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Observations of discrete harmonics emerging
from equatorial noise

Michael A. Balikhin'*, Yuri Y. Shprits%3*, Simon N. Walker!, Lunjin Chen?, Nicole Cornilleau-Wehrlin>®,
lannis Dandouras’8, Ondrej Santolik®19, Christopher Carr"!, Keith H. Yearby' & Benjamin Weiss3

A number of modes of oscillations of particles and fields can exist in space plasmas. Since the
early 1970s, space missions have observed noise-like plasma waves near the geomagnetic
equator known as ‘equatorial noise’. Several theories were suggested, but clear observational
evidence supported by realistic modelling has not been provided. Here we report on
observations by the Cluster mission that clearly show the highly structured and periodic
pattern of these waves. Very narrow-banded emissions at frequencies corresponding to exact
multiples of the proton gyrofrequency (frequency of gyration around the field line) from the
17th up to the 30th harmonic are observed, indicating that these waves are generated by
the proton distributions. Simultaneously with these coherent periodic structures in waves, the
Cluster spacecraft observes ‘ring’ distributions of protons in velocity space that provide the
free energy for the waves. Calculated wave growth based on ion distributions shows a very
similar pattern to the observations.
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scillations of the electric and magnetic field in plasmas,

usually referred to as plasma waves, have been observed

in the Earth’s magnetosphere, interplanetary space, and
most recently, outside of the heliosphere. In space, plasma waves
exhibit a wide variety of modes and are classified according to
their frequency, polarization characteristics, types of oscillation
(longitudinal or transverse) and their dispersion relation, which is
the relation between the frequency of the wave and its vector of
propagation.

The OGO (Orbiting Geophysical Observatory) 3 space mission
detected plasma waves that were very closely confined to the
terrestrial magnetic equatorial region™~. These emissions were
observed above the proton gyrofrequency—the frequency at
which a proton gyrates around the field line. Due to their close
confinement to the equator, they were named ‘equatorial noise’,
but are also referred to as fast magnetosonic waves or
magnetosonic noise due to their properties. These emissions are
one of the most common waves observed in space. While these
waves are observed only very close to the geomagnetic equator,
they are seen on around 60% of equatorial satellite traversals in
the inner magnetosphere®. When these waves were discovered!, it
was also noted that they may also be in resonance with harmonics
of electron bounce motion (periodic motion of trapped electrons
along the field line between the mirror points) and thus may be
potentially generated by electrons in the plasma.

Observations by Interplanetary Monitoring Platform 6 Satel-
lite, Hawkeye 1 (Explorer 52) Satellite and the Geostationary
Operational Environmental Satellite>* showed cursory evidence
for discrete frequency bands, suggesting that these waves may
interact with protons, alpha particles and heavy ions trapped near
the equator. However, the width and spacing of these bands in
frequency appeared to be non-uniform and could not be
accurately measured, except at the frequencies of the lowest
harmonics. The spectral frequencies of these bands were in some
cases approximately at harmonics of the proton gyrofrequency
but did not match them exactly (see Supplementary Note 2).
Clear observational and analytical evidence for this type of
frequency spectrum has so far remained elusive. A number of
very detailed follow-up studies, including a recent detailed
statistical study using measurements from the Polar mission®,
either failed to find the discrete waves, or found spectral
structures at frequencies different from harmonics of the local
proton gyrofrequency®. The suggested explanation for the
discrepancy between theory and observations was that the
waves may be generated at different locations (near the
equator) and propagate to the point of observation. However,
since observations showing a clear harmonic structure were not
available, the theory remained unverified by observations.

Multi-point Cluster observations presented in this study show
remarkable observations of very distinct harmonic emissions
coinciding with multiples of gyrofrequency on two Cluster
spacecraft. The waves are observed exactly in the source region.
Using the observed distributions of rings, we calculated the
growth rates of magnetosonic waves and show that the results of
the calculations are consistent with the observed harmonics
between the 17th and 30th harmonic resonances. The presented
observations of distinct periodic emissions exactly at the
harmonics of the gyrofrequency together with the simulations
of wave growth that are based on the observed ion distributions,
definitively show that magnetosonic emissions are generated by
unstable ion ring distributions.

