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We argue that many studies in space physics would benefit from putting a detailed
investigation into a wider perspective. Three examples of theoretical and observational
studies are given. We argue that space physics should aim to be less of an isolated branch
of science. Rather, by putting the scientific space results into a wider perspective these
results will become more interesting and important than ever. We argue that diversity in a
team often is favourable for work on complicated problems and helps to present the results
in a wider perspective.
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1 INTRODUCTION

To be useful now and in the future, space research must be performed in the greatest possible
detail, and must be presented in the widest possible content. This is obvious advice for many
areas of science. But space can in the short run be more spectacular than other areas of research.
Thus, it is important to realize that results from your own narrow area of research in the long run
should not be presented only in a detailed and limited way. A limited presentation is not enough
to be useful to your fellow scientists, to society, and is not enough to attract attention and
funding.

Space physics can remain as a separate science in terms of some special techniques, including
launchers, spacecraft technology and scientific instruments for extreme conditions. Space science
should aim to be less of an isolated academic research topic (and so should several other topics now
treated as individual subjects). Space results should be presented in a way that make them as useful as
possible for other basic science disciplines such as astrophysics, astrobiology and laboratory plasma
physics and for applied sciences such as space weather, spacecraft interaction with the surrounding
environment and thermonuclear fusion. This can then lead to applications in areas we have not even
thought of today.

As a start, space research should aim at results with a wide impact within this area of research.
Keeping this wider perspective during each study makes the ongoing research more interesting, and
the results will be more useful to a wider community. Below I give examples of three studies where I
performed detailed science, and tried to present the results in a wide perspective.

2 EXAMPLES OF STUDIES WITH A PERSPECTIVE

To qualify as a study putting results into perspective, an investigation should include new results and
new understanding, should put things together in a new way, and should still be interesting 10 years
after publication. The last requirement is somewhat arbitrary but has the advantage that it can be
tested by checking if other scientists are using a relevant publication as a reference after several years.
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FIGURE 1 | Dispersion surfaces, wave frequency shown as a function of
wavevector components. Here f and f., are the wave frequency and the
proton gyrofrequency, k, and k are the wavevector components
perpendicular and parallel to the background magnetic field and py, is the
proton gyroradius. Wave modes include: C) lon Bernstein waves (also called
lon Cyclotron Harmonic, ICH, waves), D) Lower hybrid waves, E) Right
circularly polarized whistler waves (fast magnetosonic or compressional Alfvén
waves), F) Left circularly polarized shear Alfvén waves (electromagnetic ion
cyclotron, EMIC, mode). From André (1985), where details of the plasma
model are given.

Rather than attempting a stricter definition of studies with a
perspective I give three examples of investigations I considered
nice at the time, and which I am still proud of.

2.1 Dispersion Surfaces

The first example concerns the theory of plasma waves in a non-
relativistic, collisionless, homogeneous and magnetized plasma.
This is a good first approximation for the study of many plasmas
in space physics and astrophysics. In collisionless plasmas energy
is not transferred between charged particles via Coloumb
collsions. Rather, the charged particles interact via
electromagnetic waves. Often there is a need to identify which
wave mode is observed. The relevant equations are complicated
but can be found in textbooks, e.g., Chen (2016). Books and many
research papers also give plots illustrating special cases such as a
limited range of frequencies and wave-vectors k only parallel or
perpendicular to the background magnetic field. As a student, my
supervisor developed a computer code to study instabilities of
waves in a homogeneous, anisotropic and magnetized plasma,
WHAMP (Rénnnmark, 1982; Ronnmark, 1983), while I did a lot
of testing and debugging. As part of my studies, I wanted to sort
out which (not heavily damped) waves exist for a certain
combination of plasma parameters.

Dispersion surfaces, plots of frequency as a function of wave
vector for all directions of k (Oakes et al., 1979), are a useful way
to display the numerical results. A systematic presentation of
dispersion surfaces (André, 1985) was part of my thesis. Figure 1
shows an example of surfaces, covering frequencies up to three
times the proton gyrofrequency. Wave modes labeled with capital
letters are often treated as individual and isolated

A Wider Perspective

approximations. Here it is clear that they are smoothly
connected as k is gradually changed. These surfaces have
turned out to be very useful and are included in overviews
and books (e.g., Benz (2002); Koskinen (2011)) and recent
PhD theses (e.g., Allison (2019)) The point is not so much an
individual wave mode represented by a small part of a surface and
well described by an analytical approximation in a textbook. The
point is more the overall picture of all possible wave modes,
showing which wave modes should be considered. Putting the
numerical solutions together in this way gives a new and useful
perspective.

