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Modeling the Expansion Speed of Foreshock Bubbles

Terry Z. Liu! (2, Andrew Vu? (2, Hui Zhang? (), Xin An' (), and Vassilis Angelopoulos’

'Department of Earth, Planetary, and Space Sciences, University of California, Los Angeles, CA, USA, >Geophysical
Institute, University of Alaska Fairbanks, Fairbanks, AK, USA

Abstract Foreshock transients, including hot flow anomalies (HFAs) and foreshock bubbles (FBs), are
frequently observed in the ion foreshock. Their significant dynamic pressure perturbations can disturb the bow
shock, resulting in disturbances in the magnetosphere and ionosphere. They can alse contribute to particle
acceleration at their parent bow shock. These disturbances and particle acceleration caused by the foreshock
transients are not yet predictable, however. In this study, we take the first step in‘establishing a first-order
predictive expansion speed model for FBs (which are simpler than HFAS). Starting with energy conversion
from foreshock ions to solar wind ions, we derive the FB expansionépeed in the FB's early formation stage
and late expansion stage as a function of foreshock and solar wind parameters. We use local hybrid simulations
with varying parameters to fit and improve the early stage medel and\l D particle-in-cell simulations to test the
late-stage model. By comparing model results with Magnétospheric Multiscale (MMS) and Time History of
Events and Macroscale Interactions during Substorms (THEMIS) observations, we adjust the late-stage model
and show that it can predict the FB expansion speed. Our study provides a foundation for predictive models of
foreshock transient formation and expansion, sothat we can eventually forecast their space weather effects and
particle acceleration at shocks.

1. Introduction

In the ion foreshock, backstreaming foreshock ions can further interact with solar wind ions and discontinuities,
resulting in foreshock transients with very significant plasma and field fluctuations (e.g., Eastwood et al., 2005;
Zhang et al., 2022). The two types of foreshock transients with the most significant fluctuations are hot flow
anomalies (HFAs) (@g:, Lin, 1997, 2002; Omidi & Sibeck, 2007; Schwartz et al., 1985, 2000, 2018; Zhang
et al., 2010) and foreshock bubbles (FBs) (e.g., Lee et al., 2021; Liu et al., 2015; Omidi et al., 2010, 2020; Turner
et al., 2013, 2020). Both are characterized by a core region with low density, low field strength, high temperature,
and plasmad deflection. Typically ~1-3 Ry in size, HFAs usually expand slowly, in two directions, resulting in
compressional boundaries on each side of the core region (e.g., Facsko et al., 2009; Liu, Turner, et al., 2016).
Forgshoek bubbles can reach ~2-15 Ry in size and expand supermagnetosonically only sunward, forming a shock
upstream of the core region (e.g., Liu, Turner, et al., 2016; Turner et al., 2020).

Because of these foreshock transients' low density and plasma deflection, the dynamic pressure in their core
regions is extremely low, resulting in a local disturbance of the bow shock. This disturbance can propagate through
the magnetosheath and impact the magnetopause, causing perturbations in the magnetosphere-ionosphere system
(e.g., Archer et al., 2014, 2015; Hartinger et al., 2013; Shen et al., 2018; Sibeck et al., 1999; Turner et al., 2011;
Wang, Nishimura, et al., 2018; Wang, Liu, et al., 2020; Wang et al., 2021a; Zhao et al., 2017) from the dayside
to the midtail region (Liu, Lu, et al., 2020; Li, Zhang, Wang, et al., 2021; Wang et al., 2021b; Wang, Liu,
et al., 2018; Wang, Wang, et al., 2020). Hot flow anomalies and foreshock bubbles have also been found to
accelerate particles (e.g., Liu, Angelopoulos, et al., 2017; Wilson et al., 2016) through shock drift acceleration
(Liu, Hietala, et al., 2016), betatron acceleration (Liu et al., 2019, Liu, Wang, et al., 2020), Fermi acceleration
(Liu, Lu, et al., 2017; Liu, Lu et al., 2018; Omidi et al., 2021; Turner et al., 2018), and magnetic reconnec-
tion (Liu, An, et al., 2020). These results suggest that foreshock transients could provide seed populations for
particle acceleration at the parent shock or further energize parent shock-accelerated particles to increase the
theoretical shock acceleration efficiency.

Although foreshock transients can contribute to space weather activities and shock acceleration, how they form
is still not fully clear. From previous simulations (e.g., Burgess, 1989; Lin, 2002; Omidi et al., 2010; Omidi
& Sibeck, 2007; Thomas et al.,
foreshock ions interact with a solar wind discontinuity, they are locally concentrated and thermalized, causing a

1991; Wang et al., 2021c), it is commonly believed that when backstreaming
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Figure 1. A sketch indicating the formation and expansion process in the solar wind restframe. In the early formation stage
(a), when foreshock ions cross a discontinuity, they perform partial gyration (orange)Aesultingiin a current (purple) that
changes the magnetic field (blue). The magnetic field variation induces electric field (green) which drives cold plasma E X B
drift outward (pink). In the late expansion stage (b), the expansion speed reaches a maximum.and is supersonic. As a result,
a foreshock bubble (FB) shock and FB sheath form at its boundary. In the cote, the solar wind density (black) is nearly 0,
whereas foreshock ion density (orange) is enhanced as they are trapped imsthe core (e.g+ Liu, Angelopoulos et al., 2017; Liu
et al., 2020a, 2022). So, the ion moments, there, are strongly affected.by the foreshock ions. Blocked by the field strength
enhancement, foreshock ions from the downstream side can hardly/ententhe FB sheath. As there is net mass flux across the
FB shock, FB shock speed is larger than the FB sheath speed in the solar wind rest frame (longer arrow), thus the FB sheath
grows thicker over time (e.g., Li, Turner, et al., 2016):

thermal pressure enhancement, which leads to,HFA and FB formation and expansion. In this scenario, however,
the concept of thermal pressure is_ invalid\because the foreshock ion gyroradius (thousands of kilometers) is
comparable to or thicker than the diseontinuity, thickness (typically a few hundred to one thousand kilometers
(Vasquez et al., 2007)), and the ion gyroperiod (10-20 s) is comparable to the timescale of HFA and FB evolution.

Recently, a formation model (that considers the kinetic effects of foreshock ions was proposed based on
particle-in-cell (PIC) simulations bysAn'et al. (2020) and MMS observations by Liu, Wang, et al. (2020). Because
foreshock ions cannot complete a gyration but perform a partial gyration (orange arrow in Figure 1a) due to the
sharp magnetic field change ata discontinuity, and electrons are nearly always magnetized, their motion differ-
ence results in a current (purple arrow). If this current decreases the field strength at the discontinuity, the locally
increased gyroradius canses more foreshock ions to perform the partial gyration and thus contribute to a stronger
current. This establishes a positive feedback loop, causing the transient structure to grow. The induced electric
field (green arrow),drives the frozen-in cold plasma to move outward resulting in expansion (pink arrow). Recent
local hybrid simulations by Vu et al. (2022a) confirm this model and show that the current configuration deter-
mined by, the discontinuity geometry is one critical difference between HFAs and FBs.

Based/on this kinetic formation model, it becomes possible to quantify the formation process of HFAs and
FEBs and thus forecast their space weather effects and particle acceleration. In this study, we take the first step
toward establishing a predictive expansion speed model for FBs, which expand in just one direction and thus
are simpler than HFAs. The expansion speed is an important parameter that determines a foreshock bubble's
spatial scale and dynamic pressure perturbations, and thus the significance of its space weather effects. The
expansion speed and the corresponding Mach number of FB shocks are also critical to FBs' particle acceleration
efficiency. In the accompanying paper by Vu et al. (2022b), we use local hybrid simulations to investigate the
parameter dependences of FB expansion speed by varying input parameters, which provides a simulation data-
base to test and fit our model.

In Section 2, we introduce the spacecraft and simulation data used to validate our model. We describe our model
in Section 3 and compare it with our simulations and observations in Sections 4 and 5, respectively. We discuss
the limitations of our model and ideas for future improvement in Section 6 and summarize the model in Section 7.

2. Data

We use data from the Magnetospheric Multiscale (MMS) mission (Burch et al., 2016) and the Time History of
Events and Macroscale Interactions during Substorms (THEMIS) mission (Angelopoulos, 2008). From MMS, we
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analyze plasma data from the fast plasma investigation instrument (FPI) (Pollock et al., 2016) and DC magnetic
field data from the fluxgate magnetometer (Russell et al., 2016). From THEMIS, we analyze plasma data from
the electrostatic analyzer (ESA) (McFadden et al., 2008) and DC magnetic field data from the fluxgate magneto-
meter (Auster et al., 2008). We select FB events from the MMS dayside season in burst mode during 2017 and
2019 and from TH-C in fast survey mode during 2008 and 2009. The event list can be found in the Supporting
Information S1. We use OMNI data for solar wind conditions.

We also use local 2D hybrid simulations with kinetic ions and fluid electrons (Delamere,. 2006, 2009; Delamere
et al., 1999; Swift, 1995, 1996) to simulate the early formation stage of tangential discontinuity (TD)-driven FBs.
The initial simulation setup is the same as Vu et al. (2022a), in that the solar wind particles are injected from left
boundary in the earthward direction, and the foreshock particles are injected from right boundary (that acts as the
bow shock) in the sunward direction. In the middle of the simulation box, there is a/T'D with its;normal tangential
to the solar wind direction. In the accompanying paper by Vu et al. (2022b), we performed 45 runs. In each run,
we varied one input parameter at a time while keeping others the same, in¢luding, foreshock ion parallel speed
(19-38 V,), thermal speed (2-10 V), density ratio to solar wind ions (0.025-0.18), solar wind speed (6-16 V),
and TD shear angle (15°-180°). For each run, we measured the ion bulk velocitywithin the FB boundary relative
to the background solar wind velocity as the expansion speed at a fixed distance from the bow shock/right bound-
ary. We thus obtained the expansion speed as a function of vagious input parameters. In addition, we use 1D PIC
simulation results from An et al. (2020).

3. Model Description

The model starts with energy conversion from foreshock ions to solar wind ions. For simplicity, we derive the
model in the solar wind rest frame. So solar,wind plasma is initially static, and foreshock ions that cross the
driver discontinuity transfer energy|thrdugh their partial gyration (orange arrow in Figure 1a) against the induced
electric field (green arrow) to drive'the outward (sunward) motion of the frozen-in solar wind plasma at the E X B
speed (pink arrow). We assumae that all foreshock ion energy converted through this process is transferred to
solar wind kinetic energy (expansion ehergy), and that the particle acceleration and plasma heating introduced
in Section 1 are ignored/for simplicity. During the early formation stage, the input power from foreshock ions
increases with time,zesulting in an increase in the expansion speed. During the late expansion stage, the input
power reaches a maximum-at which point the expansion speed stops increasing, and the input power is balanced
by the FB sizg.increase, that is, the increase rate of solar wind plasma that gains expansion energy. Because FBs
expand supersonically (e.g., Liu, Turner, et al., 2016; Turner et al., 2020), an FB shock and FB sheath form in
the late stage (Figure 1b). The FB shock surface moves at V, ., and the plasma within the FB sheath moves at
V e, INthie solarwind rest frame (two arrows in Figure 1b). We assume that the FB shock is planar, and we only
consider the FB shock/expansion direction (i.e., 1D model). We regard this model a first-order approximation
because many details are ignored.

3.1. Early Formation Stage

From the energy conversion, we have / Jj-Edl = f d(%mnd{,ﬁ,,)/ dtdl, where j is the foreshock ion-driven
current, E is the induced electric field, n, is the solar wind ion density, and VW is defined as the outward motion

(expansion) speed of the solar wind plasma away from the discontinuity. For simplicity, we ignore the integral
over space along the expansion direction and have:

j'Edt=mn()I/exde/exp (1)

The induced electric field is dominated by the convection term: E = —V .4, X B (the expansion motion of cold
plasma is driven by E X B, An et al., 2020; Liu, Wang, et al., 2020). The foreshock ion current is j = nev, where
n is the foreshock ion density and v is the foreshock ion velocity of partial gyration in the solar wind rest frame.

Next, we estimate the partial gyrovelocity v. In the observations and hybrid simulations, the foreshock ion
field-aligned speed Vr4p is measured in the bow shock rest frame (positive scalars). We thus use V,, measured
in the bow shock rest frame (positive scalars) to transfer the foreshock ion parallel speed to the solar wind
rest frame as Vpap + Viw cos 6, where 6 is the IMF cone angle. When foreshock ions cross the FB progenitor
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discontinuity with a shear angle «, their initial parallel speed has a projection into the perpendicular direc-
tion to the field upstream of the discontinuity (Vrag + Vi cos 8)sin a, which contributes to a partial gyration.
Their initial perpendicular speed (including thermal and bulk speed) can also have a projection in the upstream
perpendicular direction. Depending on the ion distribution functions (e.g., gyrophase and pitch angle) and the
discontinuity parameters (e.g., thickness, shear angle, tangential or rotational), this projection into the upstream
perpendicular direction can be very different. The contribution from initial v, to the projected perpendicular
speed should be proportional to the initial v, and thus is written as f - v,, where f is a unitless factor related to the
above parameters. A further study is needed to determine the functional dependence of#\on the initial v, going
beyond linear, if needed, in the future.

So, we rewrite Equation 1 as mngVex,dVes, = ne((Vias + Viw cos @)sina + fvy)Vey, Bdts, We thus have
dVexp = =((Vrap + Viwcos O)sina + fv1)Qidt and [ dVew, = [ =((Vias + Vow cd8 0)sin@ + fv.)Qidt, where
no no

Q; is the ion gyrofrequency. If we simplify the integral over time with a parametet kywe obtain the expansion
speed during the early stage:

Veep = knl((VFAB + Vi c0s 0)sin o +af 01U AL ()
0

In Section 4.1, we use our hybrid simulation database (Vu et al4 2022b) to'test and fit the equation and determine
the time dependence.

3.2. Late Expansion Stage

During the late expansion stage, the foreshock bubble has become larger than the distance the foreshock ions
can reach after they cross the discontinuity (one reason why the total power input reaches a maximum, An
et al., 2020). Thus, the power input / i~ Edlbecomes j - EAL. Here we estimate A L as the gyroradius of fore-
shock ions, mv/Be. As the expansion speed cannot increase further and becomes constant, the power input is
balanced by the rate of subsequgntiacceleration to the expansion speed of ambient solar wind ions caused by the
FB size increase. So | d(%mnoVeip)/dtdl becomes (%mnoVeil,>dL/dt, that is, per unit time dt, there are nod L
ambient static solar wind ionsthat enter the FB sheath due to FB shock motion and start to move at the FB sheath
speed. Then, we replace Vexpwith Vipean because when the FB sheath and the FB shock are well formed in the
late stage, the plasma speed in the FB sheath (FB sheath speed) represents the plasma E X B outward expansion
speed (30 E = =V gheatin> B ). And the FB shock speed Vinoer = d L/dt. 1deally, there should be a one-to-one
correspondence between the shock speed and the sheath speed, so we write Vinoek = €Vsnearn, Where € can be
determined, for example, through Rankine-Hugoniot relations. We thus obtain

/2
Vinearn = ; l’li() v (3)

A simple estimate of the modeled speed with some typical numbers (¢ ~ 2; = ~ 4%; v ~ 1,000 km/s) gives
200 km/s, a value comparable to those from observations (e.g., Liu, Turner et dl 2016; Turner et al., 2020). In
Section 4.2, we use 1D PIC simulation results from An et al. (2020) to test this equation. In Section 5, we compare
with observations to find the approximate form of v (the foreshock ion velocity in the FB core that drives current).

4. Simulations
4.1. Local Hybrid Simulations

In the accompanying paper (Vu et al., 2022b), we examined the early formation stage of FBs using varying
parameters to test our model. We first compared the energy input from foreshock ions with the kinetic energy
gain of solar wind ions in the solar wind rest frame. Figure 2 shows the integral of j - E over space and time for
solar wind ions (blue dashed) and foreshock ions (red dashed) compared with the kinetic energy of solar wind
ions (blue solid) in the solar wind rest frame. In Figure 2, most of the energy input goes to the kinetic energy of
solar wind ions, especially during the earlier time. Therefore, the first-order energy budget equation in our model
is acceptable. (We notice that the solar wind ion energy gain is slightly larger than the foreshock ion energy input,
probably because the solar wind rest frame is not perfect. This does not necessarily mean that there is energy
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expansion speed V., is linearly correlated with foreshock ion parameters
n/no, Vrag, and v, consistent with Equation 2. Our simulations also show that