2

Results
Cluster mission. The European Space Agency (ESA) Cluster
mission” consists of four identically instrumented spacecraft in a
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polar, eccentric orbit (apogee 18.6, perigee 3 Earth radii) with a
period of 57 h. Launched in August 2000, the mission has been
operating since February 2001. During its lifetime, the inter-
satellite separation has varied from less than a few hundred
kilometres to over 20,000 km, to explore processes occurring
within the magnetosphere at different spatial scales (see
Supplementary note 3).

To resolve the long-standing scientific question of the
generation and propagation of the equatorial noise, ESA’s Cluster
mission conducted a special Inner Magnetosphere Campaign
aimed at studying the structure of these waves in their source
region. Figure 1 shows that on 6 July 2013, all four spacecraft
were close to the geomagnetic equator. Clusters 3 and 4 were very
close to each other, within 60 km, while Cluster 1 was ~ 800 km
from Clusters 3 and 4, and Cluster 2 was around 4,400 km in the
earthward direction from the trio. Supplementary Fig. 6 and
Supplementary Note 8 show the expected wavelength of the
magnetosonic waves. Satellites 3 and 4 are separated by a
maximum of 3-5 wavelengths, depending upon the propagation
direction with respect to the separation vector.

The observations of waves made by the Cluster Spatio-
Temporal Analysis of Field Fluctuations (STAFF) instrument
on 6 July 2013, between 18:40 and 18:55 uT, not only present
observational evidence for their generation, but also show the
most remarkable example of their banded structure ever observed
in space. Despite being commonly referred to as magnetosonic
noise, the emissions observed by the Clusters 3 and 4 spacecraft
separated by 60km have a remarkably clear discrete structure
between the 17th and 30th harmonics of the proton gyrofre-
quency (Fig. 2) in the frequency range in which equatorial noise is
usually observed. This previously unobserved, well organized
and periodic structure provides definitive evidence that these
waves are generated by protons. The exact match between the
harmonics and observed emissions lines shows that these
observations are made right in the wave source region.
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Figure 1 | Location of Cluster spacecraft. The location and motion of the
four Cluster spacecraft during the period 18:40:30 to 18:53:30 uton 6 July
2013 in which the emissions were observed (Clusters 1, 2, 3 and 4 are
shown in black, green, red and blue respectively). The coordinate system
used (known as Solar Magnetic (SM)) is aligned with the Earth’s magnetic
field, (the z direction is aligned with the magnetic dipole, and the Sun
direction lies in the xz plane) in units of Earth radii (Re). Since spacecraft
Cluster 3 and Cluster 4 (C3,4) are separated by only 60 km, their traces lie
virtually on top of each other. Cluster 1is around 1,000 km from C3,4, while
C2 is around 4,000 km distant.
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Figure 2 | Dynamical spectrograms. Observations by the STAFF instrument on (a) Cluster 3 and (b) Cluster 4 of the harmonic structure of magnetosonic
waves near the equator. The figure shows the colour coded magnetic field Power Spectral Density (PSD) as a function of time and frequency. The 20th and
21st harmonics of the proton gyrofrequency are marked by solid black lines. Harmonics up to 30th are clearly seen, and one can outline the traces of the

31st and higher harmonics.

The Cluster measurements enabled not only the observation of
the fine structure of the wave spectrum but also provided multi-
satellite measurements of this emission at very short separation
distances. The periodic pattern of emissions between the 17th and
30th harmonics observed on Cluster 4 is almost an exact
replication of that observed by Cluster 3. The similarity of the
signals has been analysed with the use of the coherency function
(Supplementary Fig. 1 and Supplementary Note 1). The high
coherence (> 0.8) between the signals at harmonic frequencies of
the gyrofrequency show that their separation is less than the wave
coherency length and that this remarkably organized periodic
structure is at least 60km in scale which encompasses several
wavelength (Supplementary Fig. 1, Supplementary Note 6).

