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Abstract

Despite more than half a century of collisionless shock research, our understand-
ing of the processes of the shock energy dissipation into the charge particle heating and
acceleration remains incomplete. To help to address the problem of the rate of the data
analysis on collisionless shocks being well below of the rate of the data acquisition, an
open-source high-level database of shocks and a centralised source of advanced tools for
the purpose of analysing shock structure and dynamics have been developed. The database
is called SHARP shock database by the name of the project SHARP (Shocks: structure,
AcceleRation, dissiPation) funded by the European Union’s Horizon 2020 programme.
The SHARP shock database contains shock crossings and corresponding parameters ob-
tained from Cluster and MMS (Magnetospheric Multiscale) missions for terrestrial bow

shocks, THEMIS (Time History of Events and Macroscale Interactions during Substorms)/ARTEMIS

(Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon’s Interac-
tion with the Sun) missions for interplanetary shocks, and MAVEN (Mars Atmosphere
and Volatile EvolutioN) and VEX (Venus Express) missions for shocks at non-magnetized
planets. The SHARP shock database can be accessed via https://sharp.fmi.fi/shock
-database/.

Plain Language Summary

Collisionless Shocks exist at all scales in the Universe: from only one centimetre
in laboratory plasmas to megaparsec scales in galaxy clusters. Shocks are places where
the plasma and field go through dramatic changes: in density, temperature, field strength
and flow speed. Shocks are collisionsless when collisions are not important. Collision-
less shocks are one of the most fundamental phenomena in space and one of the most
powerful accelerators in the Universe. The developed database of specific shock param-
eters obtained from measurements near the Earth, in the interplanetary medium and near
Mars and Venus is a tool open to everybody to help to conduct the research on collision-
less shocks in many environments. The funding for it was received from the European
Union’s Horizon 2020 programme in the project SHARP (Shocks: structure, AcceleR-
ation, dissiPation). The SHARP shock database can be accessed via https://sharp.fmi
.fi/shock-database/.

1 Introduction

Collisionless shocks (CSs) are one of the most fundamental phenomena in space and
one of the most powerful accelerators in the Universe. Collisionless Shocks are found in
almost every plasma environment observed either directly or indirectly such as: the Earth’s
bow shock that forms the interface between the solar wind and the terrestrial magne-
tosphere, bow shocks in the vicinity of other planets, interplanetary shocks that sepa-
rate different flows within the solar wind, at the boundaries of solar systems or heliospheres,
around other stars, supernovae remnants, gamma-ray bursts, active galactic nuclei, and
clusters of galaxies. CSs exist at all scales in the Universe: from only one centimetre in
laboratory plasmas to megaparsec scales in galaxy clusters.

CSs are, in many aspects, a unique plasma phenomenon. They are the most effec-
tive energizers of charged particles capable of accelerating particles to very high ener-
gies (even up to ~ 102° eV). CSs are multi-scale objects where the interaction between
the electromagnetic fields and charged particles provide the dissipation across all scales,
starting with the electron inertial scale within the shock transition layer, and ending with
the overall scale of the physical system. Physical processes at all these scales are inter-
related. CSs are strongly nonlinear objects where the field-particle interactions are cru-
cial. Understanding physics of CSs is not only necessary for comprehension of the pro-
cesses taking place in the vicinity of various remote astrophysical objects but also for ad-
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vance of our knowledge of most fundamental phenomena in plasmas such as accelera-
tion, dissipation, and transition to irreversibility.

Despite more than half a century of collisionless shock research, our understand-
ing of the processes of the shock energy dissipation into the charge particle heating and
acceleration remains incomplete. The only region where CSs can be currently probed by
in situ measurements is the heliosphere. However, very often the rate of the data anal-
ysis is well below of the rate of the data acquisition. Several attempts to develop shock
databases have been made using various satellite data. The University of Helsinki’s He-
liospheric Shock Database (www.ipshocks.fi/) is built for Interplanetary shocks on the
measurements from several spacecraft, covering time intervals from the 1970s (Helios A
and B) to 2018 (Wind, ACE (Advanced Composition Explorer), Cluster and Stereo (So-
lar TErrestrial RElations Observatory) A and B) and provides the shock crossing times,
shock geometry and shock dynamics parameters and Alfvénic Mach number (M4). A
database on terrestrial bow shock crossings can be found at the Cluster Science Archive
(https://www.cosmos.esa.int/web/csa/bow-shock-magnetopause-crossings) which
contains 529 events observed by Cluster spacecraft between years 2001 and 2013 (Kruparova
et al., 2019). Meanwhile, a centralised shock database with the relevant advanced tools
for the efficient exploitation of data is missing.

The main scientific objective of the project called SHARP (SHocks: structure, Ac-
celeRation, dissiPation) (https://sharp.fmi.fi/) which received funding from the Eu-
ropean Union’s Horizon 2020 research and innovation programme was to achieve a ma-
jor leap in the understanding of the structure of collisionless shocks in various environ-
ments and of the acceleration processes at all shock scales. One of the major goals was
to develop an open-source high-level database of shocks and a centralised source of ad-
vanced tools for the purpose of analysing shock structure and dynamics. The current pa-
per presents the newly-developed SHARP shock database built with general structure
described in Section 2 using the measurements from Cluster, MMS (Magnetospheric Mul-

tiscale), THEMIS (Time History of Events and Macroscale Interactions during Substorms)/ARTEMIS

(Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon’s Interac-

tion with the Sun), MAVEN (Mars Atmosphere and Volatile EvolutioN) and VEX (Venus
Express) missions (details given in Section 3). Section 3 lists all the shock parameters
included in the SHARP shock database and provides the description of the methods of

the determination of these parameters. Section 4 briefly describes the usage of the SHARP
shock database which has been done so far, and summarizes the contribution of the database
into facilitation of more efficient shock studies and enhancement of the collaboration.