2.2 lon Energization

The second example concerns the energization of ions leaving the
ionosphere. A large fraction of the plasma in the magnetosphere
originate in the ionosphere, with initial energies of less than one
electron volt. Ions such as H" and O leaving the auroral regions
can then be energized to several keV. In addition to upward
acceleration of positive ions parallel to the geomagnetic field by
the potential drops accelerating electrons downward to cause
auroras, ions are often energized in the perpendicular direction.
When the ions have left the lower ionosphere dominated by
collisions, this heating can be caused by various electromagnetic
waves, ultimately powered by energy from the solar wind. These
ions may then move adiabatically up the field lines of the
inhomogeneous terrestrial magnetic field and form so-called
conics in ion velocity space. There are many observations by
sounding rockets and satellites of ion conics and associated waves
from altitudes of a few hundred km out to several Earth radii.
Possible perpendicular energization mechanisms range from
nearly static electric field structures, waves below and around
the ion gyrofrequency, and waves near the lower hybrid
frequency. Many studies have tried to identify the important
mechanism. It was clear that more than one process may be
acting, but at least for specific regions in space the search was
usually for the (only) mechanism.

Having the opportunity to look at a lot of data from the
Swedish Freja satellite launched 1992 to investigate the auroral
region, I realized that another question would be more
interesting. What is the relative importance of different
mechanisms (wave modes)? Together with my PhD student
Patrik Norqvist and other colleagues, we performed a
statistical study using Freja observations close to the apogee of
1700 km, including more than 200 events of simultaneously
observed ion conics and waves (André et al., 1998). We found
that O" energization was mainly caused by broadband waves,
where the frequencies around the gyrofrequency were relevant for
resonant heating. Sometimes waves around half the proton
gyryfrequency (EMIC emissions) or waves around the lower
hybrid frequency were more important. We used test particle
calculations to verify that the observed wave amplitudes were
high enough to explain the observed ion energies. We also
considered and disregarded other possible mechanisms of
perpendicular ion energization. We found that many previous
studies were correct in that they had identified a plausible
mechanism for a specific event. Our study included many
events and showed that broadband waves overall cause most
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of the perpendicular ion energization in the auroral region, while
other waves sometimes can be important. Considering several
wave heating mechanisms in one single study gave a new and
useful perspective.

2.3 Outflow of lonospheric Low-Energy lons
The third example concerns ions leaving the ionosphere
without being much energized. Plasma in the
magnetosphere can originate in either the solar wind or the
ionosphere, and during decades it gradually became clear that
the ionosphere can be an important source also at high
altitudes (Chappell et al., 1980; Chappell, 2015). A problem
in large regions of the magnetopshere is that a spacecraft in
sunlight in a low-density plasma will be positively charged to
tens of volts due to the emission of photoelectrons. Hence,
positive ions from the ionosphere with eV energies will not
reach the spacecraft. These ions often have a drift energy that is
higher than the velocity distributions thermal energy. The
upward flowing ions will be scattered by a large electrostatic
structure around the charged satellite. This will cause an
enhanced ion wake behind the spacecraft. For similar
electron and ijon temperatures the low mass electrons have
much higher thermal velocities and immediately fill this wake,
causing a region behind the spacecraft with an excess of
electrons. The result is a local electric field caused by the
combination of drifting low-energy ionospheric ions and the
charged spacecraft. As PI with main responsibility for the
Electric Field and Wave instruments on the four ESA Cluster
satellites launched 2000, I first considered this local field a
problem. The EFW instrument includes two pairs of probes on
wire booms in the spin plane of each satellite. Each pair has a
probe-to-probe separation of 88 m and the electric field is
obtained from the potential difference between the probes.
Once we understood that the ion wake is the cause of the
local electric field, Anders Eriksson and his PhD student Erik
Engwall started to develop a method to use this local field to
estimate the flux of outflowing ions (Engwall et al., 2006a;
Engwall et al., 2006b; Engwall et al., 2009b). The trick is to use
also the Electron Drift Instrument on each spacecraft,
measuring the drift of artificially emitted electrons as they
gyrate back to the spacecraft under the influence of the
geophysical magnetic field measured by the FluxGate
Magnetometer FGM. These electrons with an energy of
about a keV have large gyroradii and are mot much affected
by the local wake. Drifting low-energy ions can then be
inferred by detecting a wake electric field, obtained as a
large enough difference between the quasi-static electric
fields obtained by the EFW (total electric field) and EDI
(geophysical electric field) instruments. The direction of the
wake gives the direction of the ion outflow. Since the
perpendicular E x B drift velocity is known (from EDI and
FGM) the parallel velocity can be inferred (Engwall et al.,
2009a; André et al,, 2015). The density can be obtained by
calibrating observations of the spacecraft potential, in practise
obtained as the potential difference between the EFW probes
(nearly at the plasma potential) and the spacecraft (Lybekk
et al., 2012; Haaland et al., 2017). The ion flux can then be
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FIGURE 2 | Overview of ion outflow from Earth. Regions dominated by
low-energy (eV) plasma of ionospheric origin are indicated. Order of
magnitude outflow rates, densities and percentage of time low-energy ions
dominate the density are given. From André and Cully (2012).