Supplementary Fig. 2 and Supplementary Note 4 shows a
comparison of the wave observations made by all four Cluster
spacecrafts. While Cluster 1 observes similar discrete pattern of
waves, the waves are not coherent with the Cluster 3 and Cluster
4 observations. Cluster 2 is more distant from Clusters 3 and 4,
and did not observe similar type emissions.

Cluster measurements also allow to determine the polarization
properties of waves to confirm that the observed emissions
are the same type as the usually observed magnetosonic noise
waves (Fig. 3). The fluctuating wave magnetic field on Cluster 4 is
orientated parallel/antiparallel to the background magnetic
field, the wave propagates at highly oblique wave normal
angles, and shows linear polarization, confirming that these
are typical equatorial magnetosonic waves®. For comparison, the
polarization properties resulting from spacecrafts 1 and 3 are
shown in Supplementary Figs 3 and 4.

The Cluster spacecraft also provided an opportunity to observe
the source of free energy for this wave. It has been suggested®’
that ring-like particle distributions in velocity space may lead to
wave generation through the development of instabilities.
Figure 4 shows the momentum space distribution of protons
near Alfvén speed (the characteristic speed at which low

frequency waves propagate within a plasma) observed by the
Cluster Ion Spectrometry Composition Distribution function
(CIS CODIF) analyser instrument. Particle distributions at all CIS
measured energies are shown in Supplementary Figs 5 and 6 and
Supplementary Note 5. The observed ‘ring’ distribution is
unstable and results in the generation of waves’.

The unique observations by the multiple Cluster spacecraft in
the vicinity of the geomagnetic equator clearly show the fine
periodic structure of magnetosonic waves generated in their
source region and the simultaneous occurrence with ‘ring-type’
ion distributions.

Excitation of waves and growth rates. The linear growth rate can
be expressed as a sum of different harmonics of an integral over
perpendicular velocity that depends on the gradients of ion phase
space density in the velocity space, and can be expressed as'®

dVL(WnL— +Wn —> (1)
Z [ aVL H 8VH VI = Vres ||

n=-—0o0

where 7 is the harmonic number, v and v are the perpendicular
and parallel velocities with respect to background magnetic field,
and W, , and W, are weighting functions. v} in equation (1) is
taken at resonance velocities corresponding to different order
resonances of harmonic number n. Since the waves are highly
oblique, the resonance occurs with the ions of vjj~0 only when
the wave frequency is approximately equal to multiples of the ion
gyrofrequency, while there are few resonant ions when the wave
frequency is not in the vicinity of multiples of the ion
gyrofrequency. The injection of protons will create a ring-type
distribution, where phase space density has a positive df/dv along
the v direction. This ion distribution may be unstable and provide
the free energy for the wave excitation with growth rate
maximizing at multiples of the ion gyrofrequency.
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Figure 3 | Polarization properties of the magnetosonic waves observed by Cluster 4 on 6 July 2013. (a) The spectrum of the waveform STAFF-SC Bz
component. (b) The ellipticity of the waves representing the polarization of the emissions. Values close to unity indicate circular polarization while those in
the region of zero are indicative of linear polarization. (¢) The wave normal angle with respect to the external magnetic field. (d) The angle between the
external magnetic field and the oscillating magnetic field of the wave. The horizontal black lines represent the 20th and 21st harmonics of the proton
gyrofrequency. Cluster 4 crossed the geomagnetic equator at the time marked by the vertical black line.
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Figure 4 | Observations of the ion distribution in velocity space. (a) Distributions of proton fluxes in velocity space at 18:54:33 ut. (b) Distribution of phase
space density for quasi-perpendicular ions at 18:54:33 ut. The white line denotes velocity contour of 1.57 x 108 m~3 while the blue line denotes a velocity
contour of value equal to Alfven speed 1.487 x 10°m ~3. (¢) A plot of the ring distribution for the phase space density of protons gyrating near the equatorial
plane (particles bouncing very near the equator). The blue line connecting the data points outlines the shape of the distribution. y axis is the density in phase
space, and x axis is the velocity of particles.
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Figure 5 | Theoretical linear growth rates based on the measured ion
distributions. Growth rates w; normalized to the proton gyrofrequency are
given as a function of wave frequency w, which is also normalized to the
proton gyrofrequency (Qy). Growth rate of magnetosonic waves is
calculated for nearly perpendicularly directed wave vector (89.5° angle
between wave vector direction and the background magnetic field).

