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Abstract. We present the first observations of short large-
amplitude magnetic structures (denoted SLAMS) at Mer-
cury. We have investigated approximately 4 years of MES-
SENGER (MErcury Surface, Space ENvironment, GEo-
chemistry, and Ranging) data to identify SLAMS in the Mer-
cury foreshock. Defining SLAMS as magnetic field compres-
sional structures, with an increase in magnetic field strength
of at least twice the background magnetic field strength,
when MESSENGER is located in the solar wind, we find 435
SLAMS. The SLAMS are found either in regions of a gen-
eral ultra-low frequency (ULF) wave field, at the boundary
of such a ULF wave field, or in a few cases isolated from
the wave field. We present statistics on several properties
of the SLAMS, such as temporal scale size, amplitude, and
the presence of whistler-like wave emissions. We find that
SLAMS are mostly found during periods of low interplan-
etary magnetic field strength, indicating that they are more
common for higher solar wind Alfvénic Mach number (MA).
We use the Tao solar wind model to estimate solar wind pa-
rameters to verify that MA is indeed larger during SLAMS
observations than otherwise. Finally, we also investigate how
SLAMS observations are related to foreshock geometry.

1 Introduction

As the supermagnetosonic solar wind encounters the plan-
ets in the solar system, a bow shock is formed at which
the solar wind is slowed down to submagnetosonic velocity
(e.g. Balogh and Treumann, 2013). The region upstream of

such a shock which is magnetically connected to the shock
is called the foreshock (Eastwood et al., 2005b). Depend-
ing on the angle between the connecting field line and the
bow shock normal (θBn), the foreshock connects to either the
quasi-perpendicular bow shock (θBn > 45°) or to the quasi-
parallel shock (θBn < 45°). At supercritical shocks, a portion
of the solar wind plasma is reflected and travels upstream
into the foreshock region. At Earth, an important effect of
this is that the reflected ions together with the original so-
lar wind ions trigger the ion–ion right-hand resonant beam
instability, resulting in the excitation of foreshock ultra-low
frequency (ULF) waves (Gary, 1991). At Earth, these fast
magnetosonic waves typically have a period of around 30 s
and are typically observed in the quasi-parallel part of the
foreshock (e.g. Hoppe and Russell, 1983; Eastwood et al.,
2005a; Burgess et al., 2012). While these 30 s waves are the
most studied ones, other types of waves with other periods
(10, 3, and 1 s) are also observed in the Earth’s foreshock
(e.g. Eastwood et al., 2003; Blanco-Cano et al., 1999, 2011).

In the terrestrial foreshock, the further interaction of the
30 s waves with the reflected ions and the modified parti-
cle distributions resulting from the ion–ULF wave interaction
are believed to result in non-linear growth of the waves. The
ULF waves may then develop into isolated spikes in the mag-
netic field amplitude, reaching amplitudes of several times
that of the background magnetic field. Such monolithic struc-
tures are commonly known as short large-amplitude mag-
netic structures (denoted SLAMS) (Schwartz and Burgess,
1991).
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SLAMS propagate in the sunward direction in the solar
wind frame, but since their phase velocity is lower than their
solar wind velocity, the net result is that they are convected
downstream, towards the bow shock (Schwartz et al., 1992).
While the SLAMS are convected downstream their ampli-
tude increases. Mann et al. (1994) showed that, possibly (the
study was based on very few events), the phase velocity of
SLAMS increases with amplitude, leading to the idea that
more developed SLAMS may attain a phase velocity that has
the same magnitude as the oppositely directed solar wind ve-
locity. This would result in large-amplitude SLAMS standing
in the bow shock frame of reference, making the SLAMS
building blocks of the quasi-parallel bow shock (Schwartz
et al., 1992). The properties of SLAMS may therefore be
critically important to understand the nature of quasi-parallel
shocks. This includes local shock reformation (e.g. Johlander
et al., 2022, and references therein), as well as the formation
of magnetosheath jets, either via the formation of bow shock
ripples (Plaschke et al., 2018) or as a direct consequence of
shock reformation (Raptis et al., 2022).

In spite of the possible important roles that SLAMS may
play, many of their properties as well as their generation
mechanisms are quite poorly understood, even at Earth. At
other planets, knowledge about SLAMS is very rudimentary.
Collinson et al. (2012) have presented three isolated com-
pressive magnetic field structures in the Venus foreshock,
with properties similar to terrestrial SLAMS, and Bebesi
et al. (2019) presented four SLAMS observations from the
upstream region of the Saturn quasi-parallel bow shock,
demonstrating that SLAMS can exist in connection with both
intrinsic and induced magnetospheres. Unambiguous obser-
vations of SLAMS have not been reported from any other
planets, although the solitary magnetic structures in the fore-
shock of Mars reported on by Chen et al. (2022) share many
properties of terrestrial SLAMS and may in fact be such.

