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Shock parameter calculations at weak interplanetary shock waves
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Abstract. A large set of interplanetary shock waves observedfor a particular event seen in spacecraft data to be described
using the Ulysses spacecraft is analysed in order to determinas a shock wave. This theoretical shock structure consists
their local parameters. For the first time a detailed analysisof an increase in magnetic field magnitude and deflection
is extended to the thermodynamic properties of a large numef the magnetic field away from the shock normal, in the
ber of events. The intention is to relate the shock parameterforward direction, for the much more commonly observed
to the requirements set by MHD shock theory. A uniform fast mode shock. In the case of slow mode shocks, pass-
approach is adopted in the selection of up and downstrearmg from upstream to downstream, the magnetic field magni-
regions for this analysis and applied to all the shock wavestude decreases and the field bends towards the shock normal
Initially, the general case of a 3 component adiabatic plasmalirection. In both cases, in the shock stationary normal in-
is considered. However, the calculation of magnetosonic anatidence frame of reference, the plasma velocity falls from
Alfv énic Mach numbers and the ratio of downstream to up-above to below the relevant linear wave speed and also the
stream entropy produce some unexpected results. In som@asma entropy increases. This entropy increase is caused by
cases there is no clear increase in entropy across the shoe irreversible compression (increase in plasma density) and
and also the magnetosonic Mach number can be less than heating of the plasma. These conditions can be expressed in
It is found that a more discerning use of data along with anterms of shock parameters which require the use of both mag-
empirical value for the polytropic index can raise the distri- netic and plasma data measured in situ by spacecraft exper-
bution of downstream to upstream entropy ratios to a moradments. In an ideal MHD case the plasma regions on either
acceptable level. However, it is also realised that many ofside of the shock wave are well defined, equilibrium states.
these shocks are at the very weakest end of the spectrum arithis is generally not the case when shock waves are observed
associated phenomena may also contribute to the explanatian their natural environment.

of these results. .
Strong shock waves, such as the Earth’'s bow shock with

Key words. Interplanetary physics (Interplanetary shocks, g typical magnetosonic Mach number of 8, are observed to
discontinuities) have clear temperature and density structure, although the
magnetic field is subject to more perturbing fluctuations.

Weak interplanetary shocks with magnetosonic Mach num-
bers in the range of 1-4 often have less clear plasma sig-
natures and again, the magnetic field can contain large dis-

Around the time of the first identification of a collisionless turbances. To gain a proper understanding of these weaker
shock wave in the heliosphere ISonett et al(1964 the events both shock induced fluctuations, caused by dissipa-
actual existence of shock waves supporting dissipation witHion effects leaking from the thin dissipation layer, and con-
no collisions was in question. The many observations ofStantly arising solar wind fluctuations must be taken into con-
shock waves by various spacecraft, in the following yearssider.ation. The sel_ection of up and downstrc_—zam regions for
confirmed the presence of the shocks in space and revealétf® in the calculation of shock parameters is a long stand-
a whole spectrum of different shock structures. These disiNg Problem. This problem has been confronted in connec-
continuous structures varied from the strong planetary bowfion with the calculation of 3, on several occasions where it
shocks to the weak and sometimes debatable interplanetafy the higher time resolution magnetic field data that has al-
shock waves. The theoretical foundation for these magnetolowed for the flexibility to carry out the investigatiorShao
hydrodynamic shock waves was provided diy Hoffmann ~ @nd Hsieh1984 Hsieh and Richterl986 Liu et al, 1996

and Teller(1950, who extended the existing fluid theory to GOnZles-Esparza and BalogB001 Another problem is
accommodate a magnetised plasma. The MHD shock wav&onnected with the determination of plasma parameters and

description sets out clear conditions that must be satisfiegPecifically temperatures near shock waves. This can be par-
ticularly difficult in the outer heliosphere in cold plasma con-

Correspondence tal. M. Gloag ditions where care must be taken to use appropriate parame-
(jonathan.gloag@imperial.ac.uk) ter values.
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0.4 ; 2 Data analysis