Observations of ion distributions enable the calculation of the
wave growth rates. Linear growth rates!! are calculated using the
measured ion distributions, magnetic field and plasma density
measurements inferred from wave observations. For the growth
rate calculation, we use a background magnetic field By =305 nT,
electron number density of 20 x 10°m 2 and corresponding
Alfvén speed 1.487 x 10°ms 1. To represent the observed ring,
we assume a Gaussian ring distribution with number density
0.008 x 106 m ~3, peak velocity 1.57 x 10°ms~! and a width of
0.2 x 10°ms ! (as shown in Supplementary Fig. 7) and evaluate
the gradient of the proton distribution in velocity space to
calculate the growth rate.

The growth rates show the frequencies at which waves should
be theoretically observed. Figure 5 shows the linear growth rate as
a function of frequency normalized to the proton gyrofrequency.
The general structure of peaks is very similar to those observed
(as shown in Fig. 2), with maximum growth rates occurring
between the 17th and 30th harmonics. Traces of the higher
harmonics can be also seen in Fig. 2

Discussion

Fast magnetosonic waves have recently attracted much attention
because they are capable of accelerating particles to high
energies or providing a mechanism that results in the loss
of these particles into the atmosphere®?!® and may be
important for space weather. The observed discrete structure of
magnetosonic waves may play an important role in the
acceleration and scattering of electrons and ions by these waves.
The discrete nature of these waves may change how these waves
interact with electrons during both gyro and bounce resonance
interactions and may determine acceleration and loss rates for
electrons in the radiation belts. The presence of such highly
structured waves may be also used in the future as a tell-tale sign
of ion ring distributions.

Similar wave generation mechanisms may also operate in the
magnetospheres of the outer planets, close to the Sun and in
distant corners of the universe. Understanding the mechanisms
behind the generation of waves is most important for laboratory
plasma and for finding new ways to remotely heat plasma.

Methods

Wave propagation analysis. The data sets obtained by the STAFF-SC instrument
consist of a time series of vector measurements of the magnetic field. During the
period of observation, the data are sampled at 450 Hz. The spectral information,
shown in Fig. 2, is obtained in this particular case with the use of the fast Fourier
transform technique. This results in a frequency representation of the time series
data. The polarization parameters are obtained as follows. For each frequency
resulting from the fast Fourier transform process, the three spectral components
corresponding to the three component measurements are combined to form the
spectral matrix. By analysing the complete spectral matrix using singular value
decomposition (SVD) techniques', it is possible to obtain the wave vector
direction (without distinguishing between parallel and antiparallel directions), the
orientation and the size of the polarization ellipse, and the planarity of the
polarization (not shown).

SVD is a general method used to factorize a real or complex matrix, and a
corresponding detailed implementation is discussed in a study'®. This factorization
process is similar to performing a least-squares fit to the data, but without actually
solving the minimization problem.

Wave growth calculation. Wave growth is calculated by solving the kinetic dis-
persion relation in a uniformly magnetized plasmal®!> consisting of three
components: a cold electron component, a cold proton component and a hot
proton ring. Several assumptions are made to facilitate the calculation using a non-
Maxwellian ion distribution. First, cold plasma is dominant over the hot proton
component, which allows the cold dispersion relation to be used to approximate
the real part of the kinetic dispersion relation. This assumption is valid because the
measured proton ring density is much smaller than the cold plasma density.
Second, the growth rate is small compared with the wave frequency, which is also
verified by our calculation results. With these two assumptions, we can obtain the
temporal growth rate in terms of proton phase space density gradients in velocity
space (as shown in the equation (1)), evaluated at resonant protons satisfying

w — kH V= nQ.

Instrumentation. The data presented in this paper were collected b;f the Fluxgate
Magnetometer (FGM)!9, the STAFE-SC search coil magnetometer'” and the CIS
CODIF mass-resolving ion spectrometer'®. During the period of observation
presented here, the satellites were operating in science burst mode 1. In this mode,
FGM sampled the DC magnetic field at 67 Hz whilst STAFF-SC sampled the AC
magnetic field at 450 Hz through a 180 Hz filter.

References

1. Russell, C. T., Holzer, R. E. & Smith, E. J. OGO 3 observations of ELF noise in
the magnetosphere 2. The nature of the equatorial noise. J. Geophys. Res. 75,
755-768 (1970).

2. Gurnett, D. A. Plasma wave interactions with energetic ions near the magnetic
equator. J. Geophys. Res. 81, 2765-2770 (1976).

3. Santolik, O. et al. Systematic analysis of equatorial noise below the lower hybrid
frequency. Ann. Geophys. 22, 2587-2595 (2004).

4. Perraut, S. et al. A systematic study of ULF waves above FH+ from GEOS
1 and 2 measurements and their relationship with proton ring distributions.
J. Geophys. Res. A87, 6219-6236 (1982).

5. Tsurutani, B. T. et al. Extremely intense ELF magnetosonic waves: a survey of
polar observations. J. Geophys. Res. 119, 964-977 (2014).

6. Santolik, O., Pickett, J. S., Gurnett, D. A., Maksimovic, M. & Cornilleau-
Wehrlin, N. Spatiotemporal variability and propagation of equatorial noise
observed by Cluster. J. Geophys. Res. 107, 1495 (2002).

7. Escoubet, C. P., Schmidt, R. & Goldstein, M. L. Cluster—science and mission
overview. Space Sci. Rev. 79, 11-32 (1997).

8. Boardsen, S. A. et al. Van Allen Probe observations of periodic rising
frequencies of the fast magnetosonic mode. Geophys. Res. Lett. 41, 8161-8168
(2014).

9. Horne, R. B,, Wheeler, G. V. & Alleyne, H. S. C. K. Proton and electron
heating by radially propagating fast magnetosonic waves. J. Geophys. Res. 105,
27597-27610 (2000).

10. Kennel, C. F. Low Frequency Whistler Mode. Phys. Fluids 9, 2190 (1966).

11. Chen, L., Thorne, R. M., Jordanova, V. K. & Horne, R. B. Global simulation of
magnetosonic wave instability in the storm time magnetosphere. J. Geophys.
Res. 115, A11222 (2010).

12. Horne, R. B. et al. Electron acceleration by fast magnetosonic waves. Geophys.
Res. Lett. 34, L17107 (2007).

13. Shprits, Y. Y. Potential waves for pitch-angle scattering of near-equatorially
mirroring energetic electrons due to the violation of the second adiabatic
invariant. Geophys. Res. Lett. 36, L12106 (2009).

14. Santolik, O., Parrot, M. & Lefeuvre, F. Singular value decomposition methods
for wave propagation analysis. Radio Sci. 38, 10-11 (2003).

15. Boardsen, S. A., Gallagher, D. L., Gurnett, D. A., Peterson, W. R. & Green, S. L.
Funnel-shaped, low-frequency equatorial waves. J. Geophys. Res. 97,
967-14,976 (1992).

| 6:7703 | DOI: 10.1038/ncomms8703 | www.nature.com/naturecommunications 5

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

16. Balogh, A. et al. The Cluster magnetic field investigation. Space Sci. Rev. 79,
65-91 (1997).

17. Cornilleau-Wehrlin, N. et al. The Cluster Spatio-Temporal Analysis of Field
Fluctuations (STAFF) experiment. Space Sci. Rev. 79, 107-136 (1997).

18. Reme, H. et al. First multispacecraft ion measurements in and near the Earth’s
magnetosphere with the identical Cluster ion spectrometry (CIS) experiment.
Ann. Geophys. 19, 1303-1354 (2001).

Acknowledgements

This research was supported by the Cluster mission. Y.Y.S. would like to acknowledge the
support of The Presidential Early Career Award for Scientists and Engineers through
NASA grant NNX10AK99G, NSF GEM AGS-1203747 and UC Lab Fee grant 12-LR-
235337. O.S. acknowledges support from grants Praemium Academiae, LH12231, and
LH14010. M.A.B. acknowledges a Royal Society International Collaboration Grant and
EPSRC grant EP/H00453X/1, project PROGRESS funded from the European Union’s
Horizon 2020 research and an innovation programme under the grant agreement No
637302, and International Space Science Institute (Bern). L.C. acknowledges the support
of NSF grant AGS-1405041.

Author contributions
Y.Y.S. and M.A.B. led the study and coordinated the efforts among different institutions.
The manuscript was largely written by Y.Y.S. with contributions from M.A.B. and all

other coauthors. N.C.W., C.C,, I.D., BW. and K.H.Y. provided the data sets and advice
on their usage. SN.W., M.A.B. and O.S. performed the wave analysis, Y.Y.S. and L.C.
performed the particle analysis, and L.C. performed growth rate calculations. All authors
commented on the manuscript and participated in the analysis of the results.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Balikhin, M. A. et al. Observations of discrete harmonics
emerging from equatorial noise. Nat. Commun. 6:7703 doi: 10.1038/ncomms8703

(2015).

This work is licensed under a Creative Commons Attribution 4.0
L7 International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:7703 | DOI: 10.1038/ncomms8703 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Cluster mission

	Figure™1Location of Cluster spacecraft.The location and motion of the four Cluster spacecraft during the period 18:40:30 to 18:53:30 UT on 6 July 2013 in which the emissions were observed (Clusters 1, 2, 3 and 4 are shown in black, green, red and blue res
	Excitation of waves and growth rates

	Figure™2Dynamical spectrograms.Observations by the STAFF instrument on (a) Cluster 3 and (b) Cluster 4 of the harmonic structure of magnetosonic waves near the equator. The figure shows the colour coded magnetic field Power Spectral Density (PSD) as a fun
	Figure™3Polarization properties of the magnetosonic waves observed by Cluster 4 on 6 July 2013.(a) The spectrum of the waveform STAFF-SC Bz component. (b) The ellipticity of the waves representing the polarization of the emissions. Values close to unity i
	Figure™4Observations of the ion distribution in velocity space.(a) Distributions of proton fluxes in velocity space at 18:54:33 UT. (b) Distribution of phase space density for quasi-perpendicular ions at 18:54:33 UT. The white line denotes velocity contou
	Discussion
	Methods
	Wave propagation analysis
	Wave growth calculation
	Instrumentation

	RussellC. T.HolzerR. E.SmithE. J.OGO 3 observations of ELF noise in the magnetosphere 2. The nature of the equatorial noiseJ. Geophys. Res.757557681970GurnettD. A.Plasma wave interactions with energetic ions near the magnetic equatorJ. Geophys. Res.812765
	Figure™5Theoretical linear growth rates based on the measured ion distributions.Growth rates ohgri normalized to the proton gyrofrequency are given as a function of wave frequency ohgrr which is also normalized to the proton gyrofrequency (OHgrH). Growth 
	This research was supported by the Cluster mission. Y.Y.S. would like to acknowledge the support of The Presidential Early Career Award for Scientists and Engineers through NASA grant NNX10AK99G, NSF GEM AGS-1203747 and UC Lab Fee grant 12-LR-235337. O.S
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




