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Abstract

We present three pieces of observational evidence to conclude that EMIC waves are not the mechanism responsible for the

acceleration of auroral protons in the polar cusp. It is widely believed that ElectroMagnetic Ion Cyclotron (EMIC) plasma waves

are the mechanism responsible for the acceleration of auroral protons - however, measurements of auroral proton precipitation

and Pc1 pulsations from Svalbard under the cusp region indicate that there is no significant link between the two phenomena.

Spectrograph measurements of proton aurora over Svalbard are studied alongside co-located magnetometer measurements of

Pc1 pulsations. No evidence of a link between proton aurora and Pc1 waves was found by three different methods. Firstly,

accelerated protons and Pc1 pulsations have no coincident occurrence. Secondly, the proton energy spectrum does not change

between Pc1 activity and quiet times. Finally, no imprint of the EMIC wave is found in periodicity of the intensity and blue-shift

of the proton H-$\alpha$ line, unlike in flickering electron aurora where intensity fluctuations are caused by EMIC waves. It

may be possible that EMIC waves are causing acceleration but not propagating down to cause Pc1 pulsations, however we deem

this unlikely. Therefore we conclude that EMIC waves are not the mechanism responsible for accelerating auroral protons in

the cusp.
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Key Points:10

• We present evidence that EMIC waves are not the mechanism responsible for the11

acceleration of auroral protons in the cusp.12

• Three separate methods using ground observations from Svalbard failed to show13

a link between proton acceleration and Pc1 pulsations.14

• While EMIC waves are known to cause protons to precipitate, another mechanism15

is likely responsible for their acceleration.16
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Abstract17

We present three pieces of observational evidence to conclude that EMIC waves are not18

the mechanism responsible for the acceleration of auroral protons in the polar cusp. It19

is widely believed that ElectroMagnetic Ion Cyclotron (EMIC) plasma waves are the mech-20

anism responsible for the acceleration of auroral protons - however, measurements of au-21

roral proton precipitation and Pc1 pulsations from Svalbard under the cusp region in-22

dicate that there is no significant link between the two phenomena. Spectrograph mea-23

surements of proton aurora over Svalbard are studied alongside co-located magnetome-24

ter measurements of Pc1 pulsations. No evidence of a link between proton aurora and25

Pc1 waves was found by three different methods. Firstly, accelerated protons and Pc126

pulsations have no coincident occurrence. Secondly, the proton energy spectrum does27

not change between Pc1 activity and quiet times. Finally, no imprint of the EMIC wave28

is found in periodicity of the intensity and blue-shift of the proton H-α line, unlike in29

flickering electron aurora where intensity fluctuations are caused by EMIC waves. It may30

be possible that EMIC waves are causing acceleration but not propagating down to cause31

Pc1 pulsations, however we deem this unlikely. Therefore we conclude that EMIC waves32

are not the mechanism responsible for accelerating auroral protons in the cusp.33

Plain Language Summary34

Is it widely thought that a type of plasma wave called an EMIC (Electromagnetic35

Ion Cyclotron) wave is responsible for the observed acceleration of protons which enter36

the Earth’s atmosphere from space at high-latitudes, in a region of the Earth’s magnetic37

field called the cusp. When these protons reach the atmosphere they cause aurora in-38

visible to the naked eye. This proton aurora can be observed using the Spectrographic39

Imaging Facility (SIF), which is situated on the Arctic archipelago of Svalbard. The EMIC40

plasma waves can also be measured by the low frequency pulsations they cause in the41

magnetic field, measured from the same location in Svalbard. In this study we compare42

the proton aurora’s characteristics with magnetic measurements of the plasma waves by43

three different methods. Finding no significant evidence of a link between the two phe-44

nomena, we conclude that EMIC plasma waves are not responsible for accelerating au-45

roral protons in the high-latitude cusp region. This means that some other acceleration46

mechanism must be responsible, however, there is a lack of suitable candidates which could47

indicate the true mechanism is something new or unexpected.48

1 Introduction49

Proton aurora is a natural atmospheric light, invisible to the human eye, caused50

by the precipitation of energetic protons into the atmosphere from space. When observed51

in the high Arctic under the polar cusp, proton aurora originating directly from the so-52

lar wind can be observed. The cusp proton aurora is typically observed with a blue-shifted53

spectrum with super-solar wind velocities (430 - 1400 km s−1; Lummerzheim & Galand54

2001; Galand et al. 2001; compared to around 400 km s−1 in the slow solar wind; Hund-55

hausen 1970), indicating that some acceleration process occurs within the polar cusp (Galperin,56

1963). This acceleration process is typically assumed to be by Landau damping of Elec-57

troMagnetic Ion Cyclotron (EMIC) waves (Engebretson et al., 2013; Xiao et al., 2013;58

Khazanov et al., 2015; Ozaki et al., 2018). However, observational evidence that EMIC59

waves are the acceleration mechanism of proton aurora has never been shown definitively,60

and there are no observational studies of proton acceleration in the cusp. This paper presents61

observations of accelerated proton aurora and Pc1 pulsations from Svalbard and shows62

that there is no discernible link between the two phenomena, contrary to expectations.63

EMIC plasma waves are left-circularly polarised electromagnetic waves which prop-64

agate quasi-parallel along magnetic field lines, oscillating transverse to the magnetic field.65

The wave-particle interactions of EMIC waves are one of the main precipitation mech-66
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anisms for protons trapped in the magnetosphere, resulting in proton aurora equator-67

ward of the auroral oval. EMIC waves are typically generated at equatorial latitudes as68

a result of a fundamental plasma instability (e.g. due to the mixing of hot and cold plas-69

mas) and propagate along field-lines to their foot-points at higher latitudes, where they70

manifest as structured geomagnetic Pc1 (period of 0.2-1Hz; Glaßmeier (2007)) pulsa-71

tions at the ground (Varlamov et al., 2021; Yahnin & Yahnina, 2007; Yahnina et al., 2000;72

Francia et al., 2020). However, high-latitude and cusp EMIC waves are generally observed73

as unstructured Pc1 pulsations, suggesting that their origin lies in the outer magneto-74

sphere (Menk et al., 1993; Mursula et al., 1994; Regi et al., 2017).75

EMIC waves have been observed to precipitate protons in several studies (e.g. Xiao76

et al., 2013; Ozaki et al., 2018; Liang et al., 2022; Tian et al., 2023). The polar cusp con-77

tains a minimum magnetic potential, around which protons with high field-perpendicular78

velocities can become trapped. EMIC waves have been shown by Xiao et al. (2013) to79

be capable of violating the invariance of the magnetic moment and scattering protons80

into the atmosphere, leading to cusp proton aurora.81

Outwith the cusp region, Kim et al. (2017) showed travelling convection vortices82

to generate EMIC waves coincident with proton auroral precipitation. In the night-side83

auroral oval, proton aurora is understood to be caused by precipitation from the plasma84

sheet. EMIC wave scattering is also associated with detached proton auroral arcs, i.e.85

low-latitude bands of proton aurora detached from the main auroral oval. Magnetic Pc186

pulsations consistent with EMIC waves have been detected near detached subauroral pro-87

ton arc events (Immel et al., 2005; Sakaguchi et al., 2007) and isolated proton aurora (IPA)88

(Sakaguchi et al., 2015; Nomura et al., 2016; Kim et al., 2021; Liang et al., 2022; Naka-89

mura et al., 2021; Ozaki et al., 2022). EMIC waves have been shown to produce detached90

proton aurora arcs by pitch-angle scattering of protons from the ring current into the91

upper atmosphere (Spasojevi et al., 2013). Geomagnetic Pc1 pulsations associated with92

a substorm have been observed occurring during a proton arc and Strong Thermal Emis-93

sion Velocity Enhancement (STEVE) event (Varlamov et al., 2021). EMIC/Pc1 waves94

have also been linked to proton precipitation on the dayside on Svalbard by Engebret-95

son et al. (2013), on closed field lines.96

Weak evidence of periodic flickering of a wide-band assumed to be isolated proton97

aurora (IPA) was reported as evidence of EMIC acceleration by Ozaki et al. (2018) (akin98

to flickering electron aurora (Whiter et al., 2010)). They present a 1Hz periodic mod-99

ulation in photometer measurements correlated with Pc1 observations; however, they show100

no method of separating IPA from contamination by electron precipitation. In addition,101

their conclusions do not necessarily apply to the cusp region.102

This study compares observations of the proton H-α auroral emission with obser-103

vations of Pc1 pulsations in the cusp. We do not observe any temporal link between pro-104

ton aurora and Pc1 waves or any effect from Pc1 waves on the velocity spectrum of the105

protons. We do not observe any periodic flickering in the H-α auroral emission line.106

2 Instrumentation and Observations107

The proton aurora H-α spectrum was observed using the High-Throughput Imag-108

ing Echelle Spectrograph (HiTIES, Chakrabarti et al. 2001). HiTIES is part of the Spec-109

trographic Imaging Facility (SIF), located at the Kjell Henriksen Observatory (KHO)110

at Longyearbyen on the Arctic archipelago, Svalbard at geographic latitude 78° 8’ 52.8”111

N, and longitude 16° 2’ 34.8” E . The instrument includes an echelle spectrograph grat-112

ing, an EMCCD (Electron-Multiplying Charged Coupled Device) detector, and a mo-113

saic filter, which is used to select multiple overlapping spectral orders, enabling obser-114

vation of multiple non-contiguous wavelength bands at high resolution. HiTIES is di-115

rected at magnetic zenith with a 8° by 0.05° field-of-view. The imaging cadence is 2Hz116
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giving a temporal Nyquist frequency of 1Hz. This study uses the H-α filter panel, which117

selects the band 649 - 663 nm, and has been installed from December 2015 to the present.118

An example observation of the proton aurora spectrum with HiTIES is shown in Fig-119

ure 1.120

This work uses observations taken during the 2021-2022 observing season, from 4th121

December 2021 - 31 January 2022. Periodicity studies were carried out on proton au-122

rora events with concurrent Pc1 observations on 13 December 2021 and 15 December123

2021. Observations during February and March were not used since daylight limits and124

time-biases the observations.125

The H-α spectrum is extracted from the EMCCD image of the H-α panel in the126

mosaic filter by integrating the pixel intensity in the spatial direction (along the slit).127

The spectrum is then calibrated using flat-field images taken on 4 December 2021, and128

dark-field images taken every 20 minutes. The wavelength of the spectrum is calibrated129

using the OH airglow spectrum and the solar spectrum.130

A 2-axis search-coil magnetometer (Engebretson et al., 2009), co-located with Hi-131

TIES at the KHO, Svalbard was used to observe Pc1 pulsations. It consists of two sen-132

sors aligned with magnetic N-S and E-W. The Pc1 geomagnetic pulsations are observed133

in the 0.1 - 1 Hz range, and are used as a proxy for EMIC waves (Paulson et al., 2017;134

Francia et al., 2020).135

2021/12/15  6:45:03- 6:45:03 UT
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Figure 1: An example H-α spectrum as measured by the HiTIES instrument, where the
vertical red line signifies the stationary H-α wavelength at 656.3 nm. The broad H-α line
is clearly visible above the background showing its usual blueshifted peak. The median
velocity from the blueshift of this spectrum is around 300 km s−1, with the top end around
600 km s−1.

3 Methods and Results136

Three methods were used to analyse the proton aurora H-α spectrum and magne-137

tometer data. A ‘field guide’ to show the method of identification of proton aurora is shown138

in the appendix, Figure A1. EMIC waves are identified by an enhanced unstructured sig-139

nal in the Pc1 band as measured by the 2-axis Search-Coil Magnetometer, examples shown140

in Figure 2. The two December 2021 events shown are used in the spectra comparison141

and periodicity methods described below. The first, subsection 3.1, is a comparison of142

the times and durations when Pc1 and proton aurora occur, to determine whether the143
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occurrences are statistically linked. Subsection 3.2 is a comparison of the velocity spec-144

trum of the incident protons during Pc1 events and during Pc1-quiet times to determine145

whether the Pc1 waves are linked to an increase in proton acceleration. The third method,146

subsection 3.3, is to search for periodic flickering in the proton aurora, as this has pre-147

viously been identified as a signature of EMIC acceleration in electron aurora. All three148

methods fail to show any link between Pc1 and proton aurora.149

A

B

Figure 2: Magnetometer observations of Pc1 enhancements during 13 and 15 December
2021. Each panel shows from top to bottom the spectrogram of Bx and the spectrogram
of By for each unstructured Pc1 wave observation, 13/12/2021 06-07 UT in Panel A and
15/12/2021 08-09 UT in Panel B.

3.1 Co-occurrence150

We present a statistical study of the contingency of proton aurora and Pc1 pulsa-151

tions, i.e. the likelihood that they are correlated based on how often they occur together152
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vs. separately. Identifying proton aurora and Pc1 enhancements for the entire Decem-153

ber/January period of the 2021/2022 observing season, we obtain occurrences for pro-154

ton aurora and Pc1 pulsations. Note that all times where it is not possible to identify155

proton aurora, i.e. bright moonlit clouds or daylight, have been discounted from both156

data sets. The proton aurora and Pc1 enhancements were identified manually; see the157

identification process in the Field Guide, Appendices Figure A1. The occurrence rela-158

tionship between the proton aurora and Pc1 is first tested with the odds ratio - this is159

a simple statistic which quantifies the strength of association between two events.160

For some occurrence table of events A and B;161

B=1 B=0

A=1 p11 p10
A=0 p01 p00

162

The Odds ratio is;

OR =
p11p00
p10p01

The proton aurora and Pc1 pulsation contingency table is found in Table 1. By com-163

paring the number of 10 minute long time-intervals during the observing season where164

Pc1 and proton aurora are observed it is clear that while proton aurora is quite common,165

Pc1 observations are relatively rare. This already suggests that Pc1 pulsations are not166

likely to be the only acceleration mechanism since they are observed together in only 17167

of the 10-minute intervals across a 2-month observing season.168

The Odds ratio is calculated to examine whether proton aurora and Pc1 have any169

temporal relationship, as a statistic of the correlation in time. If Pc1 (EMIC) waves were170

the responsible acceleration mechanism for auroral protons, a positive time correlation171

would be expected between accelerated proton aurora and Pc1 pulsations. The odds ra-172

tio for this table is 1.249, with a p-value of 0.213 which is much greater than the stan-173

dard threshold of 0.05. Therefore, the Odds ratio is not statistically significant and there174

is no evidence of time dependency between Pc1 enhancement and proton aurora.175

Pc1 present No Pc1

Proton aurora present 17 1696
No proton aurora 54 6729

Table 1: Contingency table showing the number of 10-minute intervals of observation
during the 21/22 Dec-Jan observing period with enhanced Pc1 power and proton aurora
(times when proton aurora is not visible due to daylight or bright clouds have been dis-
counted). Odds ratio = 1.249, p-value = 0.213, therefore not statistically significant.

3.2 Spectrum comparison176

The second piece of evidence we present is a comparison of the average proton au-177

rora spectrum during Pc1 pulsations, and when there are no Pc1 pulsations. 80 minutes178

of proton aurora observations during Pc1 and 350 minutes of proton aurora without Pc1179

were averaged throughout the December 2021 observing season. The spectra were nor-180

malised for comparison. OH airglow contamination was removed by fitting and subtract-181

ing synthetic spectra, using a least-squares-fit algorithm (with temperature dependance).182

Synthetic spectra for temperatures 150 - 250 K were generated and fit to the H-α panel183

background, excluding the H-α emission from 6540 - 6570 Å. There is some H-α airglow184
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visible in the no-Pc1 spectrum as it was integrated over a longer period, but it does not185

affect the results of this paper. Since the majority of emitting particles travel quasi-parallel186

to the magnetic field-line (Galperin, 1963) and we point to the magnetic zenith, the line-187

of-sight velocity determined from the Doppler shift of the proton spectrum can be used188

as an indication of the characteristic energy of the incident precipitation.189

The average proton aurora spectra for Pc1 and no-Pc1 times are compared in Fig-190

ure 3. The width and centre of the H-α spectrum is effectively identical during either191

Pc1 or no-Pc1 times, i.e. there is no significant change in the velocity distribution of the192

precipitating auroral protons. This shows no link between Pc1 pulsations and acceler-193

ation of auroral protons.194

6530 6540 6550 6560 6570 6580 6590 6600
-0.005

0.000

0.005

0.010

0.015

0.020

Comparison of average spectra 
with and without Pc1 during December 2021
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te

n
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a
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)

Wavelength (Ang)

Figure 3: Comparison of 80 minutes of proton aurora during Pc1 event in black, and 350
minutes of proton aurora when the Pc1 band is quiet in blue, The rest wavelength of H-α,
656.3 nm is marked with a red vertical line, and OH spectral lines are marked with ar-
rows. The plot shows no change in acceleration of the proton aurora when Pc1 is present
or not present.