2 SHARP Shock Database: General Structure and Access

The SHARP shock database can be accessed via https://sharp.fmi.fi/shock
-database/. There are several ways to build the outputs from it (see Figure 1). First
option for a user is to download the entire database of shocks in as XML or CSV files
or/and to download the plots of all shocks available in the database as TAR archive file.
This option does not require selection of specific satellite data or any shock parameters.

The second option is to build a user-defined shock database. To see a list of all avail-
able data (6112 shocks), a user can simply click on ’Submit’ button. To create any spe-
cific output from the SHARP shock database, a user can select spacecraft mission/missions
and/or adjust any parameter range, before clicking 'Submit’. The following missions can
be selected: MMS for terrestrial bow shocks, MAVEN for Martian bow shocks, VEX for
Venusian bow shocks, THEMIS B and C (ARTEMIS since 2010) for interplanetary shocks,
and Cluster for terrestrial bow shocks. Note that if none of the specific satellites is se-
lected, the data from all of them will be included.

This article is protected by copyright. All rights reserved.



Shock database

The SHARP shock database is open for everyone to use. When using the data in publications of any form please use the following acknowledgment:

"The shock parameters were obtained from https://sharp.fmi fi'shock-database/ and developed in the SHARP project, funded by the European Union under grant agreement
number 101004131."

Download the entire database of shocks: | in XML file || in CSV file
Download plots of all shocks:

If you have further questions, suggestions, bug reports, or other comments on the database or this webpage, please feel free to contact:
Ahmad Lalti: ahmadl at iffu_se (MMS shocks)

Andrew Dimmock: andrew.dimmock at irfu.se (general)

Michael Gedalin: gedalin at bgu.ac.il (THEMIS shocks, general)

Max van de Kamp: max van.de kamp at fmi fi (MAVEN and VEX shocks, this webpage)

Shock database selection

Build your shock database.

To see a list of all available data (6112 shocks), click 'Submit” without selecting anything.

To limit and specialise your database, select any spacecraft mission and/or adjust any parameter range, before clicking "Submit’.

IfInclude shocks without ___ value’ for a certain parameter is unchecked. shocks where the corresponding parameter value is unavailable will not be included.

Note: It is not recommended to use the ‘back’ and forward' buttons on your browser, as the website may not work properly using them.

Observing spacecraft(s):

[ MMS - Terrestrial bow shocks

) MAVEN - Martian bow shocks

) VEX - Venusian bow shocks

[ THEMIS B&C (Artemis” since 2010) - interplanetary shocks
) CLUSTER - Terrestrial bow shocks

(If none selected, all will be included.)
Data mode: O Only shocks including burst mode data (available for MMS only) @ All data
Direction: [ Inbound () Qutbound

(If none selected, all will be included.)

Include shocks without direction value

Figure 1. Options for building of outputs from the SHARP shock database at
https://sharp.fmi.fi/shock-database/.
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Adjust one or more parameter ranges:
(The pre-filled default values correspond to the lowest and highest values in the current database.)

Lower limit Upper limit
. 15/01/2001 12/12/2020 Include shocks without date/time
Date / time
00.00 23.59 value

Separation between observations of same
AR 34% |km 17162 ¢  km Include shocks without AR value
constellation © min O mean & max

My Shock Alfvén Mach number o2 150 2 Include shocks without Ay value

M Shock fast mode Mach number 1B 538 Include shocks without Ay value

Angle between the shock normal and upstream .
[ 02 deg 90 < deg Include shocks without 8, value
magnetic field

Vsl Plasma velocity magnitude upstream of the shock 202 kmfs 14410 kmis Include shocks without |V, value
|Bus| Magnetic field magnitude upstream of the shock 0¢ nT 635 nT Include shocks without |B,s| value
Nys Plasma density upstream of the shock 02 cm? 1632 cm? Include shocks without N, value
Tius lon temperature upstream of the shock 072 eV 9583 eV Include shocks without T; ;5 value
Bus lon plasma beta upstream of the shock (15 88.9% Include shocks without 8,5 value
Pus Dynamic pressure upstream of the shock 0¢ nPa 24 nPa Include shocks without P, value
Res Magnetic compression ratio |Bgs|4B s| 0 612 Include shocks without Rg value
Ren Plasma density compression ratio Nys/Nys oE 5640 Include shocks without R;,, value
Rer Electron temperature compression ratio T go/Te s 13 102 Include shocks without Ryr value

Figure 2. Shock parameters which ranges can be chosen (pre-defined values for ranges shown)
included in the SHARP shock database.

Burst data mode is available only for MMS data, so 'Data mode’ button is set to
'All data’. "Inbound’ from upstream to downstream) and/or ’Outbound’ directions for
shock crossing can be selected but if no direction is chosen, all will be included (the op-
tion 'Include shocks without direction value’ is pre-checked, see Figure 1).

Figure 2 presents the list of the shock parameters included in the SHARP shock
database with pre-defined ranges. The details on the shock parameters and their calcu-
lations are given in Section 3. If 'Include shocks without (specific parameter) value’ for
a certain parameter is unchecked, shocks where the corresponding parameter value is un-
available will not be included. It is not recommended to use the back’ and ’forward’ but-
tons on the browser, as the website may not work properly while using them.

Figure 3 shows the output from the SHARP shock database when no specific space-
craft is selected and no parameter is adjusted. The output include all available data MMS,
MAVEN, VEX, THEMIS, and CLUSTER satellites in both inbound and outbound di-
rections. The selection can be modified at this step by clicking on the 'Return to the se-
lection form’ button. The shock parameters for this selection can be downloaded in the
XML and CSV file formats, whereas the shock plots can be downloaded in the TAR archive
file format. The downloadable XML and CSV files contain the user data about the database,
such as the sources of all the raw data and the methods used to develop the database.
To start again from scratch, a user needs to click on ’Clear all selections’ button.

The output from the SHARP shock database is shown as a table (seen in the bot-
tom of Figure 3 which contains date and time, spacecraft name, and all the available shock
parameters with burst mode interval (MMS only) and direction (In and Out). The full

This article is protected by copyright. All rights reserved.



Shock database selection
You have selected:
Observing spacecraft mission(s): MMS, MAVEN, VEX, THEMIS, CLUSTER

Data mode: All data
Direction: Inbound, Outbound

Modify your selection: ‘ Return to the selection form ‘

Download the parameters of these shocks: | in XML file || in CSV file
Download plots of these shocks (this may take a moment): | in TAR file

Or, to start again from scratch: | Clear all selections

Note: It is not recommended to use the ‘back’ and forward buttons on your browser, as the website may not work properly using them.

For more information about the database, such as the sources of all the raw data and the methods used to develop this database, please see the user data in the
downloadable XML- or CSV-files.

If you have further questions, suggestions, bug reports, or other comments on the database or this webpage, please feel free to contact:

Webpage: Max van de Kamp: max van de_kamp at fmi fi: Theresa Hoppe: theresa hoppe at fmi fi

SHARP project: Natalia Ganushkina: nataly.ganushkina at fmi fi

MMS shocks: Ahmad Lalti: ahmadl at ifu.se

THEMIS and CLUSTER shocks: Michael Gedalin: gedalin at bgu_ac.il

MAVEN and VEX shocks: Max van de Kamp: max van.de_kamp at fmi fi

Selected shocks (6112 of 6112):

max AR Ma ®an [Vysl — 1Bysl Mus, Ti\\;s Bus Pus Reg Ron Rer

My
date & time >
Spacecr (KM 21“‘)':; Directio de: (kmis) | (o fem™} (e nPa Plot preview
EEI ! erl ' E’ E’ E’ E’ E’ E’ E’ E’ et ser et

0T wms ms UIENS S ow e7e 4ss Tt 42z 14331 27E7 NS 0620 931 337 451 247
100 aws ms ALY w 895 551 | 8760 | 4233 | 12641 3689 776 0721 1324 | 370 | 414 | 318
221 E:;;UZ-ET KMMS 306 1111:334‘;2['43- Out 895 545 39.39 4247 12.828 37N 823 0759 13.62 370 420 320
221 54_103-907 KMMS 306 1111:444[_:1243- In 7.90 493 86.15 4257 13.749 33.82 10.56 0781 1227 s 487 337
500 wms | ss | B0 ow seo7 a7 | Toe | 4zes | 78S 2368 738 0221 854 318 540 | 278
0000 ums | s 1ZTS- 593 490 | 7412 4190 15270 3379 784 0457 1189 338 | 610 311

Figure 3. SHARP shock database output when no specific spacecraft is selected and no

parameter is adjusted.
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name of the parameter appears when the cursor arrow is moved to the parameter’s sym-
bol in the table. The last column in the table is the plot of corresponding data used to
determine the shock parameters for that particular shock. Clicking on it will allow to
see the full plot.

3 Spacecraft Data Used for Database Development and Calculations
of Shock Parameters

The SHARP shock database contains information about terrestrial shocks, inter-
planetary shocks and shocks at non-magnetized planets (Venus and Mars). The shock
parameters which can be obtained depend on the available measurements in correspond-
ing regions. The database contains the parameters which ranges can be chosen and the
parameters which are pre-determined. Below is the list of shock parameters with adjustable
ranges (Figure 2):

+ Date [day.month.year] / Time UT [hours. minutes]: interval for shock measure-
ments to output;

« AR [km]: Separation distance between observations of same constellation of satel-
lites. Either the minimum, maximum or mean of all separations can be selected.

e M4: Shock Alfvén Mach number;

» Mjy: Shock fast mode Mach number;

» Opy [deg]: Angle between the shock normal n and upstream magnetic field Bs;

o |Vaus| [km/s]: Plasma velocity magnitude upstream of the shock;

 |Bus| [nT]: Magnetic field magnitude upstream of the shock;

* N, [em™3]: Plasma density upstream of the shock;

T ys [€V]: Ion temperature upstream of the shock;

e [Bus: lon plasma beta upstream of the shock;

s P,s [nPa]: Dynamic pressure upstream of the shock;

* R.p: Magnetic compression ratio |Bgs|/|Busl;

s R.,: Plasma density compression ratio Ngs/Nys;

* Rcr: Electron temperature compression ratio Te gs/Te us

The SHARP shock database output files also contain other parameters which de-
pend on the satellite data used. Not all parameters can always be computed, for exam-
ple, if the spacecraft separation is inappropriate (e.g. shock speed). In these cases, the
parameter(s) will be flagged. Some parameters are never available for some of the mis-
sions.

The SHARP shock database output file contains the following parameters, in ad-
dition to the parameters which ranges can be chosen:

« direction (a flag indicating if the shock is inbound (1) or outbound (-1));

o burstgigrt and burste,q for the burst mode interval in epoch time (MMS data only);

yus a0d B, [nT] of magnetic field upstream of the shock;

 standard deviation on the magnitude of the upstream magnetic field;

« Afp, the maximum rotation of the upstream magnetic field vector in the OMNI
interval used;

« components Vs, V,, . and V., [km/s] of the plasma velocity upstream of the
shock;

 standard deviation of fp, based on variation in upstream B in the OMNTI inter-
val used;

» components B, , B

 components 1, n, and n, of the shock normal;
 standard deviation of M4 based on variation in upstream B in the OMNI inter-
val used;

—7—
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« standard deviation of M based on variation in upstream B in the OMNI inter-
val used;

* Xcose, Yosg and Zggg coordinates [km] of the spacecraft, when it observed the
shock;

e TQF, Tetrahedron quality factor.

The upstream and downstream intervals are marked on the plots of shocks in the
relevant database sections (MAVEN, VEX, THEMIS, and Cluster). The lengths of in-
tervals cannot be defined a priori since shocks are very different. The upstream region
may be long and quiet but may be short and noisy. Relaxation to a quiet downstream
state, if any, may be very slow. For MMS shocks, OMNI data is used for the upstream
parameters, and a complex elaborated procedure is applied for finding medians of the
distributed values.

Table 1 shows the list of all parameters with marking of which parameters can be
available for which missions. The details of parameters for different satellite data are given
in the following sections.

3.1 Terrestrial Shocks

To build a comprehensive catalogue of terrestrial bow shock crossings with their
relevant fundamental parameters, the data from Cluster and MMS were used.

3.1.1 Cluster shocks

The Cluster mission was launched in 2000 and it consists of four identical space-
craft on similar elliptical polar orbits with an initial perigee at about 4 R (Rg = 6371
km is the Earth’s radius) and an apogee at 19.6 Rp (Escoubet et al., 2001). We employed
the list of shock crossing observed by Cluster CS1 complied by Kruparova et al. (2019)
for the years of 2001-2013. To obtain the upstream and downstream shock parameters
for each crossing, we used the magnetic field data from FGM (Fluxgate Magnetometer)
experiment (Balogh et al., 2001) in full resolution, the data from Cluster Ion Spectrom-
etry (CIS) Hot Ton Analyzer (HIA) sensor (Réme et al., 2001) for the ion number den-
sities and flow velocities and the data from the Waves of High frequency and Sounder
for Probing of Electron density by Relaxation (WHISPER) sounder (Trotignon et al.,
2001) for the electron number densities. The temperature data from Cluster/CIS was
not used since the CIS particle data for the solar wind is not reliable, as was noted by
(Gedalin et al., 2021). Several methods were used for the determination of the shock nor-
mal 7o. The model normal by Farris and Russell (1994) requires only the position of the
spacecraft at the shock crossing. The coplanarity methods (Schwartz, 1998) are based
on the coplanarity theorem stating that the measured upstream, B,,, and downstream,
B, magnetic field vectors, the difference of the measured downstream V5 and upstream
V1 plasma velocity vectors, and the shock normal are all in one plane. These method
require identification of the upstream and downstream regions, used for averaging of the
required vectors. This identification was done visually for each shock, and the shock nor-
mal was determined using mixed coplanarity as follows

(AB x AV) x AB
[(AB x AV) x AB]|

n = (1)
where AB = B; — B, and AV =V, — V;. The mixed coplanarity normal correlated

well with the model normal, so the model normal was chosen as a global shock normal,
insensitive to the fine structure of the shock front. The model shock normal was used

for determination of the shock angle

-1 |ﬁ ) Bu‘

0p, = cos
" | B.|

This article is protected by copyright. All rights reserved.



Table 1. Availability of the SHARP shock database parameters.

Parameter/Mission | CLUSTER | MMS | THEMIS | MAVEN | VEX

| |
‘ Time ‘ Vv ‘ v ‘ v ‘ v ‘ v ‘
| Direction | v | v | v | v |V
| Burst interval | |V | | |
| B, v v v vV
T o(Bu) | A | |
| i\ | |V | | |
T Ne | v v v 1 v
| Tius | |V | | |
| Vs v v v v |
| Bus | A | | |
| P | A | | |
| 050 v v v vV
| o(0Bn) | V] | | |
T s | v v 7 1 7 17
T o | v v v 1 v
| o(Ma) | |V | | |
| M; | | v | | |
| o(Mj) | |V | | |
| Rep v v v vV
| Ren | vl v | |
| Rer | VA | | |
| position | v |V VAR VAR
| AR vV | | |
| TQF | |V | | |
‘ quick-look plots ‘ vV ‘ Vv ‘ Vv ‘ v ‘ v ‘
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Terrestrial bow shock. Measurement time: 28-May-2001 09:52:33. Spacecraft: CLUSTER 1

50 ‘ : :
—IB|
40" —Ncis ||
<30/
2,
Q20
10+

-200 0 200
time from crossing, s

Figure 4. Example of a plot of the terrestrial bow shock, measured by CLUSTER CS1.
Shown are the magnetic field magnitude and the CIS measured ion density. The vertical green

lines denote the chosen upstream and downstream regions used in the analysis.

Determination of the Mach number requires knowledge of the upstream n, and down-
stream ng densities:

B,
Vo= ——, (3)
VATn,my,
Vi = Ve 1aVl) (@
Ng — Ny
ng .
Vi= "1 (Vi — V) 5
nd—nu‘(l 2) - 7 (5)

Here V4 is the upstream Alfvén speed, Vi, is the shock speed in the spacecraft frame,

and V,, is the upstream plasma speed in the Normal Incidence Frame (NIF), in which

the upstream plasma velocity is along the shock normal. The densities derived from WHIS-
PER measurements were used in the cases where CIS data were unreliable.

Figure 4 gives an example of a plot of the terrestrial bow shock as measured by CLUS-
TER CS1, and available in the SHARP database. In this case the CIS density measure-
ments are good and were used for the Mach number determination.