The question of the possible existence of SLAMS in
the Mercury foreshock has been raised before. Sundberg
et al. (2013) studied a passage of the MESSENGER (MEr-
cury Surface, Space ENvironment, GEochemistry, and Rang-
ing) spacecraft through the magnetosheath and quasi-parallel
foreshock region. They observed what they called “large-
amplitude magnetic structures”, although they did not give
any number characterizing the amplitudes. They did not in-
terpret the structures as SLAMS, rather as a larger-scale
cyclic reformation of the bow shock. They argued that due to
their clear cyclic behaviour, with similar amplitudes for each
consecutive magnetic field maximum, they were not consis-
tent with the often observed monolithic structures of SLAMS
(Schwartz et al., 1992). They also argued that since the same
clear cyclic behaviour was observed in the downstream mag-
netosheath, and even magnetosphere, the structures had to
have a large cross-section, since a patchwork of smaller-
scale, SLAMS-like structures would not produce such a sta-
ble periodicity in the downstream waves. Furthermore, the
polarization of the structures was the same as the upstream

ULF waves, which is not typical for SLAMS at Earth. Also,
Karlsson et al. (2016) argued that the rarity of magnetic
compressive structures (“paramagnetic plasmoids”, Karlsson
et al., 2015) in the magnetosheath, which at Earth are in-
terpreted as remnants of SLAMS that have crossed the bow
shock, made it unlikely that SLAMS existed at Mercury.

The purpose of this paper is to revisit the MESSENGER
magnetometer dataset (Anderson et al., 2007) to make a com-
prehensive search for SLAMS at Mercury. At this point, it
is important to have a clear definition of what constitutes a
SLAMS observation. Schwartz et al. (1992) define SLAMS
as structures having (1) short duration; (2) large amplitude
with |B(t)| of a factor of at least 2, and typically 3 or more,
above the background field; and (3) a well-defined single
magnetic structure, rather monolithic in appearance. Lucek
et al. (2002) identify SLAMS as structures having a magnetic
field magnitude of at least a factor of 2.5 of the background
magnetic field, with durations of the order of 10 s. Plaschke
et al. (2018) use a classification based on the amplitude of the
foreshock structures, with ULF waves having amplitudes of
1B/B0 ∼ 1, somewhat steepened waves, “shocklets” having
1B/B0 > 1, and SLAMS having 1B/B0 > 2. Here, B0 is
the background magnetic field strength, and 1B is the devi-
ation from that background. The same definitions for shock-
lets and SLAMS are used by Wilson et al. (2013).

In this study, we will define SLAMS based exclusively
on the magnetic field amplitude, requiring that 1B/B0 > 2.
Properties like duration and appearance will rather be con-
sidered as a result of the investigation, and will be compared
to other SLAMS observations. The details of calculating1B
and B0 will be given below.

2 Data and method

2.1 MESSENGER data

For this study, we mainly use magnetic field data from
the magnetometer (MAG) onboard the NASA MESSEN-
GER spacecraft (Anderson et al., 2007). For consistency, we
only use data sampled at 20 samples per second. Data from
2 weeks after orbit insertion to the end of mission are used
(1 April 2011–29 April 2015). Magnetic field data are pre-
sented in the MSO coordinate system (Mercury solar orbital),
where x points towards the Sun; z points northward, perpen-
dicular to the planetary orbital plane; and y completes a right-
handed, orthogonal system.

Ion data from the Fast Imaging Plasma Spectrometer
(FIPS) (Andrews et al., 2007; Raines et al., 2011) are used
for context below. However, the FIPS data are not used for
detailed scientific analysis, due to the inability of the instru-
ment to directly measure the core of the solar wind beam,
because of limitations in the field of view (Gershman et al.,
2012). To estimate solar wind parameters, we instead use out-
put from the Tao solar wind model (Tao et al., 2005).
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2.2 SLAMS definition and search criteria

In order to identify SLAMS in the MAG data, we proceed in
the following way, similarly to the method used by Karlsson
et al. (2021a) to identify magnetic holes in the solar wind. We
first identify time intervals when MESSENGER is located in
the solar wind according to the identification of bow shock
crossings made by the MESSENGER MAG team (Philpott
et al., 2020). For all such intervals, we define a background
magnetic field strength B0 by averaging the time series of
the magnitude of the magnetic field, |B(t)|, with a sliding
window with a width of 180 s:

B0(t)= 〈|B(t)|〉180 s, (1)

where the angle brackets indicate time averaging. The rela-
tive deviation 1B

B0
(t) from this background level is then cal-

culated by subtracting B0 from the original time series of
|B(t)| and dividing by the background level. We also smooth
the resulting signal by a 0.35 s sliding window (seven data
points) to remove the highest-frequency variations:

1B

B0
(t)=

〈
|B(t)| −B0(t)

B0(t)

〉
0.35 s

. (2)

The longer window time was chosen since it averages over
many wave periods of the foreshock ULF waves that may de-
velop into SLAMS, which have been reported to be around
1–20 s (Le et al., 2013; Romanelli et al., 2020). The shorter
window size was chosen somewhat arbitrarily after visual in-
spection showed this to not affect the main impression of the
resulting SLAMS candidates while letting the wave forms of
the structures stand out more clearly.

We then identify a first set of SLAMS candidates by
recording time intervals where 1B

B0
(t) > 2. We thereafter re-

move candidates where the maximum magnetic field strength
during the interval was greater than 100 nT, since these are al-
most exclusively due to telemetry errors or other non-plasma
physical processes, which were clearly identifiable by visual
inspection. We also remove candidates where the time reso-
lution, 1t , is not equal to 0.05 s. After this post-processing
step, we were left with 429 SLAMS candidates. All candi-
dates were visually inspected to identify further possible can-
didates related to artefacts not related to plasma physics. No
further SLAMS candidates were eliminated in this process.

2.3 Tao model

In lieu of in situ solar wind plasma data, as mentioned above,
we have used model data to investigate the dependence of
SLAMS occurrence and properties on solar wind properties.
The Tao model (Tao et al., 2005) is a 1-D magnetohydrody-
namics model that uses observations close to Earth orbit, and
it propagates them backward or forward in time (correspond-
ing to heliocentric distances less than or greater than 1 au,
respectively.) We have used the values of plasma density and

bulk velocity, propagated to Mercury orbit, available at the
Automated Multi-Dataset Analysis (AMDA) online database
(Génot et al., 2021).

3 Results

We begin by showing a typical example of a SLAMS obser-
vation, followed by an investigation of the statistical proper-
ties of the identified SLAMS.

3.1 Examples of SLAMS

Figure 1 shows 1 h of observations from the magnetosheath
and solar wind from 10 March 2013. The bow shock (iden-
tified by Philpott et al., 2020) is indicated by the vertical
dashed orange line at 10:43:53 UTC. Before that, MESSEN-
GER is located in the magnetosheath, which is associated
with a compressed and turbulent magnetic field, as well as
a heated ion population, as compared to the upstream so-
lar wind. Upstream of the bow shock, two regions of ULF
waves with periods between approximately 6 and 7 s can
be seen (10:44–10:47:30 and 10:49–10:52 UTC). Co-located
with the second of these ULF wave intervals are some weak
fluxes of suprathermal ions. Together, these signatures in-
dicate that the spacecraft is located in the ion foreshock.
The ULF waves have 1B

B0
< 0.5, and a closer inspection re-

vealed no sign of non-linear structures, such as shocklets or
SLAMS.

In contrast, in a region of a significantly depressed mag-
netic field magnitude (11:07–11:18 UTC), a clear excursion
of 1B

B0
to values of over 5 can be seen. This region is also

associated with a hotter plasma than the surrounding solar
wind. This might be the signature of a mildly energized dif-
fuse population (Glass et al., 2023), although a closer investi-
gation would be necessary to verify this. Fluctuations in this
region have a 1B

B0
of up to about 1 and have a less clear sinu-

soidal character, indicating that they are evolving towards a
more non-linear state. The magnetic field and particle signa-
tures are consistent with MESSENGER being located in the
foreshock, also for this interval.

Figure 1h–j show a zoomed-in plot of the high 1B
B0

excur-
sion, and they reveal three clearly separated peaks in mag-
netic field magnitude. Two of these (structures 2–3) have
1B
B0
> 2, fulfilling the basic SLAMS criterion, while struc-

ture 1 just falls short of this criterion and would be classified
as a shocklet in the nomenclature of, for example, Plaschke
et al. (2018). The distance between the three peaks are 4.5
and 3.3 s, respectively, broadly consistent with typical fore-
shock ULF periods.
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Figure 1. Overview of observations from 10 March 2013. (a) Ion spectrogram. (b) Magnetic field components in MSO coordinates. (c) Mag-
nitude of magnetic field. (d) Relative change in magnetic field. (e–g) Hodograms of the magnetic field for the three magnetic field structures
shown below. B1 and B2 are the maximum and medium variation directions, the background magnetic field points out of the plane, and θBk
is the angle between the k vector (minimum variance direction) and the magnetic field. (h–j), same as (b) and (c) but for a zoomed-in time
interval. Three structures are marked, corresponding to the hodograms in panels (e–g). The orange line corresponds to the location of the
bow shock crossing given by Philpott et al. (2020).

For each of these peaks, we have performed a minimum
variance analysis (MVA) (e.g. Sonnerup and Scheible, 1998),
and have plotted a hodogram in the plane perpendicular to the
minimum variance direction (which would be directed in the
propagation direction of these structures if they were plane
waves). Figure 1e–g show the result. It can be seen that all
three structures exhibit an elliptic polarization. (Structure 1
exhibits some superposed higher-frequency oscillations in
the middle of the structure, but this does not affect the general
conclusion.) In all three panels, the minimum variance direc-
tion, which we identify as the k vector, points out of the plane
of the paper. (The ambiguity of the sign of the k vector has
been resolved by forcing it to point in the general direction of
the background field, which means that the angle θBk < 90°.)
This means that all three structures are right-hand polarized
in the spacecraft frame, similar to observations at Earth (e.g.
Schwartz et al., 1992). All in all, the three structures have
similar properties to SLAMS observed in Earth’s foreshock,
and we conclude that these structures are likely close Mer-
cury foreshock analogues.

3.2 Statistical results

The positions of the 429 identified SLAMS are shown if
Fig. 2, in the MSM coordinate system, and with ρMSM =√
y2

MSM+ z
2
MSM. The MSM (Mercury solar magnetospheric)

system has the origin offset from the planetary centre by
the magnetic dipole offset, but it is otherwise defined in the
same way as the MSO system. Also indicated in the fig-
ure are the bow shock and magnetopause for nominal solar
wind conditions (Winslow et al., 2013). The SLAMS obser-
vations are seen to be relatively uniformly distributed along
the bow shock. This is consistent with the findings of Glass
et al. (2023), who noted that foreshock ion populations were
observed rather uniformly with respect to local time. This
is probably due to the more radially directed interplanetary
magnetic field (IMF) at Mercury, as well as the small and dy-
namic magnetospheric system. The appearance of SLAMS
observations within the magnetosheath is due to the devia-
tions in location of the bow shock compared to the typical
location shown in the figure.
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Figure 2. Positions of the identified SLAMS in the xMSM–ρMSM
plane, in units of Mercury radii (RM). Shown are also the magne-
topause and bow shock for nominal solar wind conditions (Winslow
et al., 2013).

In this context, we also note that the interval investigated
by Sundberg et al. (2013), mentioned above, did not qualify
as a SLAMS event according to our criterion, with a 1B

B0
of

just above 1 for the largest amplitude structures.

3.2.1 Classification of SLAMS types

Before we consider some of the statistical properties of the
SLAMS, we will first comment on some observations on the
appearances of the SLAMS, determined by visual inspection.
During this inspection, it was apparent that SLAMS appeared
in certain rather distinct forms and contexts. We have ap-
plied a classification scheme to the observations by assign-
ing each SLAMS observation to one or more types. These
classes are somewhat subjective, but we believe that this clas-
sification will be useful for comparing SLAMS observations
from Mercury and Earth and for future studies of Mercury
SLAMS, either by the upcoming BepiColombo mission (e.g.
Milillo et al., 2020) or in simulation studies.

The SLAMS types we define are illustrated in Fig. 3.
The most common type of SLAMS (“wave field”) occurs
imbedded in a general wave field associated with foreshock
ULF waves of periods of a few seconds up to a few tens
of seconds. A related type is the “boundary type”, where
the wave field contains compressive structures which do not
have 1B/B0 > 2, except for a structure at a boundary of
the wave field, outside of which the amplitude of the waves
becomes very small. A further type, which we call “wave
packet”, is similar to the wave field but contains only very
few (2–3) wave periods. The “isolated” type is observed in
the absence of any clear surrounding ULF wave activity. Two

Table 1. Number of SLAMS for each class.

Class No. of SLAMS

Wave field 351
Boundary 26
Wave packet 19
Isolated 6
Sharp 17
Higher frequency 40

further types have been defined. As was discussed by Tsub-
ouchi and Lembège (2004), at a certain stage of the growth of
the SLAMS, they attain a very sharp edge at their upstream
side. This is also a commonly observed property of shock-
lets (Hoppe et al., 1981). We have made note of a number
of such SLAMS and classified them as the “sharp” type. Fi-
nally, large-amplitude isolated structures have also been ob-
served in regions of wave activity of higher frequencies than
those usually associated with foreshock ULF waves. We call
this type “higher frequency”. The example shown in Fig. 1
has a wave period of around 0.3 s. This is shorter than the 1–
20 s typical of the Mercury analogues to terrestrial 30 s waves
and can be compared to the approximate periods of 3–4 and
2 s for the wave field and boundary examples, respectively.
Therefore, even if these types of structures fulfil the simple
SLAMS criterion used in this study, they may rather be as-
sociated with Mercury analogues to the so-called 3 s waves
at Earth (Blanco-Cano et al., 1999), which are usually not
associated with SLAMS formation.

The number of SLAMS in each class is shown in Ta-
ble 1. Note that one particular SLAMS can be a member of
more than one class. The classification of all SLAMS can be
found in the dataset https://doi.org/10.5281/zenodo.7750658
(Karlsson et al., 2023).

3.2.2 Possible whistler precursors

As discussed by Wilson et al. (2013), Scholer et al. (2003),
and Raptis et al. (2022), SLAMS may exhibit whistler
wave precursors on their upstream side. We have observed
a number of SLAMS that show a very similar behaviour,
with oscillations close to the local ion gyro frequency
on the upstream edge of the SLAMS. While we do not
consider SLAMS with possible whistler precursors as a
class of its own, we indicate 11 possible observations in
the dataset https://doi.org/10.5281/zenodo.7750658 (Karls-
son et al., 2023). Two examples are shown in Fig. 4. The
event from 25 December 2011 has a 1B/B0 of just below
2, and it is another example of what may be classified as
a shocklet. Note the sharp upstream part of that structure.
In both cases, the possible whistler waves have a frequency
(determined by visual inspection) of around twice the local
proton gyro frequency (evaluated with the background mag-
netic field, B0) and have a close-to-circular polarization (not

https://doi.org/10.5194/angeo-42-117-2024 Ann. Geophys., 42, 117–130, 2024
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Figure 3. Examples of types of SLAMS.

shown). While these possible whistler emissions need to be
studied closer, they are a further indication that the SLAMS
observed in the Mercury foreshock are similar to their Earth
analogues.