3.3 Periodicity195

The integrated intensity and mean blueshift are calculated for the spectra at each196

time step during selected proton events, generating two time series each 60 s long. The197

timeseries backgrounds were removed by subtracting a linear fit, effectively a high-pass198

filter on the intensity variation (as we are looking for 1-10 s periodic signals). A range199

of different days during the December 2021 period were chosen, specifically those where200

Pc1 pulsations were also measured and where the proton spectrum was quite bright. The201

timeseries were analysed using autocorrelation and Fourier transform methods to iden-202

tify any periodic oscillations that might show flickering aurora such as the flickering elec-203

tron aurora observed by Whiter et al. (2010) or the flickering observed by Ozaki et al.204

(2018). The significance of the autocorrelation results was tested using a bootstrapping205

method.206
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Example autocorrelation and Fourier transforms performed on the proton aurora207

photon flux time series during 13th and 15th December 2021 do not show any periodic208

signal over the entire day of data. Pc1 band magnetometer plots during these times are209

shown in Figure 2. Figure 4 shows the results of performing an autocorrelation of the210

proton aurora intensity timeseries of each minute of data in a 50 minute period on 13/12/2021211

and a 30 minute period on 15/12/2021 during which Pc1 enhancement and accelerated212

proton aurora were observed together. The red horizontal lines in these figures repre-213

sent missing data when the HiTIES shutter is closed. In Figure 4b there are many times,214

e.g. at 7 minutes and 22 minutes, where the autocorrelation function falls off slowly to215

strongly negative values at 40s. This is the result of a time series with a slow variation216

(much too slow to be related to Pc1 pulsations) during the 60s interval, which is not re-217

moved by the time series background subtraction described in Section 3. Bootstrapping218

of the timeseries by recording the maximum autocorrelation value for each lag over 10,219

100, 1000, and 10000 random permutations of the aurora intensity timeseries gives a min-220

imum statistically significant amplitude of around 0.2. Neither of the autocorrelation plots221

shows structures that exceed this threshold, so we can conclude that there are no sig-222

nificant periodic signals.223

4 Discussion224

To relate the results of this study which concern Pc1 and proton aurora to EMIC225

waves, we must assume that EMIC waves nearly always cause Pc1, and Pc1 are nearly226

always caused by EMIC waves. While the two have been closely related, (Varlamov et227

al., 2021; Francia et al., 2020; Yahnin & Yahnina, 2007; Yahnina et al., 2000), there is228

a possibility that cusp EMIC waves do not always propagate down to cause Pc1 pulsa-229

tions. Therefore it is possible that EMIC waves do accelerate auroral protons in the cusp,230

but do not cause Pc1 pulsations. However, this scenario seems unlikely since EMIC and231

Pc1 waves have been linked so closely by many studies. Note that this study is based232

on cusp proton aurora, therefore conclusions cannot be drawn about the role of EMIC233

waves in the closed-field regime.234

In this study we show evidence that disproves the role of EMIC waves as the pri-235

mary acceleration mechanism for aurora protons in the cusp. It is difficult to ‘disprove’236

any process. From our results it seems clear that although it is possible that EMIC waves237

are capable of accelerating cusp protons, it cannot be the primary acceleration mech-238

anism as we did not measure any change in the proton acceleration during Pc1 pulsa-239

tions. Pc1 are also too infrequent to be causally linked to accelerated proton aurora (we240

would expect the magnetometer to detect Pc1 over a much larger area than HiTIES’ small241

field-of-view, so could even expect Pc1 to be more frequent than proton aurora if they242

were linked).243

We evidence this conclusion with the HITIES instrument which has high time res-244

olution, throughput, and wavelength resolution. However, there are some limitations. The245

signal-to-noise ratio is low for very short integration periods which may affect the pe-246

riodicity study. The Nyquist frequency for the time resolution of the instrument is 1Hz247

which should be sufficient to observe in the Pc1 band (0.1 - 1Hz) but the autocorrela-248

tion method may be less reliable close to the Nyquist limit.249

As in any optical study, cloud cover and bright moon/day-light hours reduce the250

useful data within the season. Cloud cover and ‘too-bright’ times were removed from both251

the Pc1 and aurora datasets so these would not time-bias the occurrence statistics. How-252

ever, there is also time-dependence of whether observations are made in the cusp or not.253

Unstructured Pc1 and proton aurora occur primarily in the cusp at this latitude so we254

might expect a slight time-dependence which would artificially inflate the Odd’s ratio.255

However, we find that the Odd’s ratio is still well under the threshold for statistical sig-256

nificance so we can ignore this effect.257
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We expected some temporal link between Pc1 and proton aurora as it has been re-258

ported to be a precipitating mechanism by Xiao et al. (2013). One explanation why we259

do not observe this is that EMIC waves are trapped in the same magnetic bottle region260

as the cusp proton population. This could result in EMIC waves causing auroral pro-261

tons to precipitate but not propagating down the field-line to be observed as Pc1 pul-262

sations.263

The measured H-α spectra do contain contamination from airglow, which must be264

considered. The contribution is vanishingly small for short time-integrations but when265

we start to integrate longer times of around 20 minutes or more the airglow contribu-266

tion appears. For our long time-integrated spectra the airglow is subtracted using temperature-267

dependent least-squares fitting. There is also some faint H-α airglow which we have ig-268

nored as it is a fairly narrow peak around the rest wavelength so does not affect the re-269

sults of this study.270

Our results indicate a need for an alternative explanation for acceleration of pro-271

tons in the cusp. Since the proton aurora spectrum is accelerated almost all of the time,272

transient and infrequent events are unlikely candidates. The most obvious alternative273

mechanism is other forms of ion-acoustic wave, however they suffer the same transience274

as EMIC waves. Magnetic reconnection is known to accelerate protons (e.g. Phan et al.275

2000; Gosling et al. 2005). Reconnection occurs in the high-latitude nightside cusp, but276

since this geometry requires northward IMF it is not frequent enough to be a good can-277

didate for cusp proton aurora. Turbulent reconnection is also capable of accelerating ions278

and is an ever-present feature of the bow-shock (Gingell et al., 2020), however the amount279

of turbulence varies with different IMF regimes (quasi-parallel vs. quasi-perpendicular280

shock; Plank & Gingell 2023) so we would expect variation with IMF conditions. There281

are several possibilities for cusp proton acceleration to explore in future work, and we282

do not currently have a favoured alternative explanation.283

5 Conclusions284

We present three different analyses of spectrograph observations of proton aurora285

and co-located magnetometer ground-based observations, in order to investigate whether286

EMIC waves are the accelerating mechanism of proton aurora. Our analyses show no link,287

implying that EMIC waves are not the acceleration mechanism responsible for auroral288

protons in the cusp.289

The first analysis is a study of the co-occurrence of Pc1 pulsations with acceler-290

ated proton aurora. Throughout the December and January of the 2021/2022 observ-291

ing season, there was no temporal link between Pc1 pulsations and accelerated proton292

aurora. Although accelerated proton aurora is common, Pc1 pulsations were only present293

during proton aurora in 17 10-minute intervals during the two months. The second anal-294

ysis is a comparison of the average proton aurora spectrum with and without the pres-295

ence of Pc1. It shows that there is no significant difference in acceleration during Pc1296

pulsations than at quiet times. The final piece of evidence is that accelerated proton au-297

rora in the cusp shows no flickering (intensity modulation) during any of our Pc1 events,298

or at other non-Pc1 times (not shown).299

Three separate methods have failed to find a link between auroral proton acceler-300

ation and Pc1 pulsations, contrary to the prevailing assumptions. This implies that an-301

other mechanism is responsible for the acceleration of auroral protons in the cusp.302