0351 E /\/\/\ The shock waves used in this work are present on the
0.3 i \
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Ulysses shock list (private communication, R. J. Forsyth
and J. T. Goslinghttp://www.imperial.ac.uk/research/spat/

np / pts cm

0.25
‘ ‘ ‘ research/ulysses/shocklist)tkietween August 1996 and the
15.8 16 16.2 16.4 16.6 end of 1999. During this period of time Ulysses passed from
x10 : : : above to below the ecliptic plane at the furthest point from
~ T — the Sun on its polar orbit. Since Ulysses swung by Jupiter
in 1992 it has been in an orbit which is inclined 79td the
ecliptic plane and has a period of 6.2 years. For shocks to
appear on the shock list a discontinuous change in the mag-
‘ ‘ netic field magnitude must be observed to occur over a few
15.8 16 16.2 16.4 16.6 seconds of data. There must also be a corresponding heat-
500 ‘ ing, compression and change in bulk velocity of the plasma.
The changes in the plasma parameters cannot be observed
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‘E 4801 E _ to occur over the same time scale as the magnetic parameters

2 ! due to the lower time resolution of the plasma measurements.

>40r ! Plasma parameters are generated every 4 or 8 min (Bame et
240 ‘ al., 1992) compared to either 1 or 2 sec (Balogh et al., 1992)

for the magnetometer data. The difficulties encountered due
25 to these data time resolutions have been faced in a previous
study of interplanetary shocks observed by Ulysses between
1990 and 1993 (Balogh et al., 1995). The low values
and low Mach numbers, some of which were calculated to
be less than 1, already demonstrate in this previous work
w w w w w that these interplanetary shocks under consideration are weak
15.8 16 Timlszhours 16.4 16.6 structures.
The size of the up and downstream regions to be used in
Fig. 1. Example lowrgz shock occurring on day 128, 1998 show- the calculation of the shock parameters for this study is in-
ing proton density (top panel), proton temperature (2nd panel), profluenced to some extent by the resolution of the plasma data.
ton bulk velocity (3rd panel) and magnetic field magnitude (bottom For magnetic parameters, 10 min of data are used on either
panel). side of the shocks and 2 plasma data points are used regard-
less of the time resolution, in order to define a representa-
tive plasma state. The magnetic parameters calculated in
this work aredp,, the angle between the shock normal vec-
tor and the upstream magnetic fieldgn, the angle between
In this study over 100 interplanetary shock waves arethe shock normal and the downstream magnetic fieldygnd
analysed, all of which have been observed by the Ulyssesvhich is the ratio of downstream to upstream magnetic field
spacecraft between 1996 and 1999. The analysis consists ofiagnitude. The shock normal and therefégg anddgqgn are
applying a set of up and downstream regions to all the shocksalculated using the magnetic coplanarity theor@ullgurn
methodically in order to calculate their local shock parame-and Sonetft1966. Following on from a statistical approach
ters. The size of the plasma regions have been chosen asta calculatedg, (Gonzlez-Esparzal995, it is found that
compromise so as not to be dominated by fluctuations profor the purposes of this study, the use of averaged 10-min
duced by the shock but also to minimise the inclusion of so-up and downstream regions is adequate. Figures 1 and 2 are
lar wind fluctuations. These shock parameters are then comexample shocks with low and higty values, respectively.
pared to the conditions set by the theory. It is found thatThese two figures demonstrate the difference in time resolu-
the agreement of some of the shock parameters with the theion between the magnetic and plasma data. It is also appar-
ory depends specifically on the choice of data used in theent that, although in both the weak and strong case the mag-
analysis and on assumptions made about the thermodynamitetic shock signature is clear, the plasma transition is much
properties of the solar wind plasma. The choice of data thatess distinct in the low g case. Parameter calculations that
can be used for the analysis is related to the difficulties ofrequire the use of plasma data are &lfