is
found to be quite smoothly varying or laminar in appearance but at high Mach number the
shock becomes very turbulent.

7.2. Upstream Waves

The bow shock represents an obstacle to some of the solar wind particles and they are reflected
back upstream along the magnetic field. These counter-streaming particles cause waves to grow
in the solar wind. These waves cannot propagate upstream against the solar wind and are blown
back against the planetary shocks. The number of particles reflected by a planetary bow shock
increases with the strength of the bow shock. Thus the strength and characteristics of the

upstream waves change with heliocentric distance.
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Fig 8. Upstream waves change with heliocentric distance (After Russel 1991)

Figure 8 shows one such property of the waves, their frequency. As one moves outward in the
solar system the frequency of the waves change in proportion to the field strength as would be

expected if the waves were associated with a gyro resonance with the reflected solar wind ions.

Another process that appears to be influenced by the Mach number is the reconnection. In this
process magnetic field lines in the solar wind link up with those of the planetary
magnetosphere, thereby increasing the tangential stress on the magnetosphere and adding
magnetic energy to the magnetotail. Under solar wind conditions typical of those in the inner
solar system this process is controlled principally by the direction of the solar wind magnetic
field relative to the direction of the planetary magnetic field. When these directions are
antiparallel, reconnection takes place readily and, when they are parallel, it does not take place
at all. However, when solar wind conditions change to those typical of the outer solar system

reconnection seems to cease. Reconnection is expected to be more important in the inner solar
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system where the Mach number is typically 7 or less than in the outer solar system where it is

often 10 or greater.

An associated phenomenon is that known as the Flux Transfer Event which appears to be the
signature of temporally and spatially varying reconnection. These features have been observed
at the magnetopauses of Mercury, Earth, and Jupiter. At Mercury these events are of short
duration, about 1 s and occur frequently about every 30 s. At Earth these features last about 30 s
and occur about every 5 minutes. At Jupiter the signature is similar to that at the Earth. This
observation suggests that the small size of the Mercury magnetosphere affects the generation of
Flux Transfer Events. However, at Earth and Jupiter the size of Flux Transfer Events may be
controlled by some other property of the magnetosphere such as the thickness of the

magnetopause which is the same at both planets.

8.0. Summary

e This article has outlined the general features of planetary magnetospheres. Some of these
magnetospheres are induced and some intrinsic. Both types stand off the solar wind flow

and cause planetary bow shocks.

e Magnetosphere refers to the region of the upper atmosphere of an astronomical object
which is dominated by its magnetic field. Different planets experience different degree of
magnetic dominance. Six planets have significant internal magnetic fields and hence,
substantial and active magnetospheres: Mercury, Earth, Jupiter, Saturn, Uranus, and
Neptune. Mars is known to have patchy surface magnetization, while pulsars and some

other celestial objects also have magnetosphere.

e The Earth's magnetosphere was discovered in 1958 by Explorer 1 during the International
Geophysical Year and is the most widely studied magnetosphere. The outer boundary of the

magnetosphere is called the magnetopause, upon which flows the magnetopause current, a



A. B. Rabiu 84

large current vortex which separates the magnetic field of the Earth and the solar wind.
Behind the Earth are the two lobes of the magnetic tail, the top one pointing to the Earth and
the bottom one pointing away. These magnetic field lines enter and leave the Earth in oval
shaped regions known as the polar cusps. Between the two tail lobes flows the neutral sheet
current which is simply part of the magnetopause current vortex and also the plasma sheet a

hotter and denser plasma than in the surrounding regions.

e Deeper in the magnetosphere is the plasmasphere, a region of dense cold plasma which is

the upper extension of the ionosphere.

e The magnetosphere is a large plasma cavity generated by the Earth’s magnetic field and the

solar wind plasma. The basic elements of the magnetosphere are
o0 The Bow Shock and the Magnetosheath
0 The Magnetopause
o Cusp and Mantle
0 The Quiet Magnetotail
o The inner Magnetosphere

e Planetary magnetospheres are classified into two according to the source of their magnetic

fields: Intrinsic and induced magnetospheres.

e The induced magnetosphere is created when the intrinsic magnetic field magnetic field, if
any, is too weak to stand off the solar wind but the thermal pressure of the ionosphere
exceeds the dynamic pressure of the solar wind. Magnetospheres of Venus, Mars, Comets

are induced.

e An intrinsic magnetosphere is created when the currents driven by convective motions
within a planet are sufficiently strong to create a magnetic field whose pressure is sufficient
to balance the incoming solar wind pressure. Magnetospheres of Mercury, Earth, Jupiter,

Saturn, Uranus and Neptune are intrinsic.
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e Two factors that determine the structure and behavior of the magnetosphere are the internal
field of the Earth, and the solar wind. “The planetary magnetic field is thus confined behind
an elongated boundary known as the magnetopause, whose position is determined largely
by the requirement of kinetic pressure balance between the magnetic field and the solar

wind.”

e The magnetospheres of the planets differ both in size and internal energy sources but also in
the strength of the solar wind flow past their surfaces. Thus, the interaction of each of the
magnetospheres with the solar wind differs in some degree from the others. Space missions
that have been used to probe planetary magnetosphere include Pioneer 10, Mariner 10,
Pioneer 11, Voyager 1, Voyager 2, Galileo, and Ulysses. The strongest magnetic field and
the most intense trapped radiation are found in the magnetosphere of Jupiter. Mercury has

the smallest and weakest magnetosphere.

References

Acuna, M. H. and N.F. Ness , 1976. Summary of the initial results from the GSFC fluxgate
magnetometer on Pioneer 11, in Jupiter, pp. 830-847, edited by T. Gehrels, U. of Arizona
Press

Akasofu, S.-I., 1983. Solar-Wind Disturbances And The Solar Wind-Magnetosphere Energy
Coupling Function, Space Science Reviews, 34, 173-183.

Bagenal, F., 1995. Planetary Magnetospheres: 1991-1993. Surveys in Geophysics 16: 443-456,
1995.

Baker, D. N., 1995. The Inner Magnetosphere: A Review. Surveys in Geophysics, 16, 331-362,

Blanc, M., Kallenbach, R., and Erkaev, N.V., 2005. Solar system magnetospheres. Space
Science Reviews, 116, 227-298. DOI: 10.1007/s11214-005-1958-y

Cooper, J. F. and J.A. Simpson , 1980. Sources of high-energy protons in Saturn's
magnetosphere, J. Geophys. Res., 85, 5793-5802

Dessler, A. J., 1983. Physics of the Jovian Magnetosphere. Cambridge Univ. Press., 544 pp.

Drake, Frank D., 1985. Discovery of the Jupiter Radiation Belts, in Serendipitous Discoveries
in Radio Astronomy, K. Kellermann and B. Sheets, editors. National Radio Astronomy
Observatory, Green Bank. p. 258-265.



A. B. Rabiu 86

Franklin, Kenneth L., 1959. An account of the discovery of Jupiter as a radio source, Astron J.,
64, 37-39

Franklin, Kenneth L., 1985. The discovery of Jupiter Bursts, in Serendipitous Discoveries in
Radio Astronomy, K. Kellermann and B. Sheets, editors, p. 252-257 National Radio
Astronomy Observatory, Green Bank

Kennel, C. F., 1973. Magnetospheres of the Planets. Space Science Reviews, 14, 511-533.

Lepping, R. P., 1995. Characteristics of the magnetopauses of the magnetized planets, in
Physics of the Magnetopause, B.U.O.Sonnerup and P. Song, editors, p. 61-70, Amer.
Geophys. Union, Washington, D.C.

Ness, Norman F., M.H. Acuna, R.P. Lepping, L.F.Burlaga, K.W.Behannon and F.M.Neubauer,
1979. Magnetic field studies at Jupiter by Voyager 2: Preliminary results, Science, 206,
966-972

Russell, C. T., 1987. The Magnetosphere, In The Solar Wind and the Earth, edited by S. -I.
Akasofu and Y. Kamide, pp 73-100. Copyright by Terra Scientific Publishing Company
(TERRAPUB), Tokyo, 1987

Russell, C. T., 1991. Planetary Magnetospheres. Science Progress, 75, 93-105
Russell, C. T., 1993. Planetary magnetospheres. Rep. Prog. Phys., 56, 687-732.
Saunders M A and Russell C T., 1986 J. Geophys. Res, 91 5589-604

Schulz, M., 1995. Planetary Magnetospheres. Earth, Moon, and Planets, 67, 161-173

Stern, D. P., 1989. A brief history of magnetospheric physics before the spaceflight era, Rev.
Geophys., 27, 103-114.

Stern, D. P., 1996. A brief history of magnetospheric physics during the space age. Reviews of
Geophysics, 34, 1-31, 1996



NIGERIAN JOURNAL OF SPACE RESEARCH 8: 87-118, 2009 September 1
© 2009 NASRDA Centre for Basic Space Science. All rights reserved

Earth’s Currents and Energy System

Nikolai OSTGAARD Ph.D.,

University of Bergen,

Allegt 55, N-5007, Norway

Email: Nikolai.Ostgaard@uib.no

Ph:  +4755582794; Fax: +4755589440

Table of Content
1.0 Introduction 88

2.0 Plasma regions and currents in the Earth’s magnetosphere 88
2.1. Overview of the plasma regions in the Earth’s magnetosphere
2.1.1. The solar wind 88
2.1.2. Magnetopause — magnetic shielding and pressure balance 90
2.1.3. Plasma sheet and magnetotail 95
2.2. Overview of currents in the magnetosphere and ionosphere 96
2.2.1. Magnetopause currents 96
2.2.2. Ring current 97
2.2.3. Tail currents 101
2.2.4. Field aligned currents, Birkeland region 1 and 2 101
2.2.5. lonospheric currents: Pedersen and Hall 102
2.3. Magnetic indices and geomagnetic activity 103
2.3.1 Dst, to monitor ring current during magnetic storms 104
2.3.2. AE, to monitor ionospheric currents during substorms 105
3.0. The Energy system of the Earth’s magnetosphere/ionosphere 107
3.1.1 Available energy in the solar wind 107
3.1.2 Reconnection, the solar wind dynamo and the epsilon parameter

3.13 The energy sinks in the system 110

3.1.3.1  Energy injected to the Ring current (Ug) 111
3.1.3.2  Particle precipitation (Uy) 112

3.1.3.3  Joule heating of the ionosphere (U)) 27
3.2 Analysis of energy budget during substorms 114

4.0. Summary 116

5.0. References 117

88

108


mailto:Nikolai.Ostgaard@uib.no

88
N. Ostgaard

1. Introduction

The purpose of this chapter is to give a brief description on how energy is transported and
distributed in the solar wind-magnetosphere-ionosphere system. To give the necessary background
information we begin by describing the main plasma regions and current systems in the Earth
magnetosphere and ionosphere. Then we explain how the main current systems can be monitored
using global magnetic disturbance indices. This will constitute the background for a further
description of how the solar wind and its magnetic field can interact with the magnetosphere and
how the solar wind energy can penetrate the magnetic shielding of the Earth. The energy transport
within the magnetosphere-ionosphere system will be discussed and how it is distributed in three
major energy sinks, that is, the energy injected into the ring current, the electron precipitation into
the ionosphere and the Joule heating of the ionosphere. Finally, the total energy budget for the

solar wind-magnetosphere-ionosphere system during substorms will be presented.