In future work it would be interesting to compare the proton acceleration under303

various solar wind, IMF, and magnetospheric conditions.304
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by NV5 Geospatial.319
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Appendix A Field-Guide to Proton Aurora448

The proton aurora observations used in this study are explained in the following449

‘field-guide’ in Figure A1, including a set of six keograms i.e. stack plots of intensity along450

the wavelength axis, in time where each plot shows 20 minutes of observations. Each keograms451

gives an example of different typical observations from the SIF instrument and is included452

here to demonstrate how proton aurora was identified.453
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Figure 4: Autocorrelations on the proton aurora H-α total intensity during Pc1 activity
shown in Figure 2. The x-axis is the autocorrelation test lags up to 60 seconds, and the
y-axis is the minutes after the start time. Each row moving upwards is an intensity au-
tocorrelation on a minute of data, with the amplitude shown by colour, red is negative
and blue positive. Periodic signals would show up as vertical repeating structures in these
ACF plots of red and blue lines. No such signals appear. The dark red horizontal bands
represent missing data, this often occurs when HiTIES closes the shutter to take dark
field calibration images. Note the colourbar is set so that the maximum range is equal to
the minimum significant value, so no structure within these colourbars is significant.
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Field guide to HiTIES observations in the H-alpha range keograms
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Typical broad/
accelerated aurora

Faint aurora on 
brighter sky, 
probably moonlit

Unaccelerated, faint
proton spectrum (rare) 

NGC 7822 (some N2 
on LHS)

Quiet, no aurora
Cloud scattering solar spectrum 
with H-alpha absoprtion

Figure A1: This ‘field-guide’ shows some common observations from the HiTIES in-
strument in the H-α panel in keogram form i.e. a row of pixels from each frame of the
spectrograph stacked horizontally, with time on the horizontal and wavelength on the ver-
tical axis. The top row shows three examples of proton H-α emission, the most clear and
bright on the left and the fainter example in the middle are both auroral proton emission.
The top right proton spectrum could be from unaccelerated auroral protons or from H-α
airglow or geocorona. The bottom row shows typical non-proton aurora keograms. From
left to right, the first is a spectrum from the nebula NGC 7822, which is rich in hydro-
gen and passes through the HiTIES FOV each day for about 30 minutes. It can be easily
identified by the emission line above the bright H-α line which we identify as the N II
658.34 nm line. The second is an quiet panel with no auroral emission, and the third is an
example of sun or moonlit sky/cloud signal (the H-α absorption line comes from the solar
spectrum).
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Pc1 measurements of EMIC waves are not significantly1

linked to the acceleration of auroral protons in the2

cusp.3
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Key Points:10

• We present evidence that EMIC waves are not the mechanism responsible for the11

acceleration of auroral protons in the cusp.12

• Three separate methods using ground observations from Svalbard failed to show13

a link between proton acceleration and Pc1 pulsations.14

• While EMIC waves are known to cause protons to precipitate, another mechanism15

is likely responsible for their acceleration.16
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Abstract17

We present three pieces of observational evidence to conclude that EMIC waves are not18

the mechanism responsible for the acceleration of auroral protons in the polar cusp. It19

is widely believed that ElectroMagnetic Ion Cyclotron (EMIC) plasma waves are the mech-20

anism responsible for the acceleration of auroral protons - however, measurements of au-21

roral proton precipitation and Pc1 pulsations from Svalbard under the cusp region in-22

dicate that there is no significant link between the two phenomena. Spectrograph mea-23

surements of proton aurora over Svalbard are studied alongside co-located magnetome-24

ter measurements of Pc1 pulsations. No evidence of a link between proton aurora and25

Pc1 waves was found by three different methods. Firstly, accelerated protons and Pc126

pulsations have no coincident occurrence. Secondly, the proton energy spectrum does27

not change between Pc1 activity and quiet times. Finally, no imprint of the EMIC wave28

is found in periodicity of the intensity and blue-shift of the proton H-α line, unlike in29

flickering electron aurora where intensity fluctuations are caused by EMIC waves. It may30

be possible that EMIC waves are causing acceleration but not propagating down to cause31

Pc1 pulsations, however we deem this unlikely. Therefore we conclude that EMIC waves32

are not the mechanism responsible for accelerating auroral protons in the cusp.33

Plain Language Summary34

Is it widely thought that a type of plasma wave called an EMIC (Electromagnetic35

Ion Cyclotron) wave is responsible for the observed acceleration of protons which enter36

the Earth’s atmosphere from space at high-latitudes, in a region of the Earth’s magnetic37

field called the cusp. When these protons reach the atmosphere they cause aurora in-38

visible to the naked eye. This proton aurora can be observed using the Spectrographic39

Imaging Facility (SIF), which is situated on the Arctic archipelago of Svalbard. The EMIC40

plasma waves can also be measured by the low frequency pulsations they cause in the41

magnetic field, measured from the same location in Svalbard. In this study we compare42

the proton aurora’s characteristics with magnetic measurements of the plasma waves by43

three different methods. Finding no significant evidence of a link between the two phe-44

nomena, we conclude that EMIC plasma waves are not responsible for accelerating au-45

roral protons in the high-latitude cusp region. This means that some other acceleration46

mechanism must be responsible, however, there is a lack of suitable candidates which could47

indicate the true mechanism is something new or unexpected.48

1 Introduction49

Proton aurora is a natural atmospheric light, invisible to the human eye, caused50

by the precipitation of energetic protons into the atmosphere from space. When observed51

in the high Arctic under the polar cusp, proton aurora originating directly from the so-52

lar wind can be observed. The cusp proton aurora is typically observed with a blue-shifted53

spectrum with super-solar wind velocities (430 - 1400 km s−1; Lummerzheim & Galand54

2001; Galand et al. 2001; compared to around 400 km s−1 in the slow solar wind; Hund-55

hausen 1970), indicating that some acceleration process occurs within the polar cusp (Galperin,56

1963). This acceleration process is typically assumed to be by Landau damping of Elec-57

troMagnetic Ion Cyclotron (EMIC) waves (Engebretson et al., 2013; Xiao et al., 2013;58

Khazanov et al., 2015; Ozaki et al., 2018). However, observational evidence that EMIC59

waves are the acceleration mechanism of proton aurora has never been shown definitively,60

and there are no observational studies of proton acceleration in the cusp. This paper presents61

observations of accelerated proton aurora and Pc1 pulsations from Svalbard and shows62

that there is no discernible link between the two phenomena, contrary to expectations.63

EMIC plasma waves are left-circularly polarised electromagnetic waves which prop-64

agate quasi-parallel along magnetic field lines, oscillating transverse to the magnetic field.65

The wave-particle interactions of EMIC waves are one of the main precipitation mech-66
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anisms for protons trapped in the magnetosphere, resulting in proton aurora equator-67

ward of the auroral oval. EMIC waves are typically generated at equatorial latitudes as68

a result of a fundamental plasma instability (e.g. due to the mixing of hot and cold plas-69

mas) and propagate along field-lines to their foot-points at higher latitudes, where they70

manifest as structured geomagnetic Pc1 (period of 0.2-1Hz; Glaßmeier (2007)) pulsa-71

tions at the ground (Varlamov et al., 2021; Yahnin & Yahnina, 2007; Yahnina et al., 2000;72

Francia et al., 2020). However, high-latitude and cusp EMIC waves are generally observed73

as unstructured Pc1 pulsations, suggesting that their origin lies in the outer magneto-74

sphere (Menk et al., 1993; Mursula et al., 1994; Regi et al., 2017).75

EMIC waves have been observed to precipitate protons in several studies (e.g. Xiao76

et al., 2013; Ozaki et al., 2018; Liang et al., 2022; Tian et al., 2023). The polar cusp con-77

tains a minimum magnetic potential, around which protons with high field-perpendicular78

velocities can become trapped. EMIC waves have been shown by Xiao et al. (2013) to79

be capable of violating the invariance of the magnetic moment and scattering protons80

into the atmosphere, leading to cusp proton aurora.81

Outwith the cusp region, Kim et al. (2017) showed travelling convection vortices82

to generate EMIC waves coincident with proton auroral precipitation. In the night-side83

auroral oval, proton aurora is understood to be caused by precipitation from the plasma84

sheet. EMIC wave scattering is also associated with detached proton auroral arcs, i.e.85

low-latitude bands of proton aurora detached from the main auroral oval. Magnetic Pc186

pulsations consistent with EMIC waves have been detected near detached subauroral pro-87

ton arc events (Immel et al., 2005; Sakaguchi et al., 2007) and isolated proton aurora (IPA)88