obtained from the drift velocity and the density. The first
important perspective in this example is to seriously try to
understand observations which at first seem peculiar or just
wrong. In this case two instruments observing the same
parameter, the electric field, gave different results. Rather
than deciding that at least one observation must be wrong,
understanding of the situation shows that both are correct, one
showing the local field around the charged spacecraft (EFW)
and the other the geophysical field present in large regions
(EDI). This wider perspective then gives the possibility to
estimate a parameter thought not to be possible to measure,
the flux of ionospheric low-energy ions.

The Cluster wake method to estimate the flux of outflowing
ionospheric ions has then been used to improve the map of
plasma in the magnetosphere. Together with Chris Cully I
made a study resulting in the overview of low-energy ions in
Figure 2 (André and Cully, 2012). The night-side polar lobe
results are from the Engwall et al. (2009a) investigation using
the wake method. For the dayside we used this method
together with other estimates. Sometimes ions with low
thermal velocity have a large enough E x B drift to be
detected by an onboard ion instrument also on a charged
spacecraft. We also compared total density obtained from
wave observations with particle instrument observations, to
estimate how much of the ion population was low-energy and
hidden from direct detection. This overall picture has been
confirmed by a larger statistical study using 10 years of data
and the wake method in the polar lobes (André et al., 2015).
Also, this method has been validated in different ways such as
using a similar method in the solar wind and comparing with
data from particle instruments at lower altitude where
spacecraft charging is less of a problem (André et al,
2021b,a). Comparing with a review of many observations,
the overview in Figure 2 is still useful (Toledo-Redondo
et al, 2021). Previously, many of the low-energy ions of
ionospheric origin could not be detected. Putting
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observations by several instruments and methods together in
an overview such as the one in Figure 2 gives a new and useful
perspective on the magnetosphere.

For all three examples above, some theory or data have been
added to previous knowledge. But the most important part is the
new overall picture. How different wave modes with different
names are related, concluding that several waves can energize
ions in the auroral region but one type is typically more
important, and realizing that low energy ions of ionospheric
origin are not just sporadically detected at high altitudes but are a
very common component of the magnetospheric plasma.

3 THE SCIENTIST WITH A PERSPECTIVE

The successful space scientist is intelligent and ambitious, in
some wide meaning of these words. But also the surrounding
family, society and culture have significant impact on who
becomes a great scientist (Gladwell, 2009). Extrovert
entrepreneurs are often sought after to lead science projects,
while it is clear that introvert and quiet people can be equally
good scientists and leaders (Cain, 2013). For complicated
(science) problems that takes time to solve, it seems that a
group of people with mixed skills and backgrounds is often
successful. Different skills can include, for example, expertise
in instrument design, data analysis and numerical simulations.
Members of the group can differ, for example, concerning
gender, ethnic background and age. Diversity in a team is not
without problems but I think the positive aspects dominate
(Carter and Phillips, 2017; Stangor, 2017; Peters, 2021). This is
one reason to achieve roughly equal numbers of female and
male scientists at all academic ranks (Coe et al., 2019; Popp
et al., 2019). A diverse team is more likely to keep a wider
perspective.
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4 CONCLUSION
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