3.1.2 MMS shocks

The four-spacecraft MMS mission (Burch et al., 2016) was launched on 12 March
2015 in a 28° equatorial inclination, 12 Rg apogee elliptical orbit. Lalti et al. (2022) have
compiled the set of 2,797 shock crossings with main shock parameters observed by MMS.
The crossings were determined by applying the supervised machine learning technique
(Olshevsky et al., 2021). Measurements of the ion velocity distribution functions (VDF)
from Dual Ion Spectrometers (DIS) of the Fast Plasma Investigation (FPI) suite (Pollock
et al., 2016) were used to develop a 3D Convolutional Neural Network (CNN). The de-
veloped CNN is able to identify the regions which MMS is crossing based only on the
ion energy distributions. The shock parameters for the identified shock crossings included
ones related to the spacecraft and data acquisition mode, and the others related to ac-
tually shock crossings. The vector normal to the shock 7 is calculated using the bow shock
model by Farris and Russell (1994). For the main shock parameters (Alfvénic Mach num-
ber My, fast mode Mach number My, the angle between the upstream magnetic field
and the shock normal 05, and the upstream plasma beta S,s), the time-shifted OMNI

—10—
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database data from spacecraft located upstream of MMS (https://omniweb.gsfc.nasa
.gov/). In addition, the following parameters are also included: the upstream velocity,
density, ion temperature, magnetic field vector, magnetic field magnitude, and the so-
lar wind dynamic pressure for each shock crossing. For compression ratios, the down-
stream shock parameters are calculated using MMS FPI data. Figure 5 gives an exam-
ple of a plot of the terrestrial bow shock as measured by MMS 1, and available in the
SHARP database.

It is possible to calculate the bow shock parameters using in situ MMS data. How-
ever, there are some challenges to implement this reliably from a statistical standpoint.
MMS instruments were designed to function optimally inside the magnetosphere, which
can lead to inaccuracies incurred on solar wind ion moments. The reason is that the nar-
row and cold solar wind beam is only captured in a limited number of energy bins. For
this reason, the MMS shock database uses OMNI data that originates from spacecraft
that were intended to measured the solar wind, for the upstream plasma parameters.

The mean magnetic field magnitude upstream of the shock is obtained directly from
the data for terrestrial shocks using FGM measurements in the full resolution mode on-
board MMS and Cluster. For the terrestrial shocks, all vector quantities are in the Geo-
centric Solar ecliptic (GSE) coordinate system. The SHARP database contains 2797 ter-
restrial shocks measured by MMS between October 2015 and December 2020, and 472
measured by CLUSTER between January 2001 and December 2012. The shock param-
eters available in the SHARP shock database for CLUSTER and MMS data are shown
in Table 1.

3.2 Interplanetary Shocks

The THEMIS mission (Angelopoulos, 2008) was launched on February 17, 2007,
and employed five identical spacecraft on elliptical, nearly equatorial orbits lined up at
apogee every four days. THEMIS was designed to study substorms in the Earth’s mag-
netosphere. In 2009-2011, two of THEMIS’s probes, B and C, were sent into lunar or-
bit as part of a new mission under the name ARTEMIS (Acceleration, Reconnection, Tur-
bulence and Electrodynamics of the Moon’s Interaction with the Sun) (Angelopoulos,
2011). ARTEMIS’s mission is to study the Earth-Moon Lagrange points, the solar wind,
the Moon’s plasma wake, and the interaction between Earth’s magnetotail and the Moon’s
own weak magnetism. The two spacecraft, orbiting in opposite directions around the Moon,
provide the first 3D measurements of the Moon’s magnetic field allowing to determine
its regional influence on solar wind particles. Spending more than 70% of orbit time in
the solar wind, these satellites provide also a good source of measurements of interplan-
etary shocks.

The data measured by the spacecraft which are used for the shock analysis include
the magnetic field vector, and the velocity vector and density of both ions and electrons.
The Fluxgate Magnetometer (FGM) (Auster et al., 2008) measures the ambient mag-
netic field and its low frequency fluctuations, up to 64 vectors/sec. The Elecrostatic An-
alyzer (ESA) (McFadden et al., 2008) measures the electron and ion distributions in 32
energy channels and 88 angle channels. A full distribution is provided at best at 32 spin
cadence, while a reduced distribution is provided at 1 spin cadence. The distributions
moments are calculated onboard.

From these, the upstream and downstream values of these parameters were calcu-
lated. Identification of suitable upstream and downstream regions was done visually for
each shock, as was done for Cluster shocks. The Alfvenic Mach number M4, the shock
normal n and the shock angle 6p,, are calculated using mixed coplanarity, as for Clus-
ter shocks above, when the density and velocity are taken from electron measurements.
In the upstream and downstream regions the electron and ion densities are expected to
be equal, as well as the electron and ion velocity vectors. In the solar wind, the ion dis-

—11—

This article is protected by copyright. All rights reserved.



B . bl
M, =79 + 15, 6, =861  +39",n=[0.91,042,-0.08] I”l”|‘|l|\|||'II
MMS 1 (AR }=271km, Ry /R_=[801,881,-05] IRF

I
¥ (Rg) GSE

E 0 10 20
E 0 = % (Rp) GSE
w

g, (DEF)
KeV/iem? s srkeV

2
log, B
nT2 Hz

2
log, E
(mV/m)® Hz™!

B T N

o
Ellipticity

T
11:42 11:44 11:46 11:48
2015-10-07 UTC

Figure 5. Example of a plot from https://sharp.fmi.fi/shock-database/ of the terrestrial
bow shock, measured by MMS 1. Top to bottom: Magnetic field, electric field, electron density,
ion velocity, ion velocity distribution function in the normal direction, electron flux energy spec-
trum, magnetic field power frequency spectrum, electric field power frequency spectrum, and

ellipticity.
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Figure 6. Example of a plot of an interplanetary shock, measured by THEMIS B. Shown

are magnetic field magnitude and the electron density, both relative to their maximum value
around the shock. The vertical green lines mark the upstream and downstream regions used for

the shock parameter determination.

tribution is a cold beam, and the measurements of the ion parameters are often unre-

liable. The electron parameters were found more reliable for interplanetary shocks mea-
sured by Artemis. The upstream magnetic field and electron density and velocity are stored
in the database. All vectors are expressed in the Despun Sun-pointing L-momentum (DSL)
coordinate system. Figure 6 gives an example of a plot of an interplanetary shock as mea-
sured by THEMIS B, and available in the SHARP database. The SHARP database con-
tains 407 interplanetary shocks measured by THEMIS B and C / ARTEMIS, between

June 2008 and November 2019. Table 1 shows the shock parameters available in the SHARP
shock database for THEMIS/ARTEMIS data.

3.3 Shocks at Non-Magnetized Planets

Mars and Venus, unlike other planets, do not have global intrinsic magnetic fields.
As such, they form a non-magnetised obstacle in the solar wind, and the solar wind mag-
netic field drapes about the planet, piling up on the dayside, creating an induced mag-
netosphere.

The bow shocks are formed much closer to the planets, therefore, their geometri-
cal scale is much smaller than in the terrestrial bow shock, and, although not caused by
an intrinsic magnetosphere, magnetic effects are involved. These bow shocks as measured
by MAVEN (for Mars) and VEX (for Venus) are analysed in the SHARP project. The
calculations involved to analyse these shocks in this project have not yet been published
elsewhere, and are therefore described in this paper in more detail than those of the other
missions.
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MAVEN mission, launched in 2013, is observing the Martian upper atmosphere (Gruesbeck

et al., 2018). Tts goal is to determine the role that loss of atmospheric gas to space played
in changing the Martian climate through time. The Solar Wind Ton Analyser (SWIA)
(Halekas et al., 2015) measures the ion distributions at 4s cadence, in the energy range

5 eV to 25 keV, and with a field of view of 360°x90°. The distributions moments, i.e.,
the velocity vector and ion density of the plasma, assuming all ions are protons, are cal-
culated onboard. The magnetometer MAG (Connerney et al., 2015) measures the am-
bient magnetic field vector at the intrinsic rate of 32 samples/second. The data, in ad-
dition to the spacecraft location, are downloaded from the AMDA Versatile web tool for
Space Physics, (http://amda.cdpp.eu). All parameters are given in the Mars Solar Or-
bital (MSO) coordinate system. In this system, the z-axis points from Mars to the Sun.
The y-axis lies in the plane of the Mars-Sun vector and the orbital velocity vector, or-
thogonal to the z-axis, and quasi-antiparallel to the orbital velocity. The z-axis completes
the right-hand system.

The list of MAVEN shock measurement times was obtained from Garnier (2022).

For each of these shocks times, the measured data were analysed over a period of 20 min-
utes centered around the shock time. The upstream measurement interval was selected
as the 2-minute period within the 10-minute upstream side, where the time average of
magnetic field magnitude multiplied by ion density is smallest. From this interval, the
upstream magnetic field B, s, ion velocity Vs and density N, are calculated as the av-
erages of the respective time-dependent parameters over this interval. The downstream
measurement interval is difficult to select based on any particular parameter-value con-
dition; therefore, this is selected as the period between 6 and 8 minutes downstream of
the shock. The downstream plasma parameters Bgs, Vgs and Ny are calculated as av-
erages over this interval.

In order to find the shock normal, a model for the Martian bow shock is used. For

this, it is useful to first convert the location data of MAVEN to the aberrated MSO sys-
tem. With respect to the MSO system, this system is slightly rotated about the z-axis,
to account for the relative motion of Mars to the average solar wind direction:

Tg = X COSY — ysiny
Yo = T SINY + 1y cos (6)
Za =2

with z, y and z the location of the measurement point of the shock in MSO coordinates,
and z,, Y, and z, in the aberrated MSO coordinates, and ¢ = 4° the aberration (ro-
tation) angle.

The bow shock is modelled as a surface of revolution of a conic section. Hall et al.

(2016, 2019) found that when fitting this model to measurements, the focus location and
eccentricity of the shape stayed roughly constant while the semilatus rectum varies. The
two former parameters are therefore taken constant, with as values the averages of the
values found by Hall et al. (2016, 2019), which gives the focus location on the z,-axis

xg = 0.75Ry; (with Rps the radius of Mars) and the eccentricity € = 1.01 (the latter
making the shape very close to a paraboloid). With these, the semilatus rectum L can

be calculated from the location of any point at the shock surface, defining the entire shock
surface at that point in time. This surface can be characterised by the terminator dis-
tance Rrp of the bow shock (Hall et al., 2016), which is given by:

Rrp = \/(xa —20)2 4 Y2 + 22 + 222 — 22 + 20/ (x40 — 0)2 + Y2 + 22 (7)

The shock normal (in the aberrated coordinates) n, can then be calculated as:
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n, = [—sinqa, cosacos@, cosasin ] (8)

with:

—€ (\/x(% + R%, — E:ra) — T4 + To
2
\/(\/x% + R%), —exa) — (g — x0)?

« = arctan

¢ = arctan Za (10)

a

The shock normal in non-aberrated MSO coordinates n is found by applying the
inversion of equation (6) to n,. Figure 7 gives an example of a plot of the Martian bow
shock as measured by MAVEN, and available in the SHARP database.

VEX (Zhang et al., 2006) was ESA’s first spacecraft to voyage to Venus; it was built
around the design of Mars Express. It studied the planet’s complex dynamics and chem-
istry, and the interactions between the atmosphere and the surface, which provided clues
about the surface’s characteristics. VEX orbited Venus from 2006 to 2014, providing a
sufficiently long duration of observations to give an opportunity to investigate the effects
of solar activity on the Venusian bow shock. VEX had a highly elliptical polar orbit with
a periapsis of 250-300 km altitude at 78°N, and crossed the bow shock twice a day. In
addition, VEX covered a large range of Solar Zenith Angles (from ~ 10° to ~ 135°)
at the Venusian bow shock, which is suitable to determine the bow shock locations at
both the stand-off and terminator distances.

The magnetometer MAG onboard of VEX consisted of two fluxgate sensors for a
separation of magnetic effects of the spacecraft origin from the ambient space magnetic
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field. The Ion Mass Analyzer (IMA), part of the Analyzer of Space Plasmas and EneR-
getic Atoms (ASPERA-4), measured ion densities and velocities. Both MAG and IMA
data were obtained from the AMDA Versatile web tool for Space Physics. The B-field
data have a time resolution of 4 seconds. Unfortunately, the ion density and velocity data
are available at a low time resolution only (192 seconds).

The observations are presented in the Venus Solar Orbital (VSO) coordinates. In
this system, the z-axis points from Venus to the Sun. The y-axis lies in the plane of the
Venus-Sun vector and the orbital velocity vector, orthogonal to the z-axis, and quasi-
parallel to the orbital velocity. The z-axis completes the right-hand system. Note that
this means that the y- and z-axes are oriented opposite to their equivalent in the MSO
system.

The SHARP shock database includes two lists of the shocks measured by VEX (Shan
et al., 2015), one measured during a solar minimum period and the other during a so-
lar maximum period. For each of these shocks times, the shock normal is determined in
a similar way as for the MAVEN data. The location data of VEX are converted to an
aberrated VSO coordinate system to correct for the solar wind direction relative to the
planet’s motion (see Eq. (6)), with ¢» = —4.7°. The bow shock model is similar to the
Martian one, i.e. a surface of revolution of a conic section, where the focus location and
eccentricity stay relatively constant while the semilatus rectum varies with time. Shan
et al. (2015) found from the VEX data xzy = 0.596 Ry (Ry being the radius of Venus)
and ¢ = 1.03 during solar minimum, and zg = 0.775Ry and ¢ = 1.096 during solar
maximum; these values are also used for the respective subsets of the shock list here. The
shock normal n at each measurement is determined following the same steps as in the
case of Mars; see above.

For each shock, the measured data are analysed over a period of 20 minutes cen-
tered around the shock time. The length of averaging periods for the up-and downstream
B-field values is this time chosen as 192 seconds, to match the time resolution of the V
and N measurements. The upstream measurement interval is selected as the 192s pe-
riod within the 10-minute upstream side, where the time average of magnetic field mag-
nitude |B| is smallest. From this interval, the upstream magnetic field vector B, is cal-
culated as the average of the time-dependent magnetic field vector. The upstream ion
velocity vector Vs and density N, are taken as the sample values from the time se-
ries data whose time stamp falls within this 3.2 minute period.

Because the ion velocity and density from VEX are available from AMDA at such
low time resolution, these data are not suitable to be used for the Alfvén velocity. There-
fore, another method to determine a Mach number for these shocks must be used. Fol-
lowing Zhang et al. (2008), the fast magnetosonic Mach number M/ is determined from
the shock strength and 6p,,, assuming the plasma is isotropic and Maxwellian both up-
stream and downstream. The Rankine-Hugoniot conditions (Kivelson & Russell, 1995)
can be written as follows:

1 sin?0p, 1 U R.p,sin’ 0,
Ly By sinfn 1 w7 Reposin’fpn
2 2M3i(v—-1) M4 2RZ 2 M4
1 25, — 1)sin® 0,
+ Y 1— + 52 _ (Rch )25111 Bn (11)
RCN(’y—l) RcN 2MA 2MA

with

in@ 0 -1
Yy smMBQn 00; Bn(chlg ) (12)
A~ cN COS Bn
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20 the plasma density compression ratio Ry is given by

_ RCBZME{
- M? +cos20p,(Reps — 1)

Ron (13)

and R.p, is the compression ratio of the magnetic field parallel to the shock front.
It is assumed that 5 = 1 and the ratio of specific heats v = 5/3. The equations are
numerically solved for M4 from R.p. and p,. The fast Mach number M} is further cal-
culated using My = M4 (va/vy), where

02
=g |0+ /27 - 2100, (1)
430 The Rankine-Hugoniot relations imply that the normal components of the mag-
31 netic field in the asymptotically quiet upstream and downstream regions are equal. The
e normal component of the upstream magnetic field is obtained using the model shock nor-
433 mal. Accordingly, the downstream region is chosen as the 192-second period (within the
434 analysed 10-minute downstream side) where the averaged value of B-n (i.e. normal com-
435 ponent of B field) is closest to B, -n. From this interval, the downstream magnetic field
436 vector Bys is calculated as the average of the time-dependent magnetic field vector. Con-
437 sequently R.p, is found from:

|IBus — (Bus - n)n|

Rep. = 15
|Bd3 — (Bds . n)n\ ( )

438 The downstream ion velocity vector Vs and density Ngs are taken as the sample

439 values from the time series data whose time stamp falls within the same downstream 192-

440 s period. Figure 8 gives an example of a plot of the Venusian bow shock as measured by

aa1 VEX, and available in the SHARP database.

a2 The SHARP database contains 1660 Martian bow measurements by MAVEN be-

a3 tween November 2014 and April 2017, and 776 Venusian bow shock measurements by

o VEX, measured between August 2008 and May 2009 (solar minimum) and between May
a5 2011 and February 2012 (solar maximum). Table 1 lists the parameters available for MAVEN
a6 and VEX data.