3.2.3 Scale sizes

Now turning to the statistical properties of the SLAMS ob-
served at Mercury, we first show a histogram of the temporal
scale sizes in Fig. 5. The scale size for each SLAMS event
was determined as the full width at half maximum of the dif-
ference in magnetic field 1B(t)= |B(t)| −B0(t) (without
applying any smoothing). The mean and median of the distri-
bution are 1.2 and 0.65 s, respectively. It is difficult to convert
these to spatial scale sizes, since the SLAMS are generally
unlikely to convect with the solar wind speed. At Earth there
is some evidence that the propagation velocity of SLAMS
depends on their amplitude. This, however, was based on
only 18 SLAMS observations (Mann et al., 1994), and it is
anyway unlikely that the phase velocity of Mercury SLAMS

would have the same dependence on the amplitude as their
terrestrial counterparts because of the different plasma pa-
rameters in the different environments. A direct comparison
of the temporal scale sizes may still give some information
on the relative sizes of SLAMS at Earth and Mercury. No
large statistics of temporal scale sizes at Earth can be found
in the scientific literature, but Schwartz et al. (1992) report
on durations of 5–20 s, based on a small dataset from a sin-
gle day. This is also consistent with preliminary statistical in-
vestigations based on the Magnetospheric Multiscale (MMS)
mission (Foghammar Nömtak, 2020) and Cluster data (Man-
dell, 2020). We therefore tentatively conclude that SLAMS at
Mercury are smaller than those at Earth, at least in the direc-
tion parallel to their propagation with respect to the space-
craft. However, uncertainties in the propagation velocities
can affect this result.

We have also investigated what the average temporal scale
sizes are for the different classes of SLAMS; the results
are shown in Table 2. No clear systematic difference be-
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Figure 4. Examples of whistler-like emissions at the upstream edge of a shocklet (a) and a SLAMS event (b). Also shown are the frequencies
of the whistler-like waves (f ) and the local proton gyro frequency (fgp).

Figure 5. Distribution of temporal scale sizes of the observed
SLAMS.

Table 2. Temporal scale sizes for each class.

Class Average temporal
scale size (s)

Wave field 1.29
Boundary 1.09
Wave packet 0.75
Isolated 1.51
Sharp 1.17
Higher frequency 0.40
All 1.18
All, except higher frequency 1.26

tween classes is seen, except for the “Higher frequency” type,
which has a clearly shorter temporal scale size. However, the
relatively low number of such events does not affect the over-
all statistics severely.

3.2.4 Mach number dependence

The SLAMS shown in Fig. 1 were found during a time in-
terval where the background magnetic field was significantly
smaller than for the surrounding times. One possible inter-
pretation is that this is due to a Mach number dependence.
The solar wind Alfvénic Mach number is given by

MA =
vSW

vA
=
vSW
√
µ0ρSW

BSW
, (3)

where vA, vSW, ρSW, and BSW are the local Alfvén veloc-
ity, solar wind velocity, mass density, and magnetic field, re-
spectively. Clearly, a lower solar wind magnetic field corre-
sponds to a higher Mach number. Figure 6 shows the dis-
tribution of the background magnetic field strength, B0, for
the SLAMS observations compared to the distribution of the
magnetic field strength in the solar wind, determined from
solar wind observations during the whole mission. It is evi-
dent that SLAMS are observed when the solar wind magnetic
field is considerably weaker than the average solar wind mag-
netic field.

The limitations of the FIPS instrument do not allow for
routine determination of the density and velocity in the solar
wind, so a direct determination of the Mach number is not
possible. However, we can estimate the Mach number using
the Tao model. Figure 7 shows the distribution of MA for
both SLAMS and the solar wind of the whole mission. For
calculating the SLAMS Mach numbers, we have used the
value of B0 for each event, and we have used the Tao model
values for velocity and density closest in time to the time of
the maximum 1B/B0. The calculation for the solar wind is
done in a similar way for every data point.

The model values are associated with errors, in particu-
lar due to the limited time resolution and should be viewed
with some caution. They will need to be verified with direct
observations of the plasma parameters, which will be avail-
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Figure 6. Distribution of solar wind magnetic field strength both for
times when SLAMS are observed (blue) and for the whole MES-
SENGER mission (red).

Figure 7. Distribution of Alfvén Mach number determined from
the Tao solar wind model. Shown are Mach numbers for the
whole MESSENGER mission (red) and for the time intervals where
SLAMS were observed (blue).

able with the BepiColombo mission. However, the results are
clear and are consistent with SLAMS observed during times
of higher Mach number than usual in the solar wind at Mer-
cury orbit. The distribution for the whole mission is also con-
sistent with the results of Diego et al. (2020), who give typ-
ical values for MA of 2–6 at Mercury orbit, based on Helios
1 and 2 data.

3.2.5 Relation to bow shock

Since SLAMS are expected to be strongly associated with the
foreshock, we have investigated some aspects of positions of
the SLAMS with respect to the bow shock. Figure 8 describes
the geometry and defines the observational parameters. It is
adapted from a similar description defined by Kajdič et al.
(2017).

We first investigate if SLAMS are observed in the fore-
shock, which we here define in the broad sense that it is any
point which is magnetically connected to the bow shock. The
boundary of the foreshock, thus defined, is the last field line

Figure 8. Definition of the foreshock coordinates, similar to those
used by Kajdič et al. (2017).

Table 3. Number of SLAMS for each outcome of bow shock rela-
tion.