(Sakaguchi et al., 2015; Nomura et al., 2016; Kim et al., 2021; Liang et al., 2022; Naka-89

mura et al., 2021; Ozaki et al., 2022). EMIC waves have been shown to produce detached90

proton aurora arcs by pitch-angle scattering of protons from the ring current into the91

upper atmosphere (Spasojevi et al., 2013). Geomagnetic Pc1 pulsations associated with92

a substorm have been observed occurring during a proton arc and Strong Thermal Emis-93

sion Velocity Enhancement (STEVE) event (Varlamov et al., 2021). EMIC/Pc1 waves94

have also been linked to proton precipitation on the dayside on Svalbard by Engebret-95

son et al. (2013), on closed field lines.96

Weak evidence of periodic flickering of a wide-band assumed to be isolated proton97

aurora (IPA) was reported as evidence of EMIC acceleration by Ozaki et al. (2018) (akin98

to flickering electron aurora (Whiter et al., 2010)). They present a 1Hz periodic mod-99

ulation in photometer measurements correlated with Pc1 observations; however, they show100

no method of separating IPA from contamination by electron precipitation. In addition,101

their conclusions do not necessarily apply to the cusp region.102

This study compares observations of the proton H-α auroral emission with obser-103

vations of Pc1 pulsations in the cusp. We do not observe any temporal link between pro-104

ton aurora and Pc1 waves or any effect from Pc1 waves on the velocity spectrum of the105

protons. We do not observe any periodic flickering in the H-α auroral emission line.106

2 Instrumentation and Observations107

The proton aurora H-α spectrum was observed using the High-Throughput Imag-108

ing Echelle Spectrograph (HiTIES, Chakrabarti et al. 2001). HiTIES is part of the Spec-109

trographic Imaging Facility (SIF), located at the Kjell Henriksen Observatory (KHO)110

at Longyearbyen on the Arctic archipelago, Svalbard at geographic latitude 78° 8’ 52.8”111

N, and longitude 16° 2’ 34.8” E . The instrument includes an echelle spectrograph grat-112

ing, an EMCCD (Electron-Multiplying Charged Coupled Device) detector, and a mo-113

saic filter, which is used to select multiple overlapping spectral orders, enabling obser-114

vation of multiple non-contiguous wavelength bands at high resolution. HiTIES is di-115

rected at magnetic zenith with a 8° by 0.05° field-of-view. The imaging cadence is 2Hz116
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giving a temporal Nyquist frequency of 1Hz. This study uses the H-α filter panel, which117

selects the band 649 - 663 nm, and has been installed from December 2015 to the present.118

An example observation of the proton aurora spectrum with HiTIES is shown in Fig-119

ure 1.120

This work uses observations taken during the 2021-2022 observing season, from 4th121

December 2021 - 31 January 2022. Periodicity studies were carried out on proton au-122

rora events with concurrent Pc1 observations on 13 December 2021 and 15 December123

2021. Observations during February and March were not used since daylight limits and124

time-biases the observations.125

The H-α spectrum is extracted from the EMCCD image of the H-α panel in the126

mosaic filter by integrating the pixel intensity in the spatial direction (along the slit).127

The spectrum is then calibrated using flat-field images taken on 4 December 2021, and128

dark-field images taken every 20 minutes. The wavelength of the spectrum is calibrated129

using the OH airglow spectrum and the solar spectrum.130

A 2-axis search-coil magnetometer (Engebretson et al., 2009), co-located with Hi-131

TIES at the KHO, Svalbard was used to observe Pc1 pulsations. It consists of two sen-132

sors aligned with magnetic N-S and E-W. The Pc1 geomagnetic pulsations are observed133

in the 0.1 - 1 Hz range, and are used as a proxy for EMIC waves (Paulson et al., 2017;134

Francia et al., 2020).135
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Figure 1: An example H-α spectrum as measured by the HiTIES instrument, where the
vertical red line signifies the stationary H-α wavelength at 656.3 nm. The broad H-α line
is clearly visible above the background showing its usual blueshifted peak. The median
velocity from the blueshift of this spectrum is around 300 km s−1, with the top end around
600 km s−1.

3 Methods and Results136

Three methods were used to analyse the proton aurora H-α spectrum and magne-137

tometer data. A ‘field guide’ to show the method of identification of proton aurora is shown138

in the appendix, Figure A1. EMIC waves are identified by an enhanced unstructured sig-139

nal in the Pc1 band as measured by the 2-axis Search-Coil Magnetometer, examples shown140

in Figure 2. The two December 2021 events shown are used in the spectra comparison141

and periodicity methods described below. The first, subsection 3.1, is a comparison of142

the times and durations when Pc1 and proton aurora occur, to determine whether the143
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occurrences are statistically linked. Subsection 3.2 is a comparison of the velocity spec-144

trum of the incident protons during Pc1 events and during Pc1-quiet times to determine145

whether the Pc1 waves are linked to an increase in proton acceleration. The third method,146

subsection 3.3, is to search for periodic flickering in the proton aurora, as this has pre-147

viously been identified as a signature of EMIC acceleration in electron aurora. All three148

methods fail to show any link between Pc1 and proton aurora.149

A

B

Figure 2: Magnetometer observations of Pc1 enhancements during 13 and 15 December
2021. Each panel shows from top to bottom the spectrogram of Bx and the spectrogram
of By for each unstructured Pc1 wave observation, 13/12/2021 06-07 UT in Panel A and
15/12/2021 08-09 UT in Panel B.

3.1 Co-occurrence150

We present a statistical study of the contingency of proton aurora and Pc1 pulsa-151

tions, i.e. the likelihood that they are correlated based on how often they occur together152

–5–



manuscript submitted to JGR: Space Physics

vs. separately. Identifying proton aurora and Pc1 enhancements for the entire Decem-153

ber/January period of the 2021/2022 observing season, we obtain occurrences for pro-154

ton aurora and Pc1 pulsations. Note that all times where it is not possible to identify155

proton aurora, i.e. bright moonlit clouds or daylight, have been discounted from both156

data sets. The proton aurora and Pc1 enhancements were identified manually; see the157

identification process in the Field Guide, Appendices Figure A1. The occurrence rela-158

tionship between the proton aurora and Pc1 is first tested with the odds ratio - this is159

a simple statistic which quantifies the strength of association between two events.160

For some occurrence table of events A and B;161

B=1 B=0

A=1 p11 p10
A=0 p01 p00

162

The Odds ratio is;

OR =
p11p00
p10p01

The proton aurora and Pc1 pulsation contingency table is found in Table 1. By com-163

paring the number of 10 minute long time-intervals during the observing season where164

Pc1 and proton aurora are observed it is clear that while proton aurora is quite common,165

Pc1 observations are relatively rare. This already suggests that Pc1 pulsations are not166

likely to be the only acceleration mechanism since they are observed together in only 17167

of the 10-minute intervals across a 2-month observing season.168

The Odds ratio is calculated to examine whether proton aurora and Pc1 have any169

temporal relationship, as a statistic of the correlation in time. If Pc1 (EMIC) waves were170

the responsible acceleration mechanism for auroral protons, a positive time correlation171

would be expected between accelerated proton aurora and Pc1 pulsations. The odds ra-172

tio for this table is 1.249, with a p-value of 0.213 which is much greater than the stan-173

dard threshold of 0.05. Therefore, the Odds ratio is not statistically significant and there174

is no evidence of time dependency between Pc1 enhancement and proton aurora.175

Pc1 present No Pc1

Proton aurora present 17 1696
No proton aurora 54 6729

Table 1: Contingency table showing the number of 10-minute intervals of observation
during the 21/22 Dec-Jan observing period with enhanced Pc1 power and proton aurora
(times when proton aurora is not visible due to daylight or bright clouds have been dis-
counted). Odds ratio = 1.249, p-value = 0.213, therefore not statistically significant.