" 4 Conclusions: Database Usage and Importance

418 The developed SHARP shock database contains crossings and parameters for 6112
a9 shocks, including 472 shocks observed at Cluster, 2797 shocks at MMS, 407 at THEMIS/ARTEMIS,
450 1660 at MAVEN, and 776 at VEX shocks. The basic shock parameters are calculated

a1 and available in the database for most of the shocks. The angle between the shock nor-

a2 mal and the upstream magnetic field is estimated for all shocks. The Alfvénic Mach num-

453 ber is given for shocks observed at all spacecraft, except VEX. The SHARP shock database

454 is able to facilitate numerous new studies of collisionless shocks both of a statistical na-

455 ture as well as detailed case studies.

456 The database have already been utilized even at the stage of its development. The

as7 part of the database containing terrestrial shocks observed at Cluster was used to estab-

458 lish a proxy for the Alfvénic Mach number (Gedalin et al., 2021) right after it has been

459 built. The proxy represented a simple dependence of the Alfvénic Mach number on a di-

460 mensionless parameter obtained from the magnetic field measurements only (from the

a61 mean upstream magnetic field B,, and the maximum magnetic field magnitude B,,).

a62 The MMS section of the database has been used (Lalti et al., 2022) to determine

463 the possible correlations between ion acceleration efficiency at shocks with different an-
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Figure 8. Example of a plot of the Venusian bow shock, measured by VEX. Upper panel:

magnetic field strength. Middle panel: ion velocity. Lower panel: ion density.

gles between the upstream magnetic field and the shock normal g, and the Alfvénic
Mach number M,4. It was found that quasi-parallel shocks are more efficient at accel-
erating ions than quasi-perpendicular shocks but there is no definite correlation between
the ion acceleration efficiency and My.

Quite recently, the MMS part of the database was also used (Gedalin et al., 2023)
in the analysis of the dependencies of the electron heating on the shock Mach number.
It was found that the ratio between the downstream electron temperature and the in-
cident ion energy decreases with the increase of the Mach number until it stabilizes at
the level of several percent for M4 2 15.

The latest development, based on the close inspection of the MMS section of the
database and the corresponding shock plots, is the identification of shocks with persis-
tent downstream fluctuations of the magnetic field in incorporation of this turbulence
in the Rankine-Hugoniot relations (Gedalin, 2023a, 2023b).

By cataloguing shocks based on various parameters, the database allows users to
better understand the complicated dependence on shock parameters and their macro-
and micro-scale structures. The database also provides plots which may be used by a
researcher to visually choose shock(s) for further detailed analysis, according to the fea-
tures in which the researcher is interested, e.g. the magnetic profile, the ion or electron
temperature evolution across the shock, or the waves in the vicinity of the shock tran-
sition.

The true merit/strength in the complete database is the ability to compare shocks
in different parameter regimes. Figure 9 presents the ranges of Mach numbers and shock
angles for the individual database sections (spacecraft) on the same axis to show what
are the covered total parameter ranges and also where there are overlaps between the
sections. The upper panel shows that the shock angle range is well covered by all space-
craft. The distributions are similar for Cluster, VEX, THEMIS, and MAVEN. For MMS
the distribution is somewhat peculiar since the maximum is shifted toward oblique shocks
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near 0, ~ 45°. The difference between the MMS 0pg,, distribution and distributions
for other spacecraft is caused by the difference in the procedures. MMS data analysis

is the only using machine learning for crossing identification, and the only using OMNI
data for the upstream parameters. This was done because of the large number of MMS
shock crossings, almost 3000. In other cases upstream and downstream regions are iden-
tified either visually or at certain time intervals around the shock. Same for Mach num-
bers. The same procedure as for Cluster was applied to MMS shocks when electron heat-
ing was studied (Gedalin et al., 2023). This reduced the number of treatable shocks to
about 500. Yet, there are many more crossings which may be useful for other studies.
The adopted procedure allows a researcher to make selections on the base of approxi-
mately calculated parameters, even if some of them are not quite correct. Necessary cor-
rections may and should be done during a specific study.

The bottom panel shows that the low-Mach number interplanetary shocks, covered
by THEMIS section, nicely complement higher Mach number shocks by Cluster, MAVEN,
and MMS. The overlap for these spacecraft promises great potential in studies of shocks
with similar Mach numbers in different conditions or measured with different time res-
olution.

Figure 9 shows that there are fundamental differences in the parameter ranges for
the different databases, even at the same terrestrial body. These differences arise from
a number of factors. MAVEN measured lower solar wind speeds and substantially lower
solar wind densities than MMS. Cluster and VEX observations were during solar cycle
23, while MAVEN was at Mars during cycle 24. The maximum in cycle 23 was substan-
tially larger than in cycle 24. MMS shocks are also during cycle 24. Highest-Mach num-
ber MMS and MAVEN shocks correspond to very low magnetic fields but MAVEN den-
sities are often by almost an order of magnitude lower.

The extensive SHARP shock database is a data product that contributes to the
universal understanding of collisionless shocks since it provides a clear and efficient way
of comparing terrestrial bow shock observations with shocks in other plasma environ-
ments (e.g non-terrestrial planets, interplanetary shocks, astrophysical shocks). This can
also facilitate collaboration between these sometimes distinct communities.

5 Open Research

The SHARP database is freely available at https://sharp.fmi.fi/shock-database/.
The CLUSTER spacecraft data were obtained from the Cluster Science Archive, https://
WWW.cosmos.esa.int/web/csa/. The list of shock crossing observed by Cluster CS1 was
taken from https://www.cosmos.esa.int/web/csa/bow-shock-magnetopause-crossings.
The MMS Science Data Center resides at https://lasp.colorado.edu/mms/sdc/public/.
The THEMIS/ARTEMIS spacecraft data are obtained from: https://themis.igpp.ucla
.edu/overview_data.shtml. The list of MAVEN shock measurement times was obtained
from https://zenodo.org/records/6240624#.Y3djzS8w32c. The MAVEN and VEX
data are obtained from the AMDA Versatile web tool for Space Physics, http://amda
.cdpp.eu.
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