Outcome No. of SLAMS

(0) SLAMS not connected to model bow shock 53
(1) SLAMS connected to model bow shock 363
(2) SLAMS inside model bow shock 13

connected to the shock, which in Fig. 8 is the line marked
with dBt (which is the distance from the observational posi-
tion and the connection point at the bow shock.) In order to
determine if the observation point is connected to the shock,
we follow the IMF field line starting from the SLAMS obser-
vation (determined by averaging over a 20 s window before
and after the event) and determine if it connects to a model
bow shock of the standard form (Winslow et al., 2013):√
(xMSM− x0)2+ y

2
MSM+ z

2
MSM =

pε

1+ ε cosθ
. (4)

For the focus point x0 and the eccentricity ε, we use the
best-fit values of Winslow et al. (2013): x0 = 0.5RM, and
ε = 1.04, while we let the focal parameter p vary. For each
SLAMS event, we determine p from the closest bow shock
crossing, in the same way as was done by Glass et al.
(2023). The values of p so determined vary between 1.87
and 3.44RM, which can be compared with the best fit value
of Winslow et al. (2013) of p = 2.75RM. This process re-
sults in three possible outcomes: (0) the SLAMS position is
not connected to the bow shock, (1) the SLAMS position is
connected to the bow shock, or (2) the SLAMS position is
located within the model bow shock. The latter case is a con-
sequence of the uncertainties of the bow shock model. The
numbers for each outcome are given in Table 3. We can see
that a majority of SLAMS are connected to the foreshock or
are located very close to the bow shock (as indicated by being
inside the model shock).
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Figure 9. Distribution of θBn, the angle between the bow shock
normal and the IMF.

Figure 10. Distribution of solar wind magnetic field cone angle,
both for SLAMS observation times (blue) and for the whole mission
(red).

For SLAMS connected to the bow shock, we evaluate the
angle θBn between the bow shock normal and the IMF at the
point where the magnetic field line connects the SLAMS po-
sition to the bow shock (see Fig. 8). As can be seen in Fig. 9,
there is no clear difference in SLAMS probability between
the quasi-parallel and quasi-perpendicular configurations of
the bow shock at the connecting point. This somewhat sur-
prising result will be discussed later.

There is, however, a dependence on the IMF cone angle(
defined as arctan

(
Bx√
B2
y+B

2
z

))
, where the magnetic field

corresponding to each SLAMS event again is determined by
averaging the field before and after the event, as described
above. The blue distribution in Fig. 10 is the cone angle dis-
tribution for SLAMS, while the red distribution is the cone
angle distribution for all solar wind measurements of the mis-
sion. As can be seen, SLAMS are generally found for smaller
cone angles than the general distribution.

Finally, we show distributions of the distances defined in
Fig. 8. Panel (a) of Fig. 11 shows the distribution of distance
to the bow shock along the xMSM axis (dalongX). This dis-
tance is defined for all SLAMS that were not found inside

Figure 11. Distributions of foreshock distance parameters. See text
for definitions.

the model bow shock, of which there are 416. It is clear that
most SLAMS are found within 1RM (217 observations), and
310 events are found within 2RM.

Similarly, the distance to the bow shock along the IMF,
dalongB (defined for 363 events and shown in panel b), is less
than 1RM for a large majority of SLAMS (204), with 281
SLAMS within 2RM.

Finally, the distance along the xMSM axis from the tan-
gent field line, Xf, is shown in panel (c). The distribution is
quite wide, reflecting that this distance depends on the cone
angle and can become quite large for small cone angles. Pos-
itive values of Xf correspond to positions downstream of the
tangent field line, and it can be seen that the distribution ex-
tends to downstream distances of 13RM. Negative values cor-
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respond to SLAMS upstream of the tangent field line. These
are all found within 4RM of the tangent field line.

4 Discussion

The SLAMS, as we have defined them in this study, have
many properties that are similar to SLAMS at Earth; they are
found on field lines connecting to the bow shock, and they
are short and rather isolated spikes in magnetic field strength,
with a magnitude several times that of the background field
strength. For a few cases, we have also showed that they are
elliptically right-hand polarized, also consistent with terres-
trial SLAMS (Schwartz, 1991).

Mercury SLAMS are most often found as individual large-
amplitude signatures embedded in a general ULF wave field.
This is consistent with the results of Schwartz et al. (1992),
who state that SLAMS are often found within a “surround-
ing well-developed ULF wave field”. Note that this type of
SLAMS is called “isolated” by Schwartz et al. (1992). Our
category “wave packet” for SLAMS is likely to be a sub-
category of this type, where the ULF foreshock boundaries
(e.g. Le and Russell, 1992; Blanco-Cano et al., 1999, 2011)
change on short timescales due to variations in the solar wind
conditions and the wave packet represents a brief excursion
into the ULF foreshock region. With single-spacecraft mea-
surements, it is difficult to verify this. Global kinetic simula-
tions may help to address this question.

“Isolated” SLAMS in our nomenclature represent a phe-
nomenon that has not been reported at the Earth foreshock. A
possible explanation is that SLAMS propagate with a phase
velocity which is different from both the ULF phase velocity
(both in direction and magnitude), and the solar wind veloc-
ity. If they are created close to the ULF foreshock bound-
ary, after a while they may propagate out from the ULF fore-
shock region. A search for similar structures in Earth’s fore-
shock, using Cluster multipoint measurements, is on the fu-
ture agenda. Regarding “Boundary” SLAMS, we can only
offer some speculative explanations. One possibility is that
they are not really a separate class but rather SLAMS that
are found close to the ULF boundary, and the human propen-
sity for classification is misguided in this case. Alternatively,
they may be crossings of the so-called “foreshock compres-
sional boundary”, suggested to sometimes coincide with the
ULF wave boundary (Rojas-Castillo et al., 2013).