3.2 Spectrum comparison176

The second piece of evidence we present is a comparison of the average proton au-177

rora spectrum during Pc1 pulsations, and when there are no Pc1 pulsations. 80 minutes178

of proton aurora observations during Pc1 and 350 minutes of proton aurora without Pc1179

were averaged throughout the December 2021 observing season. The spectra were nor-180

malised for comparison. OH airglow contamination was removed by fitting and subtract-181

ing synthetic spectra, using a least-squares-fit algorithm (with temperature dependance).182

Synthetic spectra for temperatures 150 - 250 K were generated and fit to the H-α panel183

background, excluding the H-α emission from 6540 - 6570 Å. There is some H-α airglow184
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visible in the no-Pc1 spectrum as it was integrated over a longer period, but it does not185

affect the results of this paper. Since the majority of emitting particles travel quasi-parallel186

to the magnetic field-line (Galperin, 1963) and we point to the magnetic zenith, the line-187

of-sight velocity determined from the Doppler shift of the proton spectrum can be used188

as an indication of the characteristic energy of the incident precipitation.189

The average proton aurora spectra for Pc1 and no-Pc1 times are compared in Fig-190

ure 3. The width and centre of the H-α spectrum is effectively identical during either191

Pc1 or no-Pc1 times, i.e. there is no significant change in the velocity distribution of the192

precipitating auroral protons. This shows no link between Pc1 pulsations and acceler-193

ation of auroral protons.194
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-0.005
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Comparison of average spectra 
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Figure 3: Comparison of 80 minutes of proton aurora during Pc1 event in black, and 350
minutes of proton aurora when the Pc1 band is quiet in blue, The rest wavelength of H-α,
656.3 nm is marked with a red vertical line, and OH spectral lines are marked with ar-
rows. The plot shows no change in acceleration of the proton aurora when Pc1 is present
or not present.

3.3 Periodicity195

The integrated intensity and mean blueshift are calculated for the spectra at each196

time step during selected proton events, generating two time series each 60 s long. The197

timeseries backgrounds were removed by subtracting a linear fit, effectively a high-pass198

filter on the intensity variation (as we are looking for 1-10 s periodic signals). A range199

of different days during the December 2021 period were chosen, specifically those where200

Pc1 pulsations were also measured and where the proton spectrum was quite bright. The201

timeseries were analysed using autocorrelation and Fourier transform methods to iden-202

tify any periodic oscillations that might show flickering aurora such as the flickering elec-203

tron aurora observed by Whiter et al. (2010) or the flickering observed by Ozaki et al.204

(2018). The significance of the autocorrelation results was tested using a bootstrapping205

method.206
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Example autocorrelation and Fourier transforms performed on the proton aurora207

photon flux time series during 13th and 15th December 2021 do not show any periodic208

signal over the entire day of data. Pc1 band magnetometer plots during these times are209

shown in Figure 2. Figure 4 shows the results of performing an autocorrelation of the210

proton aurora intensity timeseries of each minute of data in a 50 minute period on 13/12/2021211

and a 30 minute period on 15/12/2021 during which Pc1 enhancement and accelerated212

proton aurora were observed together. The red horizontal lines in these figures repre-213

sent missing data when the HiTIES shutter is closed. In Figure 4b there are many times,214

e.g. at 7 minutes and 22 minutes, where the autocorrelation function falls off slowly to215

strongly negative values at 40s. This is the result of a time series with a slow variation216

(much too slow to be related to Pc1 pulsations) during the 60s interval, which is not re-217

moved by the time series background subtraction described in Section 3. Bootstrapping218

of the timeseries by recording the maximum autocorrelation value for each lag over 10,219

100, 1000, and 10000 random permutations of the aurora intensity timeseries gives a min-220

imum statistically significant amplitude of around 0.2. Neither of the autocorrelation plots221

shows structures that exceed this threshold, so we can conclude that there are no sig-222

nificant periodic signals.223

4 Discussion224

To relate the results of this study which concern Pc1 and proton aurora to EMIC225

waves, we must assume that EMIC waves nearly always cause Pc1, and Pc1 are nearly226

always caused by EMIC waves. While the two have been closely related, (Varlamov et227

al., 2021; Francia et al., 2020; Yahnin & Yahnina, 2007; Yahnina et al., 2000), there is228

a possibility that cusp EMIC waves do not always propagate down to cause Pc1 pulsa-229

tions. Therefore it is possible that EMIC waves do accelerate auroral protons in the cusp,230

but do not cause Pc1 pulsations. However, this scenario seems unlikely since EMIC and231

Pc1 waves have been linked so closely by many studies. Note that this study is based232

on cusp proton aurora, therefore conclusions cannot be drawn about the role of EMIC233

waves in the closed-field regime.234

In this study we show evidence that disproves the role of EMIC waves as the pri-235

mary acceleration mechanism for aurora protons in the cusp. It is difficult to ‘disprove’236

any process. From our results it seems clear that although it is possible that EMIC waves237

are capable of accelerating cusp protons, it cannot be the primary acceleration mech-238

anism as we did not measure any change in the proton acceleration during Pc1 pulsa-239

tions. Pc1 are also too infrequent to be causally linked to accelerated proton aurora (we240

would expect the magnetometer to detect Pc1 over a much larger area than HiTIES’ small241

field-of-view, so could even expect Pc1 to be more frequent than proton aurora if they242

were linked).243

We evidence this conclusion with the HITIES instrument which has high time res-244

olution, throughput, and wavelength resolution. However, there are some limitations. The245

signal-to-noise ratio is low for very short integration periods which may affect the pe-246

riodicity study. The Nyquist frequency for the time resolution of the instrument is 1Hz247

which should be sufficient to observe in the Pc1 band (0.1 - 1Hz) but the autocorrela-248

tion method may be less reliable close to the Nyquist limit.249

As in any optical study, cloud cover and bright moon/day-light hours reduce the250

useful data within the season. Cloud cover and ‘too-bright’ times were removed from both251

the Pc1 and aurora datasets so these would not time-bias the occurrence statistics. How-252

ever, there is also time-dependence of whether observations are made in the cusp or not.253

Unstructured Pc1 and proton aurora occur primarily in the cusp at this latitude so we254

might expect a slight time-dependence which would artificially inflate the Odd’s ratio.255

However, we find that the Odd’s ratio is still well under the threshold for statistical sig-256

nificance so we can ignore this effect.257
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We expected some temporal link between Pc1 and proton aurora as it has been re-258

ported to be a precipitating mechanism by Xiao et al. (2013). One explanation why we259

do not observe this is that EMIC waves are trapped in the same magnetic bottle region260

as the cusp proton population. This could result in EMIC waves causing auroral pro-261

tons to precipitate but not propagating down the field-line to be observed as Pc1 pul-262

sations.263

The measured H-α spectra do contain contamination from airglow, which must be264

considered. The contribution is vanishingly small for short time-integrations but when265

we start to integrate longer times of around 20 minutes or more the airglow contribu-266

tion appears. For our long time-integrated spectra the airglow is subtracted using temperature-267

dependent least-squares fitting. There is also some faint H-α airglow which we have ig-268

nored as it is a fairly narrow peak around the rest wavelength so does not affect the re-269

sults of this study.270

Our results indicate a need for an alternative explanation for acceleration of pro-271

tons in the cusp. Since the proton aurora spectrum is accelerated almost all of the time,272

transient and infrequent events are unlikely candidates. The most obvious alternative273

mechanism is other forms of ion-acoustic wave, however they suffer the same transience274

as EMIC waves. Magnetic reconnection is known to accelerate protons (e.g. Phan et al.275

2000; Gosling et al. 2005). Reconnection occurs in the high-latitude nightside cusp, but276

since this geometry requires northward IMF it is not frequent enough to be a good can-277

didate for cusp proton aurora. Turbulent reconnection is also capable of accelerating ions278

and is an ever-present feature of the bow-shock (Gingell et al., 2020), however the amount279

of turbulence varies with different IMF regimes (quasi-parallel vs. quasi-perpendicular280

shock; Plank & Gingell 2023) so we would expect variation with IMF conditions. There281

are several possibilities for cusp proton acceleration to explore in future work, and we282

do not currently have a favoured alternative explanation.283

5 Conclusions284

We present three different analyses of spectrograph observations of proton aurora285

and co-located magnetometer ground-based observations, in order to investigate whether286

EMIC waves are the accelerating mechanism of proton aurora. Our analyses show no link,287

implying that EMIC waves are not the acceleration mechanism responsible for auroral288

protons in the cusp.289

The first analysis is a study of the co-occurrence of Pc1 pulsations with acceler-290

ated proton aurora. Throughout the December and January of the 2021/2022 observ-291

ing season, there was no temporal link between Pc1 pulsations and accelerated proton292

aurora. Although accelerated proton aurora is common, Pc1 pulsations were only present293

during proton aurora in 17 10-minute intervals during the two months. The second anal-294

ysis is a comparison of the average proton aurora spectrum with and without the pres-295

ence of Pc1. It shows that there is no significant difference in acceleration during Pc1296

pulsations than at quiet times. The final piece of evidence is that accelerated proton au-297

rora in the cusp shows no flickering (intensity modulation) during any of our Pc1 events,298

or at other non-Pc1 times (not shown).299

Three separate methods have failed to find a link between auroral proton acceler-300

ation and Pc1 pulsations, contrary to the prevailing assumptions. This implies that an-301

other mechanism is responsible for the acceleration of auroral protons in the cusp.302

In future work it would be interesting to compare the proton acceleration under303

various solar wind, IMF, and magnetospheric conditions.304

–9–



manuscript submitted to JGR: Space Physics

Acknowledgments305

This work was supported by the Natural Environmental Research Council [grant num-306

ber NE/S007210/1]. DKW was supported by the Natural Environment Research Coun-307

cil (UK) under grant number NE/S015167/1. The work at the New Jersey Institute of308

Technology was supported by the National Science Foundation (NSF) grant, AGS-2133837.309

Availability310

The HiTIES data used for measurements of proton aurora in the study are pub-311

licly available at Pure via https://www.soton.ac.uk/~dkw1f08/EMICProtonStudyData312

.zip1, no access requirements, with GNU General Public License v3.0, and the SIF keograms313

used in the contingency study are available at sif.unis.no with no access requirements,314

with license . The 2-Axis Search-Coil magnetometer data used to identify Pc1 pulsation315

events in the study are publicly available at the University of New Hampshire - Mag-316

netosphere Ionosphere Research Lab website at http://mirl.sr.unh.edu/projects ulf317

.html. The data analysis was carried out in Interactive Data Language (IDL), provided318

by NV5 Geospatial.319

References320

Chakrabarti, S., Pallamraju, D., Baumgardner, J., & Vaillancourt, J. (2001). Hi-321

TIES: A High Throughput Imaging Echelle Spectrogragh for ground-based visible322

airglow and auroral studies. Journal of Geophysical Research: Space Physics, 106 ,323

30337-30348. doi: 10.1029/2001JA001105324

Engebretson, M. J., Moen, J., Posch, J. L., Lu, F., Lessard, M. R., Kim, H., &325

Lorentzen, D. A. (2009). Searching for ULF signatures of the cusp: Observa-326

tions from search coil magnetometers and auroral imagers in Svalbard. Journal of327

Geophysical Research: Space Physics, 114 . doi: 10.1029/2009JA014278328

Engebretson, M. J., Yeoman, T. K., Oksavik, K., Sraas, F., Sigernes, F., Moen, J. I.,329

. . . Stolle, C. (2013). Multi-instrument observations from Svalbard of a traveling330

convection vortex, electromagnetic ion cyclotron wave burst, and proton precipi-331

tation associated with a bow shock instability. Journal of Geophysical Research:332

Space Physics, 118 , 2975-2997. doi: 10.1002/JGRA.50291333

Francia, P., Regi, M., Lauretis, M. D., Pezzopane, M., Cesaroni, C., Spogli, L., &334

Raita, T. (2020). A case study of correspondence between Pc1 activity and iono-335

spheric irregularities at polar latitudes. Earth, Planets and Space, 72 , 1-12. doi:336

10.1186/s40623-020-01184-4337

Galand, M., Fuller-Rowell, T. J., & Codrescu, M. V. (2001). Response of the upper338

atmosphere to auroral protons. Journal of Geophysical Research, 106 , 127-139.339

doi: 10.1029/2000JA002009340

Galperin, Y. I. (1963). Proton bombardment in aurora (Vol. 10). Pergamon Press341

Ltd. doi: 10.1016/0032-0633(63)90016-3342

Gingell, I., Schwartz, S. J., Eastwood, J. P., Stawarz, J. E., Burch, J. L., Ergun,343

R. E., . . . Wilder, F. (2020). Statistics of reconnecting current sheets in the344

transition region of Earth’s bow shock. Journal of Geophysical Research: Space345

Physics, 125 , e2019JA027119. doi: 10.1029/2019JA027119346

Glaßmeier, K. (2007). Geomagnetic pulsations. In D. Gubbins & E. Herrero-Bervera347

(Eds.), Encyclopedia of geomagnetism and paleomagnetism (pp. 333–334). Dor-348

drecht: Springer Netherlands. doi: 10.1007/978-1-4020-4423-6 122349

Gosling, J. T., Skoug, R. M., McComas, D. J., & Smith, C. W. (2005). Direct evi-350

dence for magnetic reconnection in the solar wind near 1 AU. Journal of Geophys-351

1 This will be replaced with a DOI upon acceptance of the paper

–10–

https://www.soton.ac.uk/~dkw1f08/EMICProtonStudyData.zip
https://www.soton.ac.uk/~dkw1f08/EMICProtonStudyData.zip
https://www.soton.ac.uk/~dkw1f08/EMICProtonStudyData.zip
sif.unis.no
http://mirl.sr.unh.edu/projects_ulf.html
http://mirl.sr.unh.edu/projects_ulf.html
http://mirl.sr.unh.edu/projects_ulf.html


manuscript submitted to JGR: Space Physics

ical Research: Space Physics, 110 , 1107. doi: 10.1029/2004JA010809352

Hundhausen, A. J. (1970). Composition and dynamics of the solar wind plasma. Re-353

views of Geophysics, 8 (4), 729-811. doi: 10.1029/RG008i004p00729354

Immel, T. J., Mende, S. B., Frey, H. U., Patel, J., Bonnell, J. W., Engebretson,355

M. J., & Fuselier, S. A. (2005). ULF waves associated with enhanced subau-356

roral proton precipitation. Geophysical Monograph Series, 159 , 71-84. doi:357

10.1029/159GM05358

Khazanov, G. V., Sibeck, D. G., Tel’Nikhin, A. A., & Kronberg, T. K. (2015).359

Stochastic acceleration of ions driven by Pc1 wave packets. Physics of Plasmas,360

22 , 72901. doi: 10.1063/1.4926823361

Kim, H., Clauer, C. R., Gerrard, A. J., Engebretson, M. J., Hartinger, M. D.,362

Lessard, M. R., . . . Xu, Z. (2017). Conjugate observations of electromagnetic363

ion cyclotron waves associated with traveling convection vortex events. Jour-364

nal of Geophysical Research: Space Physics, 122 , 7336-7352. doi: 10.1002/365

2017JA024108366

Kim, H., Shiokawa, K., Park, J., Miyoshi, Y., Miyashita, Y., Stolle, C., . . . Sak-367

aguchi, K. (2021). Isolated Proton Aurora driven by EMIC Pc1 wave: PWING,368

Swarm, and NOAA POES Multi-Instrument Observations. Geophysical Research369

Letters, 48 , e2021GL095090. doi: 10.1029/2021GL095090370

Liang, J., Gillies, D., Donovan, E., Parry, H., Mann, I., Connors, M., & Spanswick,371

E. (2022). On the green isolated proton auroras during Canada thanksgiving372

geomagnetic storm. Frontiers in Astronomy and Space Sciences, 9 , 1040092. doi:373

10.3389/fspas.2022.1040092374

Lummerzheim, D., & Galand, M. (2001). The profile of the hydrogen H β emission375

line in proton aurora. Journal of Geophysical Research: Space Physics, 106 (A1),376

23-31. doi: 10.1029/2000JA002014377

Menk, F. W., Fraser, B. J., Hansen, H. J., Newell, P. T., Meng, C.-I., & Morris,378

R. J. (1993). Multistation observations of Pc1-2 ULF pulsations in the vicinity of379

the polar cusp. Journal of geomagnetism and geoelectricity , 45 , 1159-1173. doi:380