Vexp is linearly correlated with sin%a (a possible reason of 125/180 could be

that the magnetic field modification by the formed EB,makes foreshock ions
experience only a portion of the initial shear angle). This suggests that the

factor fin Equation 2 has a weak dependence on the magnetic shear angle (in

4 5 6 7 8 9 10 this particular simulation setup).
Time [szi]
Based on these simulation results, we rewrite ‘Equation 2 as
Figure 2. Comparison of solar wind kinetic energy (blue solid line), solar Vewp = n <(AVFAB + BV, cos B)Sinﬁtx +Cv, \QAY— D, where A, B,
wind (blue dashed line), and foreshock j - E (red dashed line) integrated over "o 180

space and time in the solar wind rest frame from an example simulation of a

C, and D are factors to be fitted. We first assume that the four factors are

TD-driven foreshock bubbles (FBs) in Vu et al. (2022b). The time unit is one ~ constant in time. By using 45 simulation runs at times between ¢ = 4 and
over ion gyrofrequency, Q;!, which corresponds to ~2.1 s in the simulation. =8 Q" and the linear regression method, we determine the four factors to

be 0.205, —0.303, 0.338, and —0.817, respectively, with a root mean squared
error of 0.264. We thus@btain

Voo = 2 ((0205V a5 — 0.303¥eos Osin T-Sah 0,338V )@, Ar — 0817V, @
0

The physical meaning of the negative factor B i§ that our model is derived in the solar wind rest frame, but the
simulations (and real observations) measwe EBs at a fixed distance from the bow shock (bow shock rest frame).
As an FB convects antisunward infthe bowishock/rest frame, the simulation measures different parts of the FB
along the sunward direction. Because foreshock transients are typically stronger closer to the bow shock (e.g., Liu
et al., 2020c; Vu et al., 2022a; Wang et al},2020), faster Vy,, causes earlier measurements at weaker parts leading
to smaller V,,, at a fixed time. Thus, the negative factor B is a simplified way to include this negative contribution
from the solar wind speeddn,our ID.aiodel. We refer this negative contribution as convection effect in short.

The physical meaning ofithe negative factor D is that there could be minimum thresholds of the foreshock ion
parameters to initiate the expansion. Possible explanations of the thresholds could include: ¥, needs to be large
enough so that the foreshock ions can cross and interact with TDs; V45 should be fast enough so that the formed
FB can extend to the given measurement position at a certain time. Requiring V., > 0 might provide a quantified
formation criterion.

Figire 3‘compares the simulated (vertical axis) and modeled (horizonal axis) expansion speed from Equation 4
when the corresponding parameters are varied at 1 = 6 Q;'. Figures 3a-3c and 3e show that when the fore-
shock fon"parameters and the shear angle are varied, respectively, the slope between the simulated speed and
the modeled speed is close to 1 with a relatively small intercept. The slope is poor for the solar wind speed
(Figure 3d) because the convection effect is not well described in our simplified 1D model. Overall, Equation 4
describes the linear dependences of these parameters well.

Next, we determine the time dependence. Figure 3f shows that the slopes in Figures 3a-3e increase with time,

suggesting that Q;Ar in Equation 4 underestimates the time dependence. To determine the time dependence, we

fit Equation 2 in the form of V,,, = = <(A’VFAB + B’V cos 0)sin%a + Clul> — D’ through linear regression
no

at each simulation time from ¢ = 1 to r = 10 Q. Figure 4 shows the four fitted factors at each time; the solid lines
are the fitted time dependence. We thus rewrite the equation as

Visp= nl ((0.064(9,-Az)'-5‘ Viap—0.076(Q: A"V, cos 0) sin%oﬁ 0.041(Qi Aty P v, ) -0.011(QAN*  (5)
0

To explain such time dependence, we find from a hybrid simulation case study that the foreshock ion density n
at a fixed position inside FB cores increases roughly linearly with time (as field strength decreases in the core,
more and more foreshock ions can enter). Thus, the time integral can result in (Q:Af)%, which can explain the time

dependence of C’, but not of A’ and B’, which roughly follow (€;At)". This slower time dependence of A’ and B’
is likely because the projection of foreshock ion initial parallel motion contributes more at a position with larger
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