A further similarity to Earth SLAMS is that Mercury
SLAMS sometimes exhibit whistler-like emissions at their
upstream edge (Scholer et al., 2003; Wilson et al., 2013).
This type of whistler precursors is commonly observed at
the quasi-perpendicular bow shock (e.g. Walker et al., 1999),
and it is commonly taken to indicate that SLAMS can act as
local quasi-perpendicular shocks (Tsubouchi and Lembège,
2004).

The majority of the SLAMS are found within 2RM of the
model bow shock, both as measure along the Sun–planet line

(dalongX) and along the IMF (dalongB). This distance corre-
sponds to the extent of what Schwartz and Burgess (1991)
call the “transition region”. No study of the size of the tran-
sition region at Earth exists, but Schwartz et al. (1992) spec-
ulate that it may be between 2 and 4RE, which means that
the transition region at Mercury is considerably smaller in
absolute terms. However, normalized to the size of the bow
shock, which is around 20 times smaller than that of Earth
(e.g. Russell, 1977), it is actually larger. An interesting com-
parison between the terrestrial and Hermean systems would
be the ratio between Xf and dalongX (although, perhaps, the
distance from the ion foreshock boundary should be used in-
stead of Xf), which says something about the growth rate of
the non-linearity suggested to be responsible for the devel-
opment of SLAMS from ULF waves. The relevant measure
of growth rate is how many wave periods in the frame of the
solar wind plasma are cycled through during the traversal of
distance Xf. Applying geometric similarity and comparing
the sizes of the transitions regions (using the mean value of
Xf of 4.8RM), we can estimate a typical Xf to be around 5
times greater at Earth than at Mercury (in absolute terms).
Assuming the same solar wind velocity and estimating the
ULF wave frequency in the solar wind plasma to be pro-
portional to the IMF (which is a very rough estimate), we
see that the ratio of the plasma frame frequencies at Mer-
cury and Earth is also around 5. Traversing the distanceXf at
Earth and Mercury, the plasma should therefore experience
approximately the same number of wave periods, meaning
that the growth rate associated with the non-linear develop-
ment of SLAMS should be comparable between Earth and
Mercury, once favourable conditions for SLAMS generation
are present. Such favourable conditions include a high Mach
number, which as discussed below is less likely to occur in
the Mercury environment. This is a very rough estimate, ob-
viously, and a closer comparison of growth rate estimates at
different planets remains an important future subject to in-
vestigate.

The favourable conditions mentioned above should in-
clude the SLAMS field line to be connected to the quasi-
parallel bow shock, and it is puzzling that no such trend can
be see in Fig. 9. However, it is known that properties char-
acteristic of the quasi-parallel foreshock can extend into re-
gions mapping to a θBn of up to at least 60° (Bonifazi and
Moreno, 1981; Karlsson et al., 2021b; Glass et al., 2023),
especially for low IMF cone angles (Le and Russell, 1992).
This is consistent with the drop-off of SLAMS observations
for θBn > 60° and the fact that SLAMS occur during times
with a lower cone angle than the general solar wind distribu-
tion. An alternative explanation could be the small size of the
Mercury bow shock. SLAMS at Mercury could have a spa-
cial extent perpendicular to the IMF which may be a consid-
erable fraction of an RM. If SLAMS have a non-zero veloc-
ity in the solar wind plasma frame, their motion may result
in parts of the SLAMS extending out into the more quasi-
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perpendicular foreshock or even the whole SLAMS structure
propagating into the quasi-perpendicular region.

There is a tendency for a double-peaked distribution in
Fig. 10. It is unclear if this is significant, and it reflects that
non-linear growth maximizes at these angles. This should be
further investigated in the future, e.g. by comparing the types
of reflected ion populations for different values of θBn, when
BepiColombo data will be available.

There are also a number of events which are not connected
to the model bow shock. This is surprising but may be due to
several reasons: (1) bow shock model uncertainties; (2) tem-
poral variations of the bow shock position; (3) gyro radius
effects, i.e. parts of the SLAMS structure may extend out
from the foreshock region; and (4) propagation effects.

Favourable conditions also seem to include a high Mach
number. Scholer (1995) argues, based on simulations, that
the density of diffuse ions (which are one type of the mod-
ified particle distributions mentioned in the Introduction) in
the foreshock depends on the Alfvénic Mach number, and
that this higher density gives rise to a higher probability of
high-amplitude magnetic pulsations. This is also consistent
with the results of Romanelli and DiBraccio (2021), who
showed that the occurrence of ULF waves increases with he-
liocentric distances between 0.31 and 0.47 au. It then seems
likely that there is a minimum Mach number for SLAMS
generation, all other things being equal. Since the Mach num-
ber is generally lower at Mercury than at Earth, this is con-
sistent with SLAMS at Mercury being observed for higher
Mach numbers than are typical at Mercury. Thus SLAMS
should be rarer at Mercury than at Earth, and indeed they
seem to be. MESSENGER spent around 15 000 h in the solar
wind during the mission, and this corresponds to an observa-
tional rate of around 0.03 h−1, while Mandell (2020) reports
a rate of 1–5 h−1 at Earth. Thus, the picture of the quasi-
parallel bow shock being built up of SLAMS may be less
relevant at Mercury than at Earth. For lower Mach numbers,
instead the quasi-parallel bow shock may undergo a more
global, cyclic reformation, as suggested by Sundberg et al.
(2013). Further studies of the dynamics of the quasi-parallel
bow shock at Mercury will be an interesting subject for fu-
ture BepiColombo studies.