10.5636/JGG.45.1159381

Mursula, K., Blomberg, L. G., Lindqvist, P. ., Marklund, G. T., Brysy, T.,382

Rasinkangas, R., & Tanskanen, P. (1994). Dispersive Pc1 bursts observed by383

Freja. Geophysical Research Letters, 21 , 1851-1854. doi: 10.1029/94GL01584384

Nakamura, K., Shiokawa, K., Otsuka, Y., Shinbori, A., Miyoshi, Y., Connors, M.,385

. . . Bonnell, J. (2021). Simultaneous observation of two isolated proton auro-386

ras at subauroral latitudes by a highly sensitive all-sky camera and Van Allen387

probes. Journal of Geophysical Research: Space Physics, 126 , e2020JA029078.388

doi: 10.1029/2020JA029078389

Nomura, R., Shiokawa, K., Omura, Y., Ebihara, Y., Miyoshi, Y., Sakaguchi, K.,390

. . . Connors, M. (2016). Pulsating proton aurora caused by rising tone Pc1391

waves. Journal of Geophysical Research: Space Physics, 121 , 1608-1618. doi:392

10.1002/2015JA021681393

Ozaki, M., Shiokawa, K., Kataoka, R., Mlynczak, M., Paxton, L., Connors, M., . . .394

Mann, I. (2022). Localized mesospheric ozone destruction corresponding to iso-395

lated proton aurora coming from Earths radiation belt. Scientific Reports 2022396

12:1 , 12 , 1-11. doi: 10.1038/s41598-022-20548-2397

Ozaki, M., Shiokawa, K., Miyoshi, Y., Kataoka, R., Connors, M., Inoue, T., . . .398

Danskin, D. W. (2018). Discovery of 1Hz range modulation of Isolated Proton399

Aurora at subauroral latitudes. Geophysical Research Letters, 45 , 1209-1217. doi:400

10.1002/2017GL076486401

Paulson, K. W., Smith, C. W., Lessard, M. R., Torbert, R. B., Kletzing, C. A., &402

Wygant, J. R. (2017). In situ statistical observations of Pc1 pearl pulsations403

and unstructured EMIC waves by the Van Allen Probes. Journal of Geophysical404

Research: Space Physics, 122 , 105-119. doi: 10.1002/2016JA023160405

–11–



manuscript submitted to JGR: Space Physics

Phan, T. D., Kistler, L. M., Klecker, B., Haerendel, G., Paschmann, G., Sonnerup,406

B. U., . . . Reme, H. (2000). Extended magnetic reconnection at the Earth’s407

magnetopause from detection of bi-directional jets. Nature 2000 404:6780 , 404 ,408

848-850. doi: 10.1038/35009050409

Plank, J., & Gingell, I. L. (2023). Intermittency at Earth’s bow shock: Measures of410

turbulence in quasi-parallel and quasi-perpendicular shocks. Physics of Plasmas,411

30 , 82906. doi: 10.1063/5.0160439/2908491412

Regi, M., Marzocchetti, M., Francia, P., & Lauretis, M. D. (2017). A statistical anal-413

ysis of Pc1-2 waves at a near-cusp station in Antarctica 3. space science. Earth,414

Planets and Space, 69 , 1-16. doi: 10.1186/S40623-017-0738-8/415

Sakaguchi, K., Shiokawa, K., Leda, A., Miyoshi, Y., Otsuka, Y., Ogawa, T., . . .416

Rich, F. J. (2007). Simultaneous ground and satellite observations of an iso-417

lated proton arc at subauroral latitudes. Journal of Geophysical Research: Space418

Physics, 112 , 4202. doi: 10.1029/2006JA012135419

Sakaguchi, K., Shiokawa, K., Miyoshi, Y., & Connors, M. (2015). Isolated proton au-420

roras and Pc1/EMIC waves at subauroral latitudes. Auroral Dynamics and Space421

Weather , 59-70. doi: 10.1002/9781118978719.ch5422

Spasojevi, M., Thomsen, M. R., Chi, P. J., & Sandel, B. R. (2013). Afternoon sub-423

auroral proton precipitation resulting from ring currentplasmasphere interaction.424

Inner Magnetosphere Interactions: New Perspectives from Imaging , 159 , 85-99.425

doi: 10.1029/159GM06426

Tian, X., Yu, Y., Gong, F., Ma, L., Cao, J., Solomon, S. C., . . . Miyoshi, Y. (2023).427

Ionospheric modulation by EMIC wave-driven proton precipitation: Observa-428

tions and simulations. Journal of Geophysical Research: Space Physics, 128 ,429

e2022JA030983. doi: 10.1029/2022JA030983430

Varlamov, I., Parnikov, S., Ievenko, I., Baishev, D., & Shiokawa, K. (2021). Reg-431

istration of synchronous geomagnetic pulsations and proton aurora during the432

substorm on March 1, 2017. EPJ Web Conf., 254 , 2012. doi: 10.1051/epjconf/433

202125402012434

Whiter, D. K., Lanchester, B. S., Gustavsson, B., Ivchenko, N., & Dahlgren, H.435

(2010). Using multispectral optical observations to identify the acceleration mech-436

anism responsible for flickering aurora. Journal of Geophysical Research: Space437

Physics, 115 . doi: 10.1029/2010JA015805438

Xiao, F., Zong, Q., Su, Z., Yang, C., He, Z., Wang, Y., & Gao, Z. (2013). Deter-439

mining the mechanism of cusp proton aurora. Scientific Reports, 3 . doi: 10.1038/440

SREP01654441

Yahnin, A. G., & Yahnina, T. A. (2007). Energetic proton precipitation related442

to ioncyclotron waves. Journal of Atmospheric and Solar-Terrestrial Physics, 69 ,443

1690-1706. doi: 10.1016/J.JASTP.2007.02.010444

Yahnina, T. A., Yahnin, A. G., Kangas, J., & Manninen, J. (2000). Proton precipi-445

tation related to Pcl pulsations. Geophysical Research Letters, 27 , 3575-3578. doi:446

10.1029/2000GL003763447

Appendix A Field-Guide to Proton Aurora448

The proton aurora observations used in this study are explained in the following449

‘field-guide’ in Figure A1, including a set of six keograms i.e. stack plots of intensity along450

the wavelength axis, in time where each plot shows 20 minutes of observations. Each keograms451

gives an example of different typical observations from the SIF instrument and is included452

here to demonstrate how proton aurora was identified.453
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Figure 4: Autocorrelations on the proton aurora H-α total intensity during Pc1 activity
shown in Figure 2. The x-axis is the autocorrelation test lags up to 60 seconds, and the
y-axis is the minutes after the start time. Each row moving upwards is an intensity au-
tocorrelation on a minute of data, with the amplitude shown by colour, red is negative
and blue positive. Periodic signals would show up as vertical repeating structures in these
ACF plots of red and blue lines. No such signals appear. The dark red horizontal bands
represent missing data, this often occurs when HiTIES closes the shutter to take dark
field calibration images. Note the colourbar is set so that the maximum range is equal to
the minimum significant value, so no structure within these colourbars is significant.
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Field guide to HiTIES observations in the H-alpha range keograms
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accelerated aurora

Faint aurora on 
brighter sky, 
probably moonlit

Unaccelerated, faint
proton spectrum (rare) 

NGC 7822 (some N2 
on LHS)

Quiet, no aurora
Cloud scattering solar spectrum 
with H-alpha absoprtion

Figure A1: This ‘field-guide’ shows some common observations from the HiTIES in-
strument in the H-α panel in keogram form i.e. a row of pixels from each frame of the
spectrograph stacked horizontally, with time on the horizontal and wavelength on the ver-
tical axis. The top row shows three examples of proton H-α emission, the most clear and
bright on the left and the fainter example in the middle are both auroral proton emission.
The top right proton spectrum could be from unaccelerated auroral protons or from H-α
airglow or geocorona. The bottom row shows typical non-proton aurora keograms. From
left to right, the first is a spectrum from the nebula NGC 7822, which is rich in hydro-
gen and passes through the HiTIES FOV each day for about 30 minutes. It can be easily
identified by the emission line above the bright H-α line which we identify as the N II
658.34 nm line. The second is an quiet panel with no auroral emission, and the third is an
example of sun or moonlit sky/cloud signal (the H-α absorption line comes from the solar
spectrum).
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