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Abstract: Foreshock ultralow frequency (ULF) waves constitute a significant physical phenomenon in the plasma environment of
terrestrial planets. The occurrence of these waves, associated with backstreaming particles reflected and accelerated at the bow shock,
implies specific conditions and properties of the shock and its foreshock. Using magnetic field and ion measurements from MAVEN, we
report a clear event of ULF waves in the Martian foreshock. The interplanetary magnetic field connected to the Martian bow shock,
forming a shock angle of ~51°. Indicating that this was a fast mode wave is the fact that ion density varied in phase with perturbations of
the wave field. The peak frequency of the waves was about 0.040 Hz in the spacecraft frame, much lower than the local proton
gyrofrequency (~0.088 Hz). The ULF waves had a propagation angle approximately 34° from ambient magnetic field and were
accompanied by the whistler mode. The ULF waves displayed left-hand elliptical polarization with respect to the interplanetary magnetic
field in the spacecraft frame. All these properties fit very well with foreshock waves excited by interactions between solar wind and
backstreaming ions through right-hand beam instability.
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1.  Introduction
Planetary  foreshock  regions,  characterized  by  interactions

between  backstreaming  particles  and  ultralow  frequency  (ULF)

waves, are different from interplanetary solar wind. There are sev-

eral different types of backstreaming ion distributions in the fore-

shock region, i.e.,  field-aligned beam (FAB),  and gyrating and dif-

fuse  ion  distributions,  which  have  been  identified  by  previous

studies (e.g., Gosling et al., 1978; Bonifazi and Moreno, 1981; Fuse-

lier,  1995).  An FAB generally  originates  from a  quasi-perpendicu-

lar  shock,  existing  near  the  ion  foreshock  upper  boundary.  The

FAB propagates upstream along the interplanetary magnetic field

(IMF)  at  a  bulk  speed  of  a  few  keV  with  a  very  limited  spread  in

pitch angle (Meziane et al., 2005). In the FAB region, no ULF waves

have been observed by spacecraft (Paschmann et al., 1979). Gyrat-

ing ions appear field-aligned, but have a phase space density peak

with a large spread in pitch angle (Fuselier et al., 1986). These ions

have frequently  been observed downstream of  the  FAB distribu-

tions, and they extend approximately from 9 to 83RE at the Earth

(Meziane  et  al.,  2001).  Sometimes  gyrating  ions  and  the  FAB  are

observed  simultaneously  due  to  the  large  gyration  orbit  of  the

ions close to the FAB-gyrating ion boundary (Meziane et al., 2004).

Investigations in detail  show that  gyrating ions can be produced

from  an  FAB  through  nonlinear  wave-particle  interactions

(Mazelle  et  al.,  2000)  at  the  edge  of  the  gyrating  ion  region  and

the  boundary  of  the  foreshock  ULF  waves  (Mazelle  et  al.,  2007).

These ions are bunched in gyrophase angle when the associated

ULF  waves  are  quasi-monochromatic  and  have  large  amplitudes

(δB/B ~1)  (Meziane  et  al.,  2001; Mazelle  et  al.,  2003).  Diffuse  ions

are  frequently  observed  upstream  of  a  quasi-parallel  bow  shock.

They are usually accompanied by non-monochromatic ULF waves

(Hoppe et al., 1981).

Linear theory and simulation results  reveal  that  FABs are very ef-

fective in driving ion/ion right-hand resonant instability,  which is

responsible  for  foreshock  wave  generation  (Gary  et  al.,  1981;

Hoshino  and  Terasawa,  1985; Winske  and  Quest,  1986; Gary,

1991). In the terrestrial foreshock several distinct waves are identi-

fied (Fairfield,  1969; Le  and Russell,  1994; Greenstadt  et  al.,  1995;

Burgess, 1997; Wilson III, 2016). The most significant wave activity

is the ULF wave, with a typical period of ~30 s, which has been ob-

served  extensively  in  the  Earth’s  foreshock  (Hoppe  and  Russell,

1983; Thomsen  et  al.,  1985; Le  and  Russell,  1992; Meziane  et  al.,

2001; Mazelle et al., 2003; Eastwood et al., 2005a, b) and other ter-
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restrial bodies, such as Saturn (e.g., Bertucci et al., 2007; Andrés et
al., 2013), Mercury (e.g., Le et al., 2013) and Venus (e.g., Shan et al.,
2014).  The  foreshock  is  dependent  on  the  shock  structures  and
the  IMF.  Foreshock  wave  generation  and  evolution/propagation
depend importantly on the size of the foreshock space compared
to the ion gyroradius. At Mars, few foreshock ions have been iden-
tified because, compared to the ion gyroradius, the Martian shock
and its foreshock are small. As a result of the planet’s nonmagnet-
ic body, some Martian parameters are very different from those at
the  Earth  (Yamauchi  et  al.,  2011),  resulting  in  some  interesting
physical  phenomena  in  the  Martian  foreshock  (Mazelle  et  al.,
2004). Using magnetic field and ion data measured by MAVEN in-
struments,  we  have  identified  a  clear  event  of  foreshock  ULF
waves  at  Mars.  This  implies  that  the  foreshock  space  at  Mars  is
large enough for an ion-ion right-hand beam instability to gener-
ate  foreshock  ULF  waves  by  backstreaming  ions.  More  detailed
properties  of  foreshock  ULF waves  should  be  investigated in  the
future by statistical research.

2.  Observations
The  MAVEN  spacecraft  was  launched  on  18  November  2013  and
arrived in Mars orbit on 21 September 2014 (Jakosky et al., 2015).
The spacecraft has an elliptical orbit (period ~4.5 h) with a periap-
sis of ~150 km and an apoapsis of ~1.8RM (Mars radius ~3397 km).
Figure 1 shows 10 min interval observations of the foreshock ULF
waves  measured  by  MAVEN  on  14  August  2015.  The  spacecraft
passed  through  the  outbound  bow  shock,  crossing  at  ~22:04:20
UT (not  shown  here).  During  this  interval  of  interest,  the  space-

craft  traveled from the position (1.23,  0.63,  2.53)RM to  (1.38,  0.78,
2.35)RM in the Mars-centered Solar Orbital (MSO) frame, where the
x direction is  along the Mars–Sun line; y is  aligned with the dusk
direction,  and z completes  the  right-handed  coordinate  system.
Magnetic  field  data,  measured by a  MAG instrument  (Connerney
et  al.,  2015), show  large-amplitude  waves  upstream  of  the  Mar-
tian  bow  shock.  The  maximum  peak-to-peak  amplitude  in  the
wave  front  is  as  large  as  ~8  nT.  The  average  magnetic  field  is
about  (5.2,  –1.7,  0.8)  nT,  and  the  IMF  cone  angle  (the  angle
between the  IMF line  and the x-axis  of  MSO)  is  ~20°.  During this
interval,  the  IMF  was  connected  to  the  Martian  bow  shock,  and
the shock angle θBn (between the IMF line and the shock normal)
was  about  51°.  Here  we  calculated  the  shock  normal  with  a
modeled bow shock for Mars (Vignes et al.,  2000). The solar wind
flow  velocity  (vsw)  was  ~447  km/s,  and  the  ion  density  (ni)  was
~1.44 cm–3 observed by an SWIA instrument (Halekas et al., 2015).
The magnetic magnitude varied in phase with the solar wind ion
density and out of  phase with the solar  wind velocity.  This  prop-
erty indicates that it was a fast magnetosonic wave in the Martian
foreshock region.

Figure 2 shows the power spectrum and hodogram anslysis of the
foreshock  ULF  waves  shown  in Figure  1. We  separate  the  spec-
trum into transverse (red) and compressional components (black).
The peak frequency,  marked by  an arrow,  is  about  0.040 Hz.  The
local proton gyrofrequency represented by a dashed line is ~0.088
± 0.023  Hz  in  the  spacecraft  frame.  The  frequency  of  the  fore-
shock  waves  is  much  lower  than  the  gyrofrequency.  Using  the
Minimum  Variance  Analysis  (MVA)  method  (Sonnerup  and
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Figure 1.   A ULF foreshock wave occurrence in the Martian foreshock observed by MAVEN on 14 August 2015. Magnetic field components are

shown in different colors. Solar wind ion density and bulk velocity measured by the SWIA instrument. Magnetic field data sampled at 1 s and ion

flow data sampled at 8 s.
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f = fob/(1 + vsw/vph ⋅ cosθkv)

Scherble,  1998),  we  conducted  a  hodogram  analysis  on  1-min

subintervals of the waves. It should be noted that a lowpass filter

from 0 to 0.2 Hz was used as we performed the hodogram. Bi and

Bj are the wave field components, and Bk is parallel or antiparallel

to the wave vector direction. The ratios of maximum to intermedi-

ate (λi/λj) and the intermediate to minimum (λj/λk) are 6.4 and 10.7,

respectively.  The  latter  ratio  indicates  the  MVA  is  good  for  this

case.  The  propagation  angle θkB (angle  between  the  wave

propagation  direction  and  the  ambient  magnetic  field)  is  about

146°.  The propagation direction has an angle of ~28° from the x-

axis of MSO system. We find that the wave exhibits a left-hand el-

liptical  polarization  with  respect  to  the  background  field  in  the

spacecraft  frame  (bottom-left  panel  in Figure  2). Assuming  elec-

trons  have  the  same  temperature  as  ions  (average  value  ~32  eV

measured by SWIA), we estimate the phase speed (vph) of the fast

magnetosonic wave as ~126 km/s, which is much smaller than the

solar  wind  velocity.  Because  of  the  Doppler  shift  by  solar  wind

convection,  the  wave  frequency  in  the  solar  wind  frame  is

.  We  then  estimate  the  wavelength  in

the x-axis, finding it to be ~3.8RM. Here f and fob are the wave fre-

quency in the solar wind and spacecraft frames, respectively. θkv is

the angle between the wave propagation direction and the solar

wind  velocity.  We  found  that  the  wave  is  right-hand  polarized

with  respect  to  the  average  magnetic  field  in  the  solar  wind
plasma  frame.  High-frequency  waves  are  also  identified  by  the
wave spectrum analysis. Using high-frequency (~32 Hz) magnetic
field data, we analyze the high-frequency waves shown in Figure 3.
This type of wave, termed ‘whistler’, has also been observed in the
Earth foreshock and the interplanetary medium (e.g., Russell et al.,
1971; Fairfield, 1974; Tsurutani et al., 2001); whistler waves are as-
sociated with electron foreshocks (Tsurutani  et  al.,  2001). The av-
erage wave period of the whistler wave, obtained from the power
spectrum  analysis  in Figure  2, is  about  2.7  s.  The  wave  propaga-
tion  direction  has  an  angle  of  ~11°  from  the  ambient  field.  The
whistler wave has a large amplitude. It is left-hand circularly polar-
ized with respect to the ambient magnetic field in the spacecraft
frame.

Large-amplitude foreshock ULF waves are excited by interactions
between  solar  wind  and  backstreaming  ion  beams  through  an
ion/ion beam instability (Gary et al., 1981). Figure 4 shows the as-
sociated  ion  energy  fluxes  in  different  azimuth  directions  in  the
STATIC  frame  (McFadden  et  al.,  2015).  During  the  interval  from
~22:52 to 22:53 UT,  the instruments also detected a hot flow an-
omaly, which is one important foreshock transient (Schwartz et al.,
2000).  The  azimuth  of  the  solar  wind  beam  is  about  110°  in  the
STATIC instrument frame. From ~22:54 UT, an abundance of back-
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Figure 2.   Wave power spectrum and hodograms for the ULF waves shown in Figure 1. The arrow and the blue dashed line mark the peak

frequency of the ULF waves and the local proton gyrofrequency, respectively. In the bottom panels, plus sign and triangle show the beginning

and end of the interval, respectively.
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streaming  ion  fluxes  (marked  by  the  red  ellipses)  were  detected.

Then the ULF wavewas excited and its amplitude increased.

3.  Conclusions and Discussion
The  occurrence  of  foreshock  ULF  waves  is  a  significant  physical

phenomenon at a terrestrial planet. Using magnetic field and ion

data from MAVEN, we identify an event of foreshock ULF waves at

Mars. The magnetic magnitude of the waves varies in phase with

the  solar  wind  ion  density  and  out  of  phase  with  the  solar  wind

velocity,  which  is  a  significant  signature  of  a  fast  magnetosonic

wave.  Based  on  the  wave  spectrum  and  hodogram  analysis,  we

find that the wave period is ~25 s,  which is about twice the local

proton  cyclotron  period.  The  wave  has  a  large  amplitude  and  a

propagation angle of ~34° from the background field. It exhibits a
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Figure 3.   High-frequency waves accompanying the fast mode waves. In the top panel, high-frequency whistler waves accompanied the low

frequency waves. The dotted lines mark the subinterval for hodogram analysis. In the bottom panels, ‘S’ and ‘E’ show the start and end of the

subinterval.
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Figure 4.   Foreshock ULF waves, and ion energy fluxes for different azimuth values in the STATIC frame. Ion data have a time resolution of 16 s.
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left-handed  elliptical  polarization  with  respect  to  the  ambient
magnetic  field  in  the  spacecraft  frame.  The  phase  speed  of  the
wave  (~126  km/s)  is  much  smaller  than  the  solar  wind  velocity,
which means that the solar wind Doppler shift induces a reversal
in the observed polarization.  The estimated wavelength in the x-
axis  is  ~3.8RM,  which  is  slightly  larger  than  the  foreshock  waves
observed at  the Earth (~1.5RE)  and Venus (~1.35RV)  (Eastwood et

al., 2005a; Shan et al., 2016). We suggest that wave we have stud-
ied was excited by interactions between the solar wind and back-
streaming  ions,  through  an  ion/ion  right-hand  instability.  Fast
mode waves are very different from proton cyclotron waves, and
the interactions with solar wind are also different (Romanelli et al.,
2018). This fast mode wave is accompanied by whistler waves that
have been identified previously in the Earth’s foreshock (e.g., Fair-
field, 1974). Different explanations have been proposed for whist-
ler  wave  generation;  it  is  believed  that  the  whistler  is  associated
with  electron  foreshock  (Tsurutani  et  al.,  2001;  and  references
therein). Results  of  Meziane  et  al.  show  two  populations  of  fore-
shock  electrons  upstream  of  the  Martian  bow  shock  (Meziane  et
al., 2017). The detailed characteristics of the foreshock ULF waves

and whistler  waves  at  Mars  should be obtained from a  statistical
investigation.
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