Finally, we can use the temporal scale sizes of Mercury
SLAMS to investigate the connection to the terrestrial “30 s”
ULF waves, as well as their analogues at other planets. Fig-
ure 12 shows the inverse temporal scales for SLAMS at Mer-
cury, Venus, Earth, and Saturn versus typical magnetic field
strengths at these planets. For the temporal scale sizes, we
have used the midpoint of the timescale intervals given for
Venus, Earth, and Saturn by Collinson et al. (2012), Schwartz
et al. (1992), and Bebesi et al. (2019), respectively. For Mer-
cury, we have used the mean value from the present inves-
tigation. For the magnetic field strength, we have used the
observation fits of the dependence of IMF strength on helio-
centric distance given by Behannon (1978).

Figure 12. Typical inverse temporal scale sizes of SLAMS ver-
sus typical interplanetary magnetic field strength at Saturn (S),
Earth (E), Venus (V), and Mercury (M).

It is known (Takahashi et al., 1984) that the frequency in
the spacecraft frame of the “30 s” ULF foreshock waves at
Earth depends linearly on the interplanetary magnetic field
strength (BIMF). If this can be generalized to the other plan-
ets and if SLAMS grow by steepening of a half-period of
ULF oscillations, SLAMS should inherit this dependence on
BIMF. Figure 12 confirms such a linear dependence. Taka-
hashi et al. (1984) give the observed ULF frequency as

fULF = 7.6× 106BIMF, (5)

while a least squares fit to the observations in Fig. 12 gives

1
1t
= 61× 106BIMF. (6)

The factor eight difference between the inverse timescale and
the ULF frequency is consistent with the steepening of ULF
waves into more monolithic, isolated structures, as can be
seen in Fig. 1 and the “Wave field” example of Fig. 3. How-
ever, a more careful analysis with larger datasets from the
other planets should be performed, since the observed fre-
quencies depend not only on the strength of the IMF, but also
its direction. Still, the comparison strongly supports that the
SLAMS generation mechanism at different planets are simi-
lar, and it is related to the properties of the original foreshock
ULF wave field.

5 Summary and conclusions

We have performed a comprehensive search for SLAMS in
the solar wind upstream of the Mercury bow shock, defined
as increases of the magnetic magnitude of at least 1B

B0
> 2;

429 SLAMS were found for the whole mission.
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The SLAMS found have some properties in common with
those found at Earth: they are mostly found within a region
of ULF waves, on field lines connecting to the bow shock,
although not only for θBn < 45°. Other similarities to terres-
trial SLAMS are that, for a few examples, we have shown
that SLAMS are right-handed, elliptically polarized (in the
spacecraft frame), and that some SLAMS have a sharp up-
stream edge and are sometimes associated with whistler-like
emissions.

Other properties differ from SLAMS observed at Earth:
SLAMS are likely to be much rarer at Mercury, which is con-
sistent with an Alfvénic Mach number dependence. SLAMS
are observed at Mercury for clearly higher Mach numbers
than are typical at Mercury. We submit that this is important
for the nature and dynamics of the quasi-parallel bow shock
at Mercury.

The temporal scale sizes of SLAMS are smaller than those
at Earth, which is consistent with the shorter periods of fore-
shock ULF waves at Mercury. This is support for the idea
that SLAMS grow from the ULF waves in some type of non-
linear interaction with the foreshock ion populations. A com-
parison with SLAMS found at Venus and Saturn lends further
support to this scenario.

SLAMS at Mercury are found closer to the bow shock than
at Earth; however, they may still be associated with similar
growth rates to terrestrial SLAMS.

While we have established the existence of SLAMS at
Mercury, there are of course many unanswered questions.
Many of these can be addressed by the upcoming Bepi-
Colombo mission, above all questions regarding the associa-
tion to and interaction with different types of foreshock ion
distributions.
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Karlsson, T., Lee, S. H., Omidi, N., Palmroth, M., Roytershteyn,
V., Schmid, D., Sergeev, V., and Sibeck, D.: Jets downstream of
collisionless shocks, Space Sci. Rev., 214, 1–77, 2018.

Raines, J. M., Slavin, J. A., Zurbuchen, T. H., Gloeckler, G., An-
derson, B. J., Baker, D. N., Korth, H., Krimigis, S. M., and Mc-
Nutt Jr., R. L.: MESSENGER observations of the plasma envi-
ronment near Mercury, Planet. Space Sci., 59, 2004–2015, 2011.

Raptis, S., Karlsson, T., Vaivads, A., Pollock, C., Plaschke, F., Joh-
lander, A., Trollvik, H., and Lindqvist, P.-A.: Downstream high-
speed plasma jet generation as a direct consequence of shock ref-
ormation, Nat. Commun., 13, 1–10, 2022.

Rojas-Castillo, D., Blanco-Cano, X., Kajdič, P., and Omidi, N.:
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