2. Plasma regions and currents in the Earth’s magnetosphere

In this section we will give a brief description about the various plasma regions as well as

explaining how the magnetosphere is shaped the way it is.
2.1.  Overview of the plasma regions in the Earth’s magnetosphere
2.1.1. The solar wind

In Figure 2.1.1-1 an illustration of the magnetosphere, its plasma regions and currents are shown.
The Sun is to the left and the four white arrows indicate the solar wind flowing towards the
magnetosphere. The magnetosphere is the region where the Earth’s magnetic field dominates and
this constitutes an obstacle for the solar wind flow. The solar wind contains plasma, that is,
electrons and ions (mostly protons). Since the solar wind contains collisionless plasma the Sun’s
magnetic field, or the interplanetary field (IMF), can be considered to be ‘frozen-in’ the plasma
and moves with the plasma. The most important characteristics of the solar wind and the IMF are
given in

Table 2.1.1-1.
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Table 2.1.1-1 Solar wind characteristics (from G. Parks, 2004)

Flow Flow direction Particle Average Intensity of
speed number thermal Bivr (nT)
(km/sec) density (cm™) | energy
Range 300-800 Nearly parallel to | 3-20 kTe <100 eV 1-30
the Earth Sun line kTp <50 eV
Typical/ | 320 8 Te=10" K 5
average Tp=4 x 10°K

If we now consider these numbers in terms of different forms of energy we can estimate the kinetic
energy as

and by using the typical/average numbers from
Table 2.1.1-1 and the proton mass, m,=1.67 10”7 kg and the magnetic permeability, po=4n10" H/m,

we can estimate how the other energy forms relate to the kinetic energy:

The magnetic energy:

B* 1
5= =—E, .. 2
2u, 70

The proton thermal energy

3 1
ETP :ENkTP ZEESW ..... 3

The electron thermal energy
3 1

E,=>NkT.=—E., ... 4
2 50

We see that for average solar wind conditions the kinetic energy dominates the other energy forms

by about two orders of magnitude.
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The parabolic bow shock that is formed upstream of the magnetopause is a result of the high-speed

solar wind interacting with the magnetosphere obstacle. This is a region were the solar wind slows

down and the temperature increases.

Figure 2.1.1-1 Currents and plasma regions in the Earths magnetosphere.

2.1.2.  Magnetopause — magnetic shielding and pressure balance

The blue region is the magnetosphere and its surface is the magnetopause. The latter constitutes the
boundary between the solar wind and the magnetosphere. A simple expression for the location of
the magnetopause can be obtained by assuming pressure balance between the solar wind (sw) and

the magnetosphere (m) (Mead and Beard, 1964)
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2 2

B B
(P +— ) = (P, +57) .5
24y 2,

Before we proceed we will show how we arrive at this expression for pressure balance. Consider

the equation of motion

Letting the force be the Lorentz force we apply this equation on ions and electrons separately:

dav, . -
m.nﬁ:qini(E—i-ﬁi x B)—-Vp, -

e’

d . .
m,n %:qene(E+17exB)—Vpe .8

e e

Adding the two equations and noticing that the charge, ¢ = ¢, =—¢,, the current,J =ngq(v, —v,)

and the mass density is p,, = m;n, + m,n, ,we can write

e e

av - =
—=JxB-V 9
" dt P
. e dv - = : -~ VxB
Assuming equilibrium, p,, I =0=JxB—-Vp and using Amperes law J = to replace J
Hy
one gets VxB XB:Vp ...10
Hy

And finally by using vector identity under the assumption that we have a straight and

homogeneous B we get

B’
V(ip+
( 2

)=0 A

Hy
This means that the total pressure is constant across a boundary, which is exactly what we wanted

to show.
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Now we can proceed. We make two fairly rough assumptions. 1) As the magnetic field outside the
magnetopause (IMF) is only 1/10 — 1/20 of the field strength inside, the difference in magnetic
pressure is 1/100 — 1/400 and we set the magnetic field outside to zero. 2) As the particle pressure
inside the magnetosphere is only a small fraction of the solar wind bulk pressure we neglect the
pressure inside. Of these two assumptions the second one may lead to a location too close to the

Earth. We then get:

B>
P, =—" .12
2,

Particles reflected at the magnetopause (see sketch Figure 2.2.1-1) impose a pressure to the

magnetopause given by

D =2Nmpv2 ....13

where N is number density, m,, is proton mass and v is solar wind bulk speed
The dipole field strength is given by

M
B, =t 14
4r-r

where M is the Earth’s magnetic moment

Taking into account the magnetopause currents (that will be explained in Section 2.2.1) the
different contributions to the magnetic fields on both sides of the boundary is illustrated in Figure
2.1.2-1. The magnetopause current is decomposed into a planar and a curved component. Bd is the
Earth’s dipole magnetic field, Bp is the planar component and Bc is the curved component. Based
on this sketch and disregarding the contribution from the curved current Bc, we can, according to
Mead and Beard (1964), express the field strength just inside the magnetopause as being twice the
dipole field strength
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m

B, =2B, ...15

solar wind magnetosphere

<_
Bc @ Bc
Bp & @ 8p

Bd () O &d

B=0=Bc+Bd-Bp Bm=Bc+Bp+Bd

Figure 2.1.2-1 The various contributions to the magnetic field strength on both sides of the magnetopause.

Combining these equations one gets the following expression for the location of the magnetopause

at the Sun-Earth line, also called the sub-solar point

2
=gt .16
167" Nm ,v

where M is the Earth’s magnetic moment of 8 10* A m”. With a typical solar wind parameters ,
N=10 10° m™, v=400 10’ m/s and m,=1.67 10%" kg, you will get a sub-solar point at about 516000
km or about 8.1 R, As already pointed out, ignoring the IMF might be okay but ignoring the
particle pressure inside the magnetopause may lead to a location closer to the Earth than the true
location of the magnetopause. If the usual expression for dynamic pressure is used, i.e., without the
factor 2, one will obtain y=9.1 Re, which is, as you will see below, closer to a more realistic
location of the magnetopause. In the literature one will find that many uses the dynamic pressure,

although that is not according to the approach by Mead and Beard (1964).
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Let us now compare this result with what we would obtain if we use a more recent approach. Shue
et al, (1997) developed an empiric model for the magnetopause using satellite passes through the
magnetopause for different solar wind conditions. The expression for the magnetopause was
chosen as

2
0(1+cos<9)

and for a =0.5:if @0 =0 then r =r,,andif 8 — 180 then r - oo ,which gives the shape of the

magnetopause as shown in Figure 2.1.2-2. Here 7y is the sub-solar point, 8 is the angle from the

Sun-Earth line and « is the flaring angle. The Sun is to the right.

Based on more than 500 magnetopause satellite crossings the 7y and a could be determined for

northward ( B, > 0) and southward ( B, < 0) IMF separately.

1
7, =(11.4+0.013B,)p,, ¢s, forB. >0 ....18
1
r, =(11.4+0.14B_)p,, 65, forB, <0 ... 19
a=(0.58—-0.010B,)(1+0.010p) ... 20

where B. is given in (nanoTesla) 10°T and p in (nanoPascal) 10°Pa. According to Shue et al.,

(1997) the solar wind dynamic pressure without the factor 2 for reflecting particles should be used:
Do =Nmpv2 21

Using the same values for solar wind density and bulk velocity as above, the bulk pressure is 2.7

nPa . The magnetopause position at the Sun-Earth line (sub-solar point) for B.=0 and -5 nT is then

estimated to be 79 = 9.8 Re and 9.2 Re, respectively. These results are probably closer to the true

location than was obtained with the simplified pressure-balance concept (79 = 8.1 Re).
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Figure 2.1.2-2 Modeled shape of the magnetopause by Shue et al., 1997 for two choices of vy and o. The
coordinate system is explained in the bottom panel. The Sun is to the right

2.1.3.  Plasma sheet and magnetotail

As the solar wind acts as a pressure force on the magnetosphere, the magnetosphere will be
compressed on the dayside and due to tail currents in the plasma sheet it will be stretched out on

the nightside. In the central part of the magnetotail the density of charged particles are larger than
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in the lobes and this region is called the plasma sheet. The tail current, which is necessary to create
the stretched configuration of the magnetosphere on the nightside, is flowing in the plasma sheet
from morning to dusk, as seen in Figure 2.1.1-1). In the magnetic lobes the magnetic field strength

is larger and the particle density is lower.
2.2. Overview of currents in the magnetosphere and ionosphere

2.2.1.Magnetopause currents

In Figure 2.2.1-1 we follow the trajectories of oppositely charged particles as they encounter a
magnetic boundary like the magnetopause. Outside the boundary we assume the magnetic field
strength to be zero and inside the magnetic field is pointing out of the plane, which corresponds to
looking down on the magnetopause from north. As the particles enters the magnetosphere they are

both affected by the magnetic force

F=gV xB, .22

where ¢ is the charge, v is the velocity and B is the magnetic field. Using this equation you can also

obtain for the circular motion

2
dv %

m—=m—=qvB ... 23
dt r
and p=" .24
qB

that is the gyro radius, which 1s mass dependent and consequently much larger for protons than for
electrons.

As the magnetic force is charge dependent the two particles with opposite electric charge will
move in a circular but oppositely directed paths before they leave the magnetosphere as illustrated
in Figure 2.2.1-1. The combined effect of this motion is that we get an electric current pointing

along the boundary downward or eastward on the magnetopause, consistent with the magnetopause
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current shown in Figure 2.1.1-1. The sketch also illustrates how the magnetosphere with its
magnetopause acts as an efficient magnetic shield against charged particles. This makes it hard for
solar wind particles to enter the magnetosphere, and creates a very important protection against all

charged particles from the Heliosphere and the interstellar space.

solar wind magnetosphere

g

A s

B=0 B#£0

Figure 2.2.1-1 A positive charged particle (blue) and a negative charged particle (red) encountering the
magnetosphere with the magnetic field pointing out of the plane

2.2.2.  Ring current

Although charged particles gyrate around the magnetic field due to the magnetic force (see Figure
2.2.2-1), they also have a drift across the field lines as shown by the arrows; ions move westward

and electron eastward.
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Figure 2.2.2-1 Trapped particle in the system

The general drift velocity perpendicular to the magnetic field of a charged particle moving in an
electric field and an inhomogeneous magnetic field is given by
 BxB

E .25

where E is electric field, a is pitch angle (i.e., the angle between the magnetic field and the particle
velocity vector) and K is kinetic energy of the particle. The first term on the right side is the
electric drift which is energy and charge independent and gives the same direction for electrons
and ions. This is illustrated in Figure 2.2.2-2 where an electron and a proton are shown gyrating in
an electric field perpendicular to the magnetic field. The gyro motion is opposite for electrons and
protons, but the acceleration due to the electric field is opposite, too. These two effects cancel
resulting in drift motion in the same direction for both particles. The drift direction can be seen

from the radius becoming smaller (larger) when the velocity gets smaller (larger).
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Figure 2.2.2-2 lllustration of the electric drift

The second term is the magnetic curvature and gradient drift and becomes important when the
kinetic energy is large and there is a significant gradient in the magnetic field. This term is charge
dependent and gives opposite direction for ions and electrons. This is illustrated in Figure 2.2.2-3.
The drift direction can again be seen from the radius becoming smaller (larger) when the B is

larger (smaller).

|\ r \small B large

/ —/arge B small

Figure 2.2.2-3 lllustration of the gradient drift

r=mv/qB F=qvxB

Energetic electrons and ions drifting towards the Earth from the magnetotail will first, as the

magnetic gradient is small, drift together on approximately equi-potentials, i.e., according to first
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term. We should emphasize the word ‘approximately’ because the magnetic gradient drift will still
bring particles across equi-potentials resulting in energy gain for the particles, although this effect
is very small in the tail. These drift trajectories (i.e. along equi-potentials), in the equatorial plane,
are shown in Figure 2.2.2-4. Left panel shows the drift trajectories if only the convective electric
field from dawn to dusk is considered. The middle panel shows drift trajectories when only the co-
rotating electric field is considered and the right panel shows drift trajectories when the two fields

are superposed.
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Figure 2.2.2-4 Drift trajectories for the electric drift in the equatorial plane. Sun is to the left. Left panel:
The drift trajectories if only the convective electric field from dawn to dusk is considered. Middle panel:
Drift trajectories when only the co-rotating electric field is considered. Right panel: The drift trajectories
when the convective and co-rotating field are superposed. From Lyons and Williams (1983)

Closer to the Earth when the magnetic gradient becomes significant the particles will not drift
along the equi-potentials but energetic ions will move westward and energetic electrons move
eastward, creating the ring current as shown in Figure 2.1.1-1, Figure 2.2.2-1 and Figure 2.3.1-1.
An injection of particles from the tail, associated with an increase in the solar wind electric field
and more efficient energy transfer through the magnetic shield, will therefore lead to an increase of

the ring current, and this is exactly what occurs during a magnetic storm.
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2.2.3. Tail currents

Further down the tail, there is a current flowing in the plasma sheet from morning to dusk. Due to

- 1 = : . . . .
the Amperes law,J = —V x B, this current is consistent with the stretching of the magnetotail.
Hy

The compression by the solar wind pressure on the dayside and the stretching on the nightside give

the magnetosphere its characteristic shape.

2.2.4.  Field aligned currents, Birkeland region 1 and 2

As the name indicates field-aligned currents are currents flowing along the magnetic field lines.
These currents are also called Birkeland currents, due the first physicist, Kristian Birkeland, that
suggested that the aurora was associated with field-aligned currents. In Figure 2.2.4-1 you can see
the field aligned current pattern for two different geomagnetic disturbance levels (see definition
about AL in Section 2.3.2). These are currents that couple the magnetosphere to the ionosphere and
are very important for the dynamics of the system. Black is current into the ionosphere and white
current is out of the ionosphere. We are looking down on the northern hemisphere in a magnetic
coordinate system with the magnetic pole in the center, midnight to the bottom and the Sun
towards the top. Dawn is to the right and dusk to the left. The inner ring, flowing into the
ionosphere in the dawn and out at dusk is called the Region 1 current. These currents flow to the
flanks of the magnetosphere as shown by the upper arrow marked ‘Field aligned currents’ in
Figure 2.1.1-1. The outer ring, which is the Region 2 currents, has the opposite direction in the
morning and evening from that of Region 1 currents. Region 2 currents maps to the inner plasma
sheet as is shown by the lower arrow marked ‘FAC’ in Figure 2.1.1-1. North-south Pedersen

currents will close region 1 and 2 currents in the ionosphere (see blue arrows in Figure 2.2.5-1).
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12 TuiMa AND POTEMRA: FIELD-ALIGNED CURRENTS DURING SUBSTORMS

JAL| <100y |AL| = 100 ¥
12
12 80"

0 W Current into ionosphere 0
(a) [ Current away from ionosphere li]

Fig.13. A summary of the distribution and flow directions of large-scale field-aligned currents determined from (a) data
obtained from 439 passes of Triad during weakly disturbed conditions (|AL| < 100 ¥) and (b) data obtained from 366
Triad passes during active periods (|AL| = 100 ¥).

Figure 2.2.4-1 Birkeland 1 and 2 currents as presented by lijima and Potemra, (1978)

2.2.5.  lonospheric currents: Pedersen and Hall

Due to the differences in collision frequencies in the upper atmosphere there is a difference in

conductivity properties that give rise to two different currents flowing in different directions. Hall

currents are dominating below 130 km and are oriented in the direction of —ExB. The Hall
currents are east-west oriented in the auroral zone and is referred to as the Auroral electrojet as
seen in Figure 2.2.5-1 as large open black arrows (labeled Jh). Here you see the eastward electrojet
in the dusk sector and the westward electrojet at dawn and night. The Pedersen currents are
dominating above 130 km. Pedersen currents are north-south oriented in the direction of the
horizontal electric field in the ionosphere, shown by blue arrows and labeled Jp. Although both
Hall and Pedersen currents are connected to the field-aligned currents, the Pedersen currents are
usually the currents thought to close the region 1 and 2 Birkeland currents in the ionosphere (see

Section 2.2.4)
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Figure 2.2.5-1 Black open arrows are the auroral electrojets, which are Hall currents (Jh) and blue arrows
are Pedersen currents (Jp)

2.3. Magnetic indices and geomagnetic activity

There are several geomagnetic indices to monitor the disturbance level of the magnetosphere-
ionosphere system. Here we will only describe two of these, the Dst and the AE . For information
about other geomagnetic indices we refer to the Oulo textbook presentation

(http://www.oulu.fi/~spaceweb/textbook/indices.html).

2.3.1.  Dst, to monitor ring current during magnetic storms

Due to the Biot Savarts law,

j(F_?')X(?_F')d3r|
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.. 26
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Figure 2.3.1-1 The ring current flowing westward around the Earth (thick arrow) and the magnetic
disturbance at the Earth’s equator shown by the arrow pointing toward the south.

any current (at r’) will have a magnetic signature that can be monitored remotely (at r). A simple
sketch of the ring current is shown in Figure 2.3.1-1. As pointed out in Section 2.2.2 electrons will
move eastward and ions westward when they get closer to the Earth where the gradient of the
Earth’s magnetic field will force them to move in opposite directions. This leads to the westward

ring current.

At the Earth’s surface at equator the effect of the ring current will be seen as a small perturbation
(usually <1000 nT) on top of the much larger Earths magnetic field (32000nT). The stronger the
ring current is the larger the perturbation is. A measure of the ring current strength is the hourly
Dst index (Sugiura, 1964), which is obtained from magnetometer stations near the equator. At such
latitudes the H (northward) component of the magnetic perturbation is dominated by the intensity
of the magnetospheric ring current. As the Earth magnetic field is subtracted the Dst index is a
direct measure of the hourly average of this perturbation. Large negative perturbations are
indicative of an increase in the intensity of the ring current and typically appear on time scales of
about an hour. The decrease in intensity may take much longer, on the order of several hours. The
entire period is called a magnetic storm and an example is shown in Figure 2.1.1-1 . The increase
seen in the beginning (shaded grey to the left) of the storm (21 April 16 UT) is due to enhanced
eastward magnetopause currents on the dayside. The decrease (22 April 00-14 UT) which is the
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main phase of the storm is when the ring current is increased. The slow recovery (shaded grey to

the right) back to zero is called the recovery phase of the magnetic storm.

Dst  21-25 April 2001
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Figure 2.3.1-2 The Dst index during a typical geomagnetic storm

2.3.2.  AE, to monitor ionospheric currents during substorms

AE index is an auroral electrojet index obtained from a number (usually greater than 10) of
stations distributed in local time in the latitude region that is typical of the northern hemisphere
auroral zone (Davis and Sugiura, 1966). For each of the stations the north-south magnetic

perturbation H is recorded as a function of universal time.
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Westaward Current

South North

Figure 2.3.2-1 The twelve red dots on the map to the left show the position of the stations providing
magnetic measurement to produce the AE, AL and AU indices. A sketch showing the magnetic disturbance
seen on the ground from a current flowing westward (into the plane) above the observer

A superposition of these data from all the stations enables a lower bound or maximum negative
excursion of the H component to be determined; this is called the AL index. Similarly, an upper
bound or maximum positive excursion in H is determined; this is called the AU index. The
difference between these two indices, AU-AL, is called the AE index. Notice that negative H
perturbations occur when stations are under a westward-flowing current. Thus the indices AU and
AL give some measure of the individual strengths of eastward and westward electrojets (shown in
Figure 2.2.5-1), while AE provides a measure of the overall horizontal current strength. Excursions
in the AE index from a nominal daily baseline are called magnetospheric substorms and may have
durations of tens of minutes to several hours. In Figure 2.3.2-2 three subsequent substorms are
shown. Upper panel shows AU (positive) and AL (negative) while lower panel shows the AE
(positive). Notice that most of the signal is in the wesward electrojet (AL). For most of the day

data from 10 stations were used to create the indices.
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Figure 2.3.2-2 Signatures of three subsequent substorms seen in AU, AL and AE index.

3. The Energy system of the Earth’s magnetosphere/ionosphere,

We will now discuss the energy flow of the solar wind — magnetosphere — ionosphere system.
e How much energy is available in the solar wind
e How can it penetrate the Earth’s magnetic shield

e The three main energy sinks in the magnetosphere-ionosphere

3.1.1.  Available energy in the solar wind
The kinetic energy flux of the solar wind available for the magnetosphere is given by
_ 3
U, =Y 4 .27

where A is the area of the magnetosphere when assuming a cylindrical symmetric magnetosphere.
The area for different solar wind conditions can be estimated by the formula given by Shue et al.,

(1997). There are three forms of energy in the solar wind, kinetic, magnetic and thermal, but the
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kinetic energy is usually orders of magnitude larger than the two other forms (see Section 2.1.1)
and we can therefore neglect the magnetic and thermal energy when we estimate the available

energy in the solar wind.

3.1.2.  Reconnection, the solar wind dynamo and the epsilon parameter

When the IMF has a southward component, there will be a region at the sub-solar point where the
IMF and the Earth’s magnetic field are anti-parallel. In such a configuration the two fields can
merge in a process called magnetic reconnection. A simple sketch of the geometry and evolution of

this process is shown in Figure 3.1.2-1.
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Figure 3.1.2-1 Sketch showing how a southward IMF interacts with the Earths magnetic field (Baumjohann
and Treumann, 1997)

The numbers on the field lines indicate the temporal evolution of an interplanetary field line when

it encounters the Earth’s magnetic field (1) until it has returned to the interplanetary space (8).
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Time step (2) indicates when the two field lines have been connected. Although we mentioned that
solar wind particles could not penetrate the magnetic shield at the magnetopause, the reconnection
process makes a small ‘hole’ in that shielding and solar wind particles can enter into the
magnetosphere. Due to the curvature force acting on the field line, the plasma connected to the

field will be accelerated from (2) to (4).

When the field line moves down the tail (5) to (7) the magnetic curvature will act as a braking
force. In a reference frame at rest (in this case the Earth) the IMF moving with a speed, v, will give

an electric field pointing out of the plane

E=-VxB ....28

While the braking of the solar wind will give an electric current into the plane

jo____dt .29

where p is the density of the solar wind. With £ and J in opposite direction (E -J < 0) this is the
solar wind dynamo that drives field-aligned currents that we already discussed as Region 1
currents. This represents an energy transfer from the solar wind into the magnetosphere. One more
comment before we continue with the energy transfer. The magnetic field line that is opened at
step (2) is eventually closed again by reconnection at step (7). The plasma and the closed field lines
will drift together towards the Earth by the electric drift motion described above, and will get back
to step (1) and repeat the cycle. This cycle is called the Dungey cycle. The reconnection at step (7)
can either occur at about 100 Re to create the far X-line or closer to Earth, i.e., at 15-25 Re, to

create the Near-Earth Neutral Line.

There have been many efforts which have lead to more or less accurate estimates of the energy

transfer from the solar wind to the magnetosphere. The most used (but not necessarily the most
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accurate) parameter was developed by Perrault and Akasofu (1978) and is called the & parameter

and can be expressed in SI units as:
7. .p2 s 4 o),
e=10"vB" sin (Ejlo ... 30

This is a semi-empirical parameter, based on the assumption that the Poynting flux can proxy the
energy transfer. To take into account that reconnection is more efficient when the IMF is
southward and opposite of the Earth’s magnetic field orientation the parameter was given a clock-

angle dependence, defined as

<9=atan(B%) ... 31

The energy will therefore be maximized for southward IMF and zero for northward IMF. The ¢
parameter also has an area variable, /) which is set to 7 Re and is an estimate of the surface area
(the little ‘hole’) on the magnetopause the energy transfer takes place. One can therefore say that
the € parameter seeks to mimic the reconnection process and the solar wind dynamo. Both the area
variable, /) and the trigonometric dependence on the clock angle were determined by comparing
with data. Although the accuracy can be questioned, the € parameter has been proven to be a useful

estimate. Later we will refer to results testing how good it is.

3.1.3.  The energy sinks in the system

Now we turn to the three main energy sinks in the system, the ring current increase, the particle
precipitation and the Joule heating of the ionosphere. There are some other sinks in the system, but

they are either very difficult to estimate, or they are not very important.

In the first category is the plasmoids which is a vast plasma bubble that is detached from the
magnetosphere when the Near-Earth Neutral Line is formed. Another one is the plasma sheet

heating which is thought to be very small (reference in Ostgaard et al., 2002).
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3.1.3.1.  Energy injected to the Ring current (Ugr)
As already explained the ring current is dependent on the energy of all the particles producing the
ring current (see equation for drift velocity, .... 25, in Section 2.2.2). We can
express the change of energy, K, in the ring current as:

aa—[t( =U, —§ e 32
Where Uy is in the energy injected to the ring current and the second term expresses the loss of

ring current particles with a characteristic life-time, t.

Remember that the ring current gives a magnetic perturbation that can be measured near equator.
Due to Biot Savarts law ( .... 26), the magnetic disturbance is dependent

on the current density and the current density is proportional to the kinetic energy,

J = Ngv, o« K. We can therefore substitute K with Dst* multiplied with a constant and it can be

shown that the energy injected into the ring current, Ug, given in GW, is related to changes in the
Dst* index (in nT) in the following way:

* %
ODst +Dst j a3

U, =4 104(
ot T
The newly injected energy into the ring current, U, is therefore the sum of the total energy change
of the ring current (i.e., the first term on the right side) and the loss term (i.e., the second term).
Notice that the loss term is dependent on a characteristic life time, t. This characteristic life time
may not be constant and many studies (e.g., Qstgaard et al, 2002) has let T vary with the strength of
Dst*. Notice that we use Dst* which is a pressure corrected Dst. This is because we are only
interested in the magnetic disturbance that is due to the ring current and not other currents. As can

be seen in Figure 2.3.1-2 there is an increase in the beginning of a storm that is due to

magnetopause currents. As the magnetopause current has been found to be related to the pressure
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in the solar wind, the Dst is pressure corrected to remove the magnetic perturbation from the
magnetopause current (AH(p)).
Dst* = Dst — AH(p) ... 34

3.1.3.2.  Particle precipitation (Ua)

Charge particles in the magnetosphere are bound to gyrate around the magnetic field. The Earth’s
magnetic field is also like a magnetic bottle. This means that when a particle follows a field line,
the field strength becomes larger when you get closer to the Earth. Particles that gyrate on a field
line can therefore bounce back and forth between the two hemispheres. If the pitch angle, i.e. the
angle between particle velocity vector and the magnetic field line, is very small when crossing the
equatorial plane at the most distant location (to the right in Figure 2.2.2-1) the particle will get
close to the Earth before they bounce in its mirror point. If the mirror point is below 100 km, it is
very likely, due to the increasing density of neutral particles that the incoming charged particle will
collide with a neutral particle. Then the incoming or precipitating particles will deposit their energy

through ionization, aurora and heating.

By global imaging of the aurora in different wavelengths, like ultraviolet (UV) and X-rays one

can get a map of the precipitation by electrons. This is shown in

Figure 3.1.3.2-1. Most of the energy deposited by particles into the ionosphere is provided by
electrons. As it is possible through forward modeling to obtain estimates about how much UV
emissions and X-rays that are produces from a given distribution of electrons, one can also go the
other way, and use the UV and X-ray signals to obtain information about the energy of the particle

precipitation. This is what is done in the six images shown to the right in

Figure 3.1.3.2-1 (@stgaard et al., 2001). For two 5-minute intervals (0300-0305 UT and 0315-0320
UT) the total energy for 0.1-100 keV electrons are shown in the upper panel, 0.1-10 keV electrons

in the middle and 10-100 keV electrons in the lower panel. By integrating over the entire
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hemisphere one can get the global energy input by electron precipitation in that hemisphere. Unless
imaging data are available from both hemispheres, one can simply multiply by two to get an

estimate of both hemispheres.
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Figure 3.1.3.2-1 The six images to the left: Global images of the aurora on July 31, 1997 in UV (upper) in
soft X-rays (middle) and harder X-rays (bottom). The six images to the right: Derived energy flux of
precipitating electrons in three different energy intervals.
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3.1.3.3.  Joule heating of the ionosphere (U;)

The last energy sink, but not the least, is the Joule heating of the ionosphere. The Joule heating is
caused by the ionospheric current acting as a load and is given by
U,=E-J>0 ....35

It is therefore not surprising that the Joule heating can be estimated from the AE index, which is a
response to the total electric currents in the ionosphere. However, one should be aware that it is the
Pedersen currents that determines the Joule heating, while AE is an effect of the Hall current. This
means that one has to make an important assumption, and that is that the Pedersen currents are
proportional to the Hall currents. With this assumption many studies have tried to determine a
linear relation between U;and AE

U, =adE +b ...36

Uy is given in GW and AE in nT. To estimate the Joule heating in both hemispheres @stgaard et al.
(2002), combined the results from Ahn et al.(1989) and Richmond (1990) to obtain
U, =0544E+1.8 e 37

To learn more about how Joule heating can be estimated we refer to references given in Table 2 in

Ostgaard et al. (2002)

3.2.  Analysis of energy budget during substorms

Finally, we will show some results using the expressions and methods we have explained so far for
estimating the various energy input and sinks. In the study by Ostgaard et al., 2002, nine
susbstorms during 4 different days were analyzed and the results from one of the substorms are
shown in Figure 3.2-1. To the left we show the different parameters that are uses to calculate the ¢
parameter, as well as U, in one hemisphere and the AE.

To the right you can see the time evolution of the available energy, € and the three energy sinks.

Notice that Uy and U, are including both hemisphere. The integrated energy from time 1 to time 2
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(W(Uy), where subscript X can be R, 4 or J), during the substorm are shown by numbers in the
various panels. The time intervals used for integrating the various energies during the substorms
were defined as follows: Start time was determined from the lowest value of AE before the
substorm and the end time was when there was no more imaging data for the event. Ostgaard et al.

(2002) examined nine substorms following this procedure and found the following:

Date Subst  W(Uy) w(U,) W(U,) W(Uy) W)  W(Usy) CE
[10"J] [10™ 7] [10" ] [10™  [10™ [10™J] [%]
J] J]

Jul09,97 2 3.8(6%)  42.2(69%) 15.1(25%) | 61.1 47 7850 0.8
Jul 24,97 2 74(15%)  26.0(53%) 15.3(32%) |48.7 242 16100 0.3
Jul31,97 1 4.6(11%) 23.2(56%) 13.5(33%) |413 833 7880 0.5
Aug 28, 2 36.8(26%) 61.4(44%) 41.030%) | 139.2  135.0 15200 0.9
97

Av. 7 15% 56% 29% 0.3-
0.9

The results from the table can be summarized as:
1) The total energy deposition (W(Ugr)+ W(U,)+ W(U,)) is distributed on average as; W(Ug):
15%, W(U)): 56% and W(Uy,): 29%.
2) The coupling efficiency based on available energy and total energy deposited is less than
1%. This means that the Earth’s magnetic shielding is in fact very efficient.
3) For some of the events the epsilon parameter did not provide enough energy transfer to
balance the energy deposition in the system (marked with bold). An additional energy

transfer mechanism that could be the viscous interaction between the solar wind and the
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magnetosphere would need to transfer about 0.17% of Usy into the magnetosphere to

balance the total energy deposition.

It should be emphasized that these results are very different from what were suggested by Akasofu
(1981). He thought that most of the energy would be deposited into the ring current (60%).
Furthermore these results are consistent with what has been reported by Lu et al. (1998), Knipp et
al. (1998) and Tanskanen et al (2002). We therefore believe our results give a more precise

estimate of the various energy sinks and the coupling efficiency.
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Figure 3.2-1 To the left: July 31, 1997, (a) the total magnetic field strength in the IMF, (b) the
trigonometric expression for the clock-angle dependence of epsilon, (c) solar wind speed, (e) the integrated
global energy from precipitation in one hemisphere and (f) the AE index. To the right: (a) available energy

in the solar wind, (b) the epsilon paranmeter, (c) the energy injected into the ring current (d) the Joule
heating both hemispheres (e) the Auroral precipitation energy in both hemispheres.
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4, Summary

In this chapter we have given a brief description on how energy is transported and distributed in
the solar wind-magnetospehere-ionosphere system. An overview of the main plasma regions and
current systems of the Earth magnetosphere and ionosphere were presented. Some simple
expressions to determine the magnetopause were given. As all currents are associated with
magnetic perturbations geomagnetic activity can be monitored by global magnetic indices.
Increases in the ring current during magnetic storms can be described by the Dst and variations in

auroral electrojets during substorms and magnetic storms can be described by the AE index.

The second part of the chapter used these indices as well as measurements of the solar wind, to
describe how we can estimate the available energy in the solar wind, how much we think penetrate
the magnetic shield of the Earth and finally how the energy is distributed in the magnetosphere and

ionosphere during substorms.
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1. Introduction

Cosmic rays (CRs) are charged particles (not rays) that propagate through galactic space,

interstellar space and heliospace to eventually reach the Earth. For this part, the focus is on the
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propagation of galactic CRs through the heliosphere. Solar modulation studies examine the

spatial, energy and time dependence of CR intensities throughout the heliosphere.

Cosmic rays can roughly be classified as follows:

e QGalactic cosmic rays (GCRs) coming from outside the solar system, probably accelerated
by supernova explosions to very high energies, from a about 1 MeV to as high as ~10*' eV.

e Anomalous cosmic rays (ACRs) accelerated at the solar wind termination shock (TS). Data
from the Voyager 1 spacecraft crossing of the TS shock suggest another type, dubbed
termination shock particles also form directly at the TS (Stone et al., 2005).

e Solar energetic particles produced on the Sun by e.g. solar flares. Coronal mass ejections
and shocks in the interplanetary medium can also produce these energetic particles. They
have energies up to several hundred MeV, even a few GeV, but are observed at Earth for
only a few hours.

e Jovian electrons that originate in the magnetosphere of Jupiter.

Cosmic rays were discovered during the period 1911-13 by the Austrian scientist Victor Hess.
Before his discovery, scientists had been puzzled by the fact that the air in electroscopes
became ionized irrespectively of how well the containers were insulated. They thought that
radioactivity from the ground was responsible. In 1910, Theodore Wulf measured ionization at
the bottom and top of the Eiffel Tower (~300 m apart), and found that considerably more
ionization existed at the top than could be expected if it were caused by ground radiation, but
his results were not generally accepted. Before making his historic balloon flights, Hess
calculated the height at which ground radiation would stop producing ionization (~500 m) and
designed instruments that would not be damaged by large changes in temperature and pressure.
He then made ten historic balloon ascents, two in 1911, seven in 1912, and one in 1913, five at
night, and found that ionization increased rapidly, so he concluded that a radiation of very high
penetrating power enters the Earth’s atmosphere from above. After making a flight during an

almost total eclipse of the Sun on April 12, 1912, he further concluded that since ionization did
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not decrease during the eclipse, the Sun could not itself be the main source of this radiation. His
theory about ‘rays from space’ did not receive general acceptance at the time but increased
research after World War I supported and confirmed it. The newly discovered radiation was
dubbed "cosmic" by Robert Millikan in 1925. Victor Hess received the Nobel Price for this
accomplishment in 1936 (with Carl Anderson who discovered positrons).

This and more biographical information about him can be found at

www.mpi-hd.mpg.de/hfm/HESS/public/hessbio.html, and
nobelprize.org/nobel prizes/physics/laureates/1936/hess-bio.html.

The properties of these energetic particles are very important because they represent
considerable hazard to both human and radiation sensitive systems in space where there high
fluxes and energy can cause permanent effects in biological materials or miniature electronic
circuits. They also carry information about the large scale properties of the heliosphere and the
galaxy. Knowing the basic properties of these high energy particles, including their elemental
composition, energy spectra and temporal variations is important for understanding more about

our space environment, from ground level up to distant galaxies.

2. Galactic cosmic rays: spectrum and composition

Galactic CRs are observed at Earth as fully ionized particles with energies from about 1 MeV to
as high as ~10°" eV. Excluding low energy CRs, the ‘all-particle’ differential intensity
spectrum, shown in Figure 1 is in the form of a power law with a spectral index of —2.7, but
steepening to oc £ at the ‘knee’ region at about ~10" eV. A second smaller spectral break
occurs at ~10" eV, called the ‘ankle’ region. It is generally believed that galactic CRs below
the knee region are created inside our Galaxy and contained in the galactic magnetic field for
up to ~1.5x10" yrs (Ave et al., 2008 and reference therein). For energies above the knee
region, the gyro-radii of the particles become large enough to escape the confines of the
Galaxy, and it is believed that these particles have an extra-galactic origin. The generally

accepted paradigm of galactic CR creation inside our Galaxy is through the process of diffusive
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shock acceleration occurring at the shock front of supernovae. Note that the intensities decrease
by about 30 orders of magnitude on the logarithmic scaling. At energies less than 10 GeV,

significant modulation can take place when CRs enter the heliosphere.
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Figure 1. The ‘all-particle’ energy spectrum of cosmic rays measured at the Earth. Note the power-law
shape, with two spectral brakes, nicknamed ‘knee’ and ‘ankle’. (http://www.telescopearray.org/images;
Cronin et al., 1998).

Figure 2 shows the measured composition of galactic CRs at an intermediate energy of ~I
GeV/nucleon. The relative abundances decrease with increasing charge number. At this energy
range, galactic CRs are composed almost entirely of protons and helium with much smaller
amounts of heavier nuclei (~1%), Horandel (2008). Electrons account for ~1 % of the CRs.

Two groups of elements Li, Be, B and Sc, Ti, V, Cr, Mn are many orders of magnitude over-
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abundant in CRs than in the solar system. These exceptions yield important information about
the galactic matter traversed by CRs. The isotopic composition provides key information about

the origin, acceleration and transport mechanisms of CRs in our galaxy.
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Figure 2. The relative abundances of different galactic CR elements as a function of charge number as
observed by different experiments, scaled to Si; from Horandel (2008). Also see the appendix.

3. Solar modulation of galactic cosmic rays

The Sun is constantly blowing its plasmatic atmosphere from its surface, producing the solar
wind which transports the Sun’s magnetic field into heliospace. This magnetic field determines
the passage of CRs from the interstellar medium to Earth as a function of time, energy and
position in the heliosphere. This process is known as the solar (or heliospheric) modulation of
CRs. When CRs enter the heliosphere, they experience four major modulation processes: (1)
Convection with the solar wind. (2) Adiabatic energy changes. (3) Diffusive random walk along
and across the heliospheric magnetic field (HMF). (4) Drift motions caused by gradients and
curvatures in the HMF or any abrupt changes in the field direction such as the heliospheric
current sheet. These four major processes are described in full by Parker’s transport equation

(1958, 1965) that will be discussed below.
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Hermanus Neutron Monitor (4.6 GV) South Africa
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Figure 3. The 11-year modulation of galactic CRs as recorded by the Hermanus cosmic ray detector
(neutron monitor) in South Africa with cut-off rigidity of 4.6 GV in comparison with sunspot numbers,
showing the anti-correlation between solar activity and CR intensity. (Graph created by Rex Manuel).

(sunspot data, http.//www.ngdc.noaa.gov/stp/SOLAR/fipsunspotnumber. html#tinternational and
Hermanus neutron monitor data, Unit for Space Physics, NWU).

Long term CR observations at ground level are made by so-called neutron monitors (NMs).
Figure 3 shows the monthly average Hermanus NM count rate from 1960 onwards in
comparison with solar activity as inferred from the international sunspot number. Note the anti-
correlation between the NM counts and solar activity levels through the ~11 year solar activity
cycle. During solar maximum conditions CRs are modulated more efficiently through an
increase in the HMF strength and by increased turbulence. This leads to a decrease in the CR
flux as observed at Earth in anti-correlation with solar activity. During solar minimum
conditions, the CR flux at Earth becomes a maximum, decreasing to a minimum when solar
activity reaches a maximum, giving rise to the 11-year cycle. Also evident from Figure 3 is the

22-year cycle in CR modulation caused by drifts and the reversal of the solar magnetic field


http://www.ngdc.noaa.gov/stp/SOLAR/ftpsunspotnumber.html#international
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about every 11 years. Because CRs are charged particles, their drift motions in the background
HMF are highly dependent on the geometry of the HMF, causing different drift patterns (and
intensities) during different HMF polarity configurations known as A > 0 and A < 0 polarity
periods (see Figure 5): A > 0 polarity cycle is when positively charged particles drift inwards to
the Sun mainly through the polar regions of the heliosphere while during the A <0 cycle
protons drift inwards mainly through the equatorial regions of the heliosphere with
consequences as shown in Figure 3. Negatively charged particles will drift in the opposite
direction causing charged-sign-dependent modulation. See reviews by Heber and Potgieter

(2006, 2007).

There are additional short periodicities evident in NM and other cosmic ray data, e.g., the 25-
27-day variation owing to the rotational Sun, and the daily variation owing to the Earth's
rotation. These variations seldom have magnitudes of more than 1% with respect to the
previous quite time fluxes. Corotating interaction regions (CIRs) usually merge as they
propagate outwards to form various types of interaction regions, the largest ones are known as
global merged interaction regions (GMIRs). They are related to coronal mass ejections (CMEs)
that are prominent with increased solar activity but dissipating during solar minimum. Although
CIRs may be spread over a large region in azimuthal angle, they cannot cause long-term CR
periodicities on the scale (amplitude) of the 11 year cycle. An isolated GMIR may cause a
decrease similar in magnitude than the 11 year cycle but it usually lasts only several months. A
series of GMIRs, on the other hand, may contribute significantly to long-term CR modulation
during periods of increased solar activity, in the form of large discrete steps, increasing the
overall amplitude of the 11 year cycle. These variations are causing the step-like changes in the

CR intensity seen in Figure 4. See also the reviews by Potgieter (2008a,b).
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Figure 4. The figure shows the monthly averaged NM count rates as registered by the Hermanus NM
(solid red line). Also shown is the solar activity as inferred from the international sunspot number and
the heliospheric current sheet tilt angle (Graph created by Du Toit Strauss).

A major corotating structure in the heliosphere is the current sheet (HCS) which divides the
solar magnetic field into hemispheres of opposite polarity, changing sign across this current
sheet. Every ~11 years this field reverses polarity. The periods when the field is directed
outwards in the northern hemisphere has become known as A > 0 epochs e.g., during the 1970's
and 1990's, while the 1980's and the present epoch (2000~2010) are known as A < 0 cycles.
The consequent 11-year and 22-year solar cycles and their effects on CRs are discussed below.
The HCS has a wavy structure and is well correlated to solar activity. The waviness originates
because the magnetic axis of the Sun is tilted relative to the rotational axis, approximated by
using its tilt angle a close to the Sun (see lower panel of Figure 4). During high levels of
activity, the observed o — 75°, becoming undetermined during times of extreme solar activity.
During low solar activity the axis of the magnetic equator and the heliographic equator become
nearly aligned, causing a relative small waviness with o = 5°-10°. The tilt angles from 1976

onwards can be obtained from the Wilcox Solar Observatory at http://wso.stanford.edu/. The
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waviness of the HCS plays an important role in CR modulation as were pointed out originally
by Thomas and Smith (1981). It is still the best proxy for solar activity from a CR point of
view. It is widely used in numerical modeling and some aspects are discussed below. A
disadvantage is that it is not well-known how the waviness is preserved as it moves into the

outer heliosphere and up to the TS. For a review on this subject, see Smith (2001).

The 11 and 22 year cycles together with the step-like modulation evident in Figure 4, in
comparison with the heliospheric current sheet tilt angle, are good examples of the interplay of
the main modulation mechanisms; global gradient, curvature and HCS drifts playing a
dominant role during periods of minimum solar activity in conjunction with convection,

diffusion and adiabatic energy losses.

Apart from the obvious 11-year and 22-year cycles, there are also indications of CR periods of
50-65 years and 90-130 years, also for a periodicity of about 220 and 600 years (e.g.,
McCracken et al., 2004). It is not yet clear whether these variabilities should be considered
'perturbations' or truly time-structured to be figured as superpositions of several periodic
processes. Cases of strong 'perturbations' of the consecutive 11 year cycles are the 'grand
minima' in solar activity, with the prime example the Maunder minimum (1640-1710) when
sunspots almost completely disappeared. Assuming the HMF to have vanished as well or
without any reversals during the Maunder minimum would be an oversimplification. The
heliospheric modulation of CRs could have continued during this period but much less
pronounced (with a small amplitude). It is reasonable to infer that less CMEs, for example,
occurred so that the total flux of CRs at Earth then should have been higher than afterwards.

See also the notes on Space Climate.

The galactic CR flux is not expected to be constant along the trajectory of the solar system in
the galaxy. Interstellar conditions should differ significantly over very long time-scales, for
example, when the Sun moves in and out of the galactic spiral arm (Shaviv, 2003). It is
accepted that the concentration of '°Be nuclei in polar ice exhibits temporal variations in

response to changes in the flux of the primary CRs (Masarik and Beer, 1999, and references
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therein). Exploring CR modulation over timescales of hundreds of years and during times when
the heliosphere was significantly different from the present epoch is a very interesting

development. The above mentioned topic has become known as space climate.

A proper understanding of the modulation cycles of galactic cosmic rays in the heliosphere up
to energies of ~20 GeV requires knowledge of the galactic spectra for the various cosmic rays
species. Reliable galactic spectra have been calculated by e.g., Moskalenko et al. (2002) and are
widely in use. These spectra do not take into account contributions from the local interstellar
medium, in fact, the very local interstellar spectra (LIS) below ~10 GeV required for detail
modulation studies are difficult to determine. In Figure 5, the present available computed
spectra for cosmic ray protons, anti-protons, electrons, anti-electrons, Helium, Boron and

Carbon are compiled and illustrated.
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Figure 5. 4 compilation of computed galactic spectra for cosmic ray protons, anti-protons, electrons,
anti-electrons, Helium, Boron and Carbon (see also Moskalenko et al., 2002).

4. Theoretical background and numerical models
Models for the global and long-term modulation of CRs in the heliosphere are based on

numerical solutions of Parker’s (1961, 1965) time-dependent transport equation (TPE):

i,,];:—(V+<VD>)-Vf+V-(KS'Vf)+§(v'v)?;];+=]sourceo (1)
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where f'(T,p,?) is the CR distribution function; p is momentum, r is position, V is the solar wind
velocity and ¢ is time. V is the solar wind velocity and K is the diffusion tensor. Terms on the
right-hand side represent respectively convection, gradient, and curvature drifts, diffusion,
adiabatic energy changes, and a source function e.g., for the anomalous CR component. The
tensor Ks consists of a parallel diffusion coefficient (K|) and two perpendicular diffusion
coefficients, one in the radial direction (K,,) and one in the polar direction (K, ). The pitch
angle averaged guiding center drift velocity for a near isotropic CR distribution is given by
<Vp> =V x (K,ep), with ez = B/B,, and B,, the magnitude of the modified background HMF,
with K4 the off-diagonal element of the full diffusion tensor. The rigidity is defined as the
momentum per charge for a given species of particles. For clarity on the role of diffusion,

drifts, convection, and adiabatic energy loss, the TPE is written as follows:
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here A4 = sign(Bq) determines the drifts direction of the charged particles in the heliosphere. For the

A > 0 polarity cycle, positively charged particles drift from the polar region of the heliosphere down
to the equatorial regions and they are largely insensitive to the conditions in the equatorial region, e.g.
changes in HCS. For A < 0 polarity cycle, positively charged particles drift primarily in along the
HCS and out over the polar regions and are sensitive to changes in the tilt angle of the HCS. These
drift directions are shown in Figure 6 for protons. For negatively charged particles the drift is in the

opposite direction.

th)

Figure 6. The drift direction of protons caused by gradients, curvature and the current sheet of the
HMF for (a) the A > 0 HMF, and (b) the A < 0 HMF polarity. The electron drift directions are opposite
of the proton drift directions (Jokipii and Thomas, 1981).

The transport of charged particles in the heliosphere is determined by a heliospheric diffusion

tensor. This diffusion tensor K as introduced in the TPE above is given by the following
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K0 0
K=|l0 K, K,|, 4)
0 _KA Ku

where K is the diffusion coefficient parallel to the mean HMF, K , and K, denote the

diffusion coefficients perpendicular to the mean HMF in the polar and radial direction
respectively and the anti-symmetric K ,, describes particle drifts which include gradient,
curvature and heliospheric current sheet drift in the large scale HMF as described above. The
elements of the diffusion tensor with respect to heliocentric spherical coordinates are obtained

by using the transformation matrix

cosyy 0 siny
T=| O 1 0 ,
—siny 0 cosy

where y is the spiral angle of the HMF. That is:

Krr Kr9 Kr¢
K, Ky Ky =TKT’,
K¢r K¢9 K¢¢

[ cosyy 0 siny K, 0 0 |[cosy 0O —siny
= 0 1 0 0 K, K, 0 1 0
|—siny 0 cosy || 0O -K, K, |/ siny 0 cosy

b

_KH cos’w+K  siny —K,singy (K, - K,)cosy siny
= K, siny K, K, cosy , ©)

(K, —K)sinycosy —K, cosy K,  cos’y+K sin’y
where the superscript 7" denotes the transpose. A theoretical challenge in modulation is to
determine the elements K, K,,, K, and K, as a function of rigidity (energy), position and

time.
The present understanding of the mechanisms of global modulation in the heliosphere, as

described above, is considered essentially correct. However, the main obstacle in solving Eq.
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(1) is insufficient knowledge of the spatial, rigidity and especially the temporal dependence of
the diffusion coefficients including the underlying features of the magnetic field turbulence, the

size and geometry of heliosphere.

Figure 7 shows contour plots of the computed normalized differential intensity of 200 MeV
galactic CR protons in the meridional plane of the heliosphere for the A <0 polarity cycle (left
panel) and the A > 0 cycle (right panel). This illustrates how the drift patterns in the heliosphere
differ for protons during two successive 11-years cycles, essentially creating a clear 22-year

cycles in galactic CR modulation.

’|5O T T T T | T T T T | T T T T T T T T T T
. . 4 T T T T | T T T T | T T T T T T
:”fggﬁgﬁCemtoge | 150 rtera Parentage ]
100 C s0.00 | 7 100 B 90.00. i
80.00 ] - 80.00
50 70.00 N 50 L 7000 i
60.00 I £0.00
,%, O 5000 ] oF =000 N
40.00 £0.00
—50 3000 ] —50 - 30.00 7
20.00 20.00
=100 1000 ] =100 o000 ]
L oo | oo
50l 1] 1500 e L L T
— 100 —50 0 50 100 100 —50 0 50 100

[AU] [4U]

Figure 7. Contour plots showing the normalized differential intensity of 200 MeV galactic CR protons
in the meridional plane of the heliosphere for the A < 0 polarity cycle (left panel) and the A > 0 cycle
(right panel). Note the different drift patterns in the figures, owing to the HMF polarity reversal. Red is
high intensities, dark blue is for the lowest intensities. (Graphs created by Du Toit Strauss).

The spatial and rigidity dependence of the elements of the diffusion tensor are not well-known

but serious efforts are being made to improve the situation to come to an 'ab initio' formulation
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(Bieber, 2003) of CR modulation in which the diffusion coefficients are calculated from basic
diffusion (scattering) theories and from the underlying fluctuating parameters based on plasma
and turbulence theories using known features of the solar wind and the HMF. These approaches
must eventually be tested against CR observations at Earth, from Ulysses, the two Voyager and
other spacecraft. Diffusion theory involves several turbulence parameters so that one needs to
understand how solar wind turbulence evolves throughout the heliosphere, also at high
heliolatitudes, and now also in the heliosheath. While in-situ observations at and inside ~1 AU
from the Sun can be used as boundary conditions understand the process throughout the
heliosphere is required. All CR transport models require knowledge of the global structure and
geometry of heliosphere, the HMF, the HCS and the solar wind velocity. Observations by the
Pioneer, Voyager, Ulysses and other spacecraft have contributed significantly to understand the

spatial dependence and time evolution of these features.
5. Global causes of the 11-year and 22-year cycles

Significant progress has been made in solving Eq.(1) numerically with increasing sophistication
and complexity, also time-dependently for both the A > 0 and A < 0 magnetic polarity cycles,
using as main input parameters the time varying HCS tilt angles and the time varying measured
HMF values at Earth (NSSDC COHOWeb: http://nssdc.gfc.nasa.gov/cohoweb). A basic
departure point for the time-dependence of global, 11-year modulation is that propagating
barriers (solar wind and magnetic field structures inhibiting the easy access of CRs) are formed
and later dissipated in the heliosphere following the solar activity cycle. These propagating
barriers are especially applicable to the phase of the solar activity cycle before and after solar
maximum conditions when large steps in the particle intensities have been observed. A wide
range of interaction regions occur in the heliosphere, with GMIRs the largest, introduced by
Burlaga et al. (1993). They observed that a clear relation exists between CR decreases
(recoveries) and the time dependent decline (recovery) of the HMF magnitude, and extent, local
to the observation point. The paradigm on which this modulation ‘barrier’ is based is that
interaction (and rarefaction) regions form with increasing radial distance from the Sun. This

happens when two different solar wind speed regions become radially aligned to form an
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interaction region when the fast one runs into the slower one, resulting in compression fronts
with forward and backward shocks. When these narrow interaction regions propagate outwards
and expand, they may wrap almost around the Sun to become CIRs. When they merge and
interact, merged interaction regions and finally GMIRs are formed beyond 5-10 AU. See
Intriligator et al. (2005) for an illustration of how these 'barriers' developed with distance and
time in the heliosphere. The effects have been successfully modelled by Ferreira and Potgieter

(2004) with a compound model.

The affects of GMIRs on 11-year modulation depend on their rate of occurrence, the speed with
which they propagate, their spatial extent and amplitude, especially their latitudinal extent (to
disturb global drifts), and the background modulation conditions they encounter and
importantly on the radius of the heliosphere (i.e., how long they stay inside the modulation
volume). Drifts, on the other hand, dominate the solar minimum modulation periods up to four
years so that during an 11-year cycle a transition must occur (depending how solar activity
develops and declines) from a period dominated by drifts to a period dominated by these
propagating structures. The largest of the step decreases and recoveries shown in Figures 3 and
4 are caused by these GMIRs. The 11-year and 22-year cycles together with the step-like
modulation, evident in Figures 3 and 4, are good examples of the interplay of the main
modulation mechanisms; global gradient and curvature drifts playing a dominant role during
periods of minimum solar activity in conjunction with convection, diffusion and adiabatic

energy losses.

6. Charge-sign dependent modulation

Charge-sign dependent modulation is one of the important features of CR modulation because
it is a direct indication of gradient, curvature, and HCS drifts. For a review, see Heber and
Potgieter (2006, 2007). An important accomplishment of this compound approach is that it also
produces the observed charge-sign dependent CR modulation from minimum to maximum

solar activity.



Heliospheric Physics: Shock Acceleration in the Heliosphere & Anomalous Cosmic Rays 135

7. Modulation in the heliosheath

Considering the modulation shown in Figure 4, the question that is relevant within the context
of present Voyager 1 and 2 observations is how much modulation occurs inside the heliosheath
and where does the CR modulation actually start? Can the heliosheath consider to be a
modulation 'barrier'? The process is of course highly energy dependent so that the answer must
depend on the energy range of CRs. An illustrative example of the amount of modulation that
galactic CR protons may experience in the heliosheath in the nose direction is shown in Figure

8.
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Figure 8. Computed percentage of CR modulation in the heliosheath with respect to the total
modulation (between 120 and 1 AU) as a function of kinetic energy for the two magnetic polarity cycles
(A > 0 and A < 0), for solar minimum (o. = 10°) and for moderate maximum (a = 75°) conditions, in the

equatorial plane in the nose direction of the heliosphere. Negative percentages mean that the CRs can
be reaccelerated at the TS.

The percentage of modulation in the equatorial plane in the heliosheath is given with respect to
the total modulation (between 120 AU and 1 AU) as a function of kinetic energy for both
polarity cycles (A > 0 and A < 0), for solar minimum (« = 10°) and moderate maximum (& =
75°) conditions. Evidently, at £ < ~0.02 GeV modulation of > 80% may occur in the

heliosheath for both polarity cycles. For all four the conditions, the heliosheath modulation will
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eventually reach 0% (not shown) but at different energies, indicating that it differs significantly
with energy as well as with drift cycles. How much gradient and curvature drifts actually occur
in the heliosheath is still unanswered. The negative percentages indicate that the intensity is
actually increasing in the heliosheath as one moves inward from the outer boundary toward the
TS because of the re-acceleration of CRs at the TS. This depends on many aspects, in particular

the TS compression ratio.

In Figure 9 examples are shown of the modulation results of a numerical model containing a TS
at 90 AU. The differential intensity is shown as a function of radial distance in AU in the left
panel for three different energies. In the right hand panel the corresponding spectra are shown

at various radial distances in the heliospheric equatorial plane, all for the A > 0 polarity cycle.

— 102

10" | 0=90° ;qA Pos Cycle | f’; 0 =90%;9A Pos Cycle

— 1 P

L | o
£
E'E 10° |
gE
33
S 10
2w r=30AU
£3 — — —— r=60AU
at 102 et r=90AU

o — 115AU

120 AU (LIS)
10° s
102 10+ 100 101
Radial distance (AU) Kinetic Energy (GeV)

Figure 9. The differential intensity of galactic CR protons as a function of radial distance (left panel)
and as a function of energy (right panel). The position of the TS is indicated by the dashed red line, and
the HP (LIS) by the solid red line. All other graphs shown later in the text were obtained for the g4 > 0

polarity cycle during solar minimum conditions, in the equatorial plane (DuT Strauss).

8. Cosmic rays in geospace

We are protected again CRs by three well-known space 'frontiers', the first one arguably the less
appreciated of the three: (1) The solar wind and the accompanying relatively turbulent
heliospheric magnetic field extending to distances of more than 500 AU in the equatorial plane
and to more than 250 AU in the polar plane. The heliospheric volume may oscillate

significantly with time depending on solar activity, and where the solar system is located in the
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galaxy (Scherer et al., 2006). (2) The Earth's magnetic field, which is not at all uniform, e.g.,
large changes in the Earth's magnetic field are presently occurring over southern Africa. This
means that significant changes in the cut-off rigidity at a given position occur. These changes
seem sufficiently large over the past 400 years that the change in CR flux impacting the Earth
may approximate the relative change in flux over a solar cycle (Shea and Smart, 2004). The
magnetosphere also withstands all the space weather changes that the Sun produces, and can
reverse its magnetic polarity on the long-term. (3) The atmosphere with all its complex physics
and chemistry. The cosmic ray intensity decreases exponentially with increasing atmospheric
pressure. The Sun contributes significantly to atmospheric changes through, e.g., variations in

solar irradiance, and variations in the Earth’s orbit.

1.8
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Solar Maximum
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1 1 1 1
60 70 80
Magnetic Latitude

Figure 10. lllustration of the cosmic ray latitude curve, the minimum value occur at the equator and the
maximum values at polar latitudes. The values are relative since the numbers vary with altitude and
solar activity. At high latitudes the cosmic ray flux levels off, since the shielding effect of the Earth’s

atmosphere becomes larger than the cosmic ray cut-off by the magnetic field (Schlaipfer, 2003).

The magnetic field and the atmosphere form two powerful protective layers against the cosmic
radiation on the Earth’s surface. The magnetic field acts both as a shield and as a giant natural
spectrometer for cosmic ray particles. If the particles possess energy, which is greater than the
magnetic cut-off energy, they will cross through the magnetosphere and reach the upper layers

of the atmosphere. But if their energy is insufficient, they will have a tendency to follow the
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magnetic lines of force, with which they move easily, due to their lack of energy, and succeed
in reaching the poles. It is the reason why the areas located near the poles receive radiation in
higher quantities than near the equator, which is better protected by the Earth’s magnetic field
as shown in Figure 10. The second protective layer is the Earth’s atmosphere. Upon arriving in
the upper parts of the atmosphere, the cosmic ray particles interact with the atoms which they
encounter as shown in Figure 11; these collisions create new cascades of particles that produce
further successively lower energy nuclear disintegrations. This nucleonic cascade process

caused by primary cosmic particles can be detected at the surface of the Earth.

9. Summary

Heliospace physics forms part of the universal physical processes that can be used to gain better
understand of the features and characteristics of geospace and galactic space. The heliosphere is
a typical small astrosphere. Cosmic ray variability contributes to the understanding of the
importance of the complex field of space weather. Only recently has the dynamics of the
heliosphere been studied and appreciated, in particular its role in cosmic ray variability and

ultimately its role in space climate.

Heliospheric physics, and in particular, the outer heliosphere with the solar wind TS and
heliosheath, has become most relevant and is being activity studied. The recent crossings of the
TS by the two Voyager spacecraft have been a major accomplishment that has renewed the
interest in CR modulation and the physics of the heliosheath. Observations of galactic and
anomalous CRs in the outer heliosphere, together with the solar wind and magnetic field, have
also caused new controversies and scientific issues. The acceleration of the anomalous CRs at
the TS was thought to be caused mainly by diffusive shock acceleration but new information
and modeling show that neglected mechanisms such as stochastic acceleration and solar wind

adiabatic heating may be equally important.
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Figure 11. A schematic diagram of a cosmic ray shower, an incident cosmic ray particle interacts with
the atoms at the top of the atmosphere. Due to its high energy it disintegrates the atoms producing a
cascade of electromagnetic radiation, of muons and nucleons, of which the neutrons are detected by the
neutron monitors (Schlaipfer, 2003).

Several challenges need to be studied: What is the global strength and structure of the TS? How
are energetic particles accelerated at and beyond the TS? What are the global properties of the
plasmatic flow beyond the TS and in the heliotail? How does the interstellar flow interact with
the heliosphere beyond the HP? Understanding this physics will give the theoretical and

modeling tools to study broader issues in both heliophysics and astrophysics.

The study of the heliosheath, the heliopause and the heliospheric interface with the local
interstellar medium and how galactic and anomalous cosmic rays respond to the global

dynamics thereof, will be one of the prominent heliospace research topics for the coming years.
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The Hermanus Cosmic Ray Monitor in South Africa, illustrating the 11-year and 22-year cycles and the
large step-like decreases and recoveries of galactic cosmic ray intensities at Earth.
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1. Introduction

The first part describes the basic physics of shocks in space in general and then in the
heliosphere. This is followed by a discussion of examples of shocks in space and their effect on
charged particles.
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2. Physics behind shock waves: Shock geometries, shock modes and Mach numbers

First a few basic definitions. A shock in a fluid (or medium, e.g. a plasma) can be defined as
the abrupt change in some physical quantities associated with the fluid, e.g. the velocity v, and

the mass density p. The shock can thus be seen as a discontinuity in the fluid, where the

properties of the fluid changes considerable when crossing the shock. These types of
discontinuities are usually associated with the compression of the fluid (e.g. an increase in
density) and as such necessarily only applies to compressible fluids. Mathematically, a

compressible fluid can be defined as
Vv#0, )

which implies a variable density and pressure p, throughout the medium. It holds for the solar
wind, also in the heliosheath, unless v, oc r* in this region. If we thus have a compressible

medium, pressure and density waves may propagate through the medium. The sound speed of a

C, E\/E1 (2)

with p the pressure and ych/Cv , Is the ratio of specific heats of the medium at constant

medium is defined as

pressure and volume. This is the speed at which sound waves (also called acoustic, ion or
longitudinal pressure waves) propagate through the medium.

The physics of a collisionless shock is strongly dependent on the angle &, between the
magnetic field and the shock normal. The following are used for &,: Perpendicular shocks:
65, =90°, Parallel shocks: &, =0°, Oblique shocks: 0° < 8,, <90°, which can be subdivided
into quasi-parallel shocks: 90" <6, <45, and quasi-perpendicular shocks: 45° <&, <90".

The normal vector is define so that the it points into the unshocked medium. In the shock rest
frame, this normal points upstream. The downstream regime is defined accordingly. The

magnetic field changes differently for the fast and slow shocks, thus the magnetic field increase
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in fast shock but decrease in slow shock. Furthermore the plasma density correlates with the
magnetic field amplitude in fast shock whereas it does not in slow shock. Another factor that

characterise a shock is the Mach number.
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' - Upstream

1 ]

|
|
I
I
|

N
{ NER
T

0g,=90° 65,=0° 0°<0,,,<90° 0°<6,,,<90°

Downstream

\BRBARAA

Figure 1. Possible geometry for the shock normal and magnetic field (Behlke, 2005).

The Mach number is defined as the ratio between the shock speed in the upstream medium and
the sound speed. It is always determined in the rest frame of the shock. In the upstream medium
M > 1, whereas in the downstream medium it is smaller. This implies that in the downward
stream medium the plasma leave the shock with a speed less than the sound speed. Thus any
disturbance in the downstream medium can propagate away from the shock.

The compression ratio of the shock is defined as the density ratio across the shock

s=2 (3)
£
. Vl
also written as s=-1. (4)
V2

The compression ration can be re-written in terms of the supersonic Mach number M, ,
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S= L 71 , (5)

which is quite useful as the subsonic speed of the shock might not be known. For a strong shock

(M — ), the previous expression reduces to

[HEN

+
?/_

<

(6)

S=

|

For a monatomic gas (such as the solar wind) we have y = 5/3 , and the maximum compression ration is

s=4. If the gas is relativistic y =4/3, and the maximum compression ratio is s = 7.

3. Examples of shocks in space
3.1. Bow shocks

A bow shock is an interface that forms between a supersonic fluid and an obstacle such as a
denser medium. Bow shock, such as the magnetospheric bow shock, forms at the outermost
part of a planetary magnetosphere where the high speed flow of the solar wind is suddenly
slowed to subsonic speed by the planetary magnetic field. Bow shocks also form around hot
young stars where vigorous stellar winds slam into stellar medium. The Earth’s bow shock is
shown in Figure 2; note where it is defined as a parallel and as a perpendicular shock,

respectively.
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Figure 2. Overview of the Earth’s magnetosphere showing the location of the quasi-
perpendicular and quasi-parallel regions of the Earth’s bow shock for average solar wind
conditions (Behlke, 2005).

3.2. Cometary shocks
Cometary shocks have been observed by spacecraft, showing evidence for particle acceleration

at the plasma shock formed when outgassed material is ionized in the solar wind.
3.3. Interplanetary shocks

An interplanetary shock is a disturbance that propagates into the expanding solar wind.
Interplanetary shocks are identified by characteristic changes in the plasma and field
parameters, in particular a sudden increase in plasma density, speed and temperature and a
jump in the magnetic field strength. The shock develops because it expands relatively to the
ambient medium that expands differently from the shock itself. The expansion of the shock
leads to a decrease in the plasma and magnetic flux densities. Interplanetary shocks play an

important role in particle acceleration and geomagnetic activity.

The two well-known sources of interplanetary shocks are coronal mass ejections (CMEs) and
fast and slow solar wind streams interaction. CMEs are defined as the transient change in the
coronagraphs as expanding ejected loops of material of enhanced density. CMEs drive the

interplanetary shocks if they move or expand at a super-magnetosonic velocities with respect to
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the ambient solar wind. There is close correlation between the rate at which fast coronal mass
ejection are emitted from the lower corona and the rate of the occurrence of interplanetary
shocks observed within 1 AU of the Sun. Transient interplanetary shock without a following

CMEs body are also detected but these case are rare.
3.4. Shocks at corotating interaction regions

Corotating interaction regions (CIRs), as sketched in Figure 3, develop beyond 1 AU and
observed as clearly defined enhancements in pressure, magnetic field strength and the general
level of fluctuation. As the solar wind streams move outward, the pressure fronts steepen to
form corotating shocks at the boundaries of the interaction region. They are usually consists of
an outward propagation forward shock and an inward propagating reverse shock. CIRs usually
start at the forward shock and end at the reverse shock. CIR shocks are weak or absent near 1
AU. Outside several AU, the shocks become quite strong, and a very large variation in pressure

are associated with the interaction regions.

AN\
AVAN

INTERACTION
REGION

Figure 3. Two CIR and intervening quiet regions are shown. F and R indicate forward and
reverse shock, respectively. An interplanetary magnetic field line is shown within the quiet
region.

Figure 4 shows an example of CIR as observed by Voyager 2 in May 1979 at 5.1 AU. The
signature of a forward fast shock is an increase in bulk speed and simultaneous increase in

proton density, pressure and magnetic field strength. The signature of the reverse fast shock is
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an increase in bulk speed, and simultaneous decreases in proton density, pressure and magnetic
field strength. The pressure inside the interaction region is greater than that of the ambient solar

wind by a factor of 100. Voyager 2 was immersed in the CIR for 4.7 days.
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Figure 4. A CIR observed from Voyager 2 at 5.11 AU bounded by a well-developed shock pair.

3.5.  Solar wind termination shock

Solar wind termination shock (TS) formed when the ram pressure of the supersonic solar wind
drops to the value of the interstellar thermal pressure. When the pressure balance occurs the
highly supersonic solar wind will be decelerated in a strong shock. The solar wind is weak
compared to the wind of the massive hot star which may contribute to the production of the
galactic CRs or at least serve as the injectors providing energetic seed particles which are later
accelerated to cosmic ray energies. The solar wind TS is responsible for accelerating the
anomalous component of cosmic rays. These particles are believed to originate as neutral
interstellar atoms which enter the heliosphere and are subsequently ionized and accelerated at

the nearly perpendicular shock.
3.6. Blast waves of a supernova (SN)

A SN is the violent end of a massive star. This process is marked with a blast wave, expelling

stellar material at up to 10% of the speed of light. If the interstellar medium is isotropic, the
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resulting blast wave will naturally propagate spherically away from the SN. At the front of the
blast wave, a shock front will develop, moving radially away from the SN.

4. Diffusive Shock Acceleration

A collisionless plasma is a plasma where interactions between particles through collisions are
negligible compared to charged particle-magnetic field interactions. These are normally long
range interactions through electrodynamic forces and may propagate through the plasma due to
its collective behaviour. Similarly, at a collisionless shock, collisions between particles are
negligible. The collisions, and collision processes (e.g. diffusion) are simulated through the
interaction between charged particles and magnetic fields. Diffusion is simulated by scattering

of particles by irregularities in the magnetic field, called scattering points.

Following Choudhuri (1998), the process of diffusive shock acceleration is as follows: A MHD
shock contains moving magnetic fields, which may act as magnetic mirrors, trapping charged
particles through multiple “collisions’. As in the normal Newtonian case, charged particles that
collide *head-on” with the moving magnetic field will gain energy, while a ‘trailing’ collision
reduces the particle’s energy. On average, particles will gain energy through these collisions.
The particles are thus being accelerated by the moving magnetic field. This type of acceleration
is called diffusive shock acceleration or first-order Fermi (Fermi I) acceleration. The existence
of this process was doubted, until the discovery of accelerated particles in the Earth’s bow
shock. For Fermi | acceleration to occur at a shock, a necessary requirement is that there exists
enough scattering points on both sides of the shock, in order for particles to suffer multiple
collisions, gaining energy with each collision. In the following, a brief derivation is given of the

accelerated spectrum of particles undergoing Fermi | acceleration over a shock.

The omni-directional particle distribution function is

U,(r. p,t)

7
Ar prf] 0

f(r,p,t)=
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with r the position, p, the momentum and U the differential number density of particles.

Consider the continuity properties of the shock. Since particles have mobility across the shock,
the distribution function must be continuous, i.e.

fr=f", (8)
where (-) indicates the un-shocked (supersonic) medium and (+) the shocked (subsonic)
medium.

Also the streaming of particles across the shock must satisfy the relation

V.S, =Q, 9)
where S is the differential particle current density (streaming), and Q is a source of particles.
Equation (19) states that the flux diverging from the shock must have its source at the shock

(the so-called seed particles). For a one-dimensional shock, Equation (9) simply reduces to

S* -5 = |imjfodr, (10)

£—0

if r, is the radial position of the shock. For the rest of the derivation, we must assume some sort

of seed population at the shock. In case of the anomalous source of CRs, this will be a mono-

energetic function, dependent on the number of seed particles N,, and the momentum of these
particles p, .

The accelerated spectrum will be in the form:

-q

N

f(0.p,) = %—q| 2 | . (12)
47[ pm,O pm,O
Equation (21) is in the form of a power-law with the spectral index given by
3s

=—, 12
9=—— (12)

only dependent on the compression ratio of the shock. The power-law accelerated spectrum is
characteristic of Fermi | acceleration for an infinite planar shock. It should also be noted the
power law obtained can only be achieved after sufficient time has elapsed for particles to reach

the momentum. The characteristic time is
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S LY U L (13)
V=V, 2ee (V) Y, ) Py

where V is the speed and « the diffusion coefficient; the subscripts 1 and 2 refer to up- and
down stream velocities w.r.t. the shock; 7 is thus the time it takes the particles to be

accelerated from momentum p_, to p,. If we examine a curved shock (e.g. the TS), a

curvature cut-off in the spectrum is found when the scale length x/V becomes larger than the

shock radius r, .

5. Particle acceleration at shocks

Following mechanisms plays a major role for the particle acceleration at collisionless shocks:

e Shock drift acceleration (SDA) in the electric induction field in the shock front,

e Diffusive shock acceleration (DSA) due to repeated reflections in the plasma converging at
the shock front (1% order Fermi acceleration),

e Stochastic acceleration in the turbulence behind the shock front (2" order Fermi

acceleration).

The effectiveness of these mechanisms depends on the properties of the shock. Shock drift
acceleration is significant at perpendicular shocks, since the electric induction field is maximal
but vanishes for parallel shocks. Diffusive shock acceleration is only efficient in the case of
sufficient scattering both upstream and downstream of the shock and is thus effective at quasi-
parallel shocks. Shochastic acceleration requires a strong enhancement in downstream

turbulence.

In the case of SDA particles are accelerated in the electric induction field in the shock front. A
charged particle drifts in the electric induction field, which in the shock rest frame is,
E=-v,xB, =-v, xB, (14)
This field is along the shock front and perpendicular to both magnetic field and bulk flow. It
maximises at perpendicular shocks and vanishes at parallel shocks. The shock is a magnetic
field discontinuity and thus a particle can drift along the shock front. The drift direction
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depends on the charge of the particle and is always such that the particle gains energy (for fast
mode shocks). It can be noted that the energy gain of the particle depends on how long the
particle can interact with the shock front, which in its turn depends on the particle’s speed
perpendicular to the shock. If it is small, the particle sticks to the shock. If it is large, the
particle escapes before it has gained a large amount of energy. SDA at the Earth’s bow shock

up to some tens of keV can be observed.

DSA is dominant at quasi-parallel shocks, where shock drift acceleration is negligible due to
the vanishing electric induction field. In DSA, the particle scattering both upstream and
downstream of the shock is essential. For this type of acceleration, two mirrors continually
approach each other head on, and so the particles bounce off these mirrors many times and gain
energy at each reflection (Kallenrode, 2004). For stochastic acceleration, the energy gain of the
particles is achieved by reflections off mirrors moving random directions. This type of

acceleration is less efficient than diffusive acceleration.

It is believed that galactic CRs are accelerated to very high energies (up to ~10*eV) through
Fermi | acceleration in SN blast waves. The observed galactic CR spectrum is shown in Figure

5, with a clear power-law form.

6. Anomalous Cosmic Rays

Anomalous cosmic rays (ACRs) were first observed as an increased flux of low energy CRs by
Garcia-Munoz et al. (1973). Latest results are shown in Figure 6, from the VVoyager 1 crossing
of the TS in December 2004 (Stone et al., 2005). For helium and oxygen nuclei can clearly be
distinguished between the GCR and the ACR components. It is generally accepted that ACRs

are formed by the acceleration of low energy pick-up ions (PUIs) at the TS.
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Figure 5. The left panel shows the GCR spectrum, from www.telescopearray.org.

The accepted norm, first proposed by Fisk et al. (1974), is that PUIs serve as the seed
population for ACRs. It is generally believed that the local interstellar medium is a partly
ionized medium consisting mainly of neutral components. As the neutral components are not
electrically charged, neutral particles may enter the heliosphere without being affected by the
HMF. It is believed that these particles may become singly ionized mainly through photo-
ionization close to the Sun and through charge exchange with solar wind ions in the inner
heliosheath. Once ionized, these particles are convected outwards by the solar wind and they

are aptly named PUIs.
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Figure 6. CR data obtained from the Voyager 1 crossing of the TS, clearly distinguishing the
GCR and ACR populations of helium and oxygen. Note also the possible fifth CR population,
the so-called TSPs. (Stone, et al., 2005).

The first observational evidence of PUIs was made by Mdbius et al. (1985), by detecting pick-
up helium. Figure 7 shows the computed PUI density in the meridional plane of the heliosphere
for solar minimum and maximum conditions. The figure was obtained using a 5-fluid
hydrodynamic (HD) model by Scherer and Ferreira (2005). From this figure we may
distinguish the different regions in the heliosphere where PUI forming is dominant, namely the

region near the Sun and in the inner heliosheath, where PUI densities are the highest.

Once PUls are convected outwards, and reach the TS, they are injected into the shock, where
they are accelerated via diffusive shock acceleration to ACR energies up to ~ 100 MeV/nuc.
The precise mechanism of PUI injection at the TS is still unclear. PUI injection into the shock
can be quantified by the so-called injection efficiency (or injection rate) which gives the

fraction of PUIs reaching the TS that are accelerated to become ACRs. Recently, since the
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Voyager 1 TS crossing, some authors have suggested that the TS may not be the ‘source’ of
ACRs as no distinct source spectrum was observed during the crossing. This controversial

subject still needs to be resolved.
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Figure 7. The distribution of PUIls in the meridional plane of the heliosphere for solar
minimum (top panel) and solar minimum (bottom panel) conditions, computed using a 5-fluid
HD model. Scherer and Ferreira (2005).

Figure 8 shows diffusive shock spectra for anomalous oxygen (lower panel) with modulated
spectra at different radial distances in the equatorial plane of the heliopshere. In the upper
panel the radial dependence is shown for different energies. The position of the TS in indicated
by the dashed red line, at radial distance of 90 AU. The polarity cycles is A >0, with the

current sheet tilt angle 100, indicating solar minimum activity.
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Figure 8. Diffusive shock accelerated spectrum for anomalous oxygen (lower panel) with
modulated spectra at different radial distances in the equatorial plane of the heliopshere. In
the upper panel the radial dependence is shown for different energies. The position of the TS in

indicated by the dashed red line, at radial distan

ce of 90 AU. The polarity cycles is A >0, with

the current sheet tilt angle 100, indicating solar minimum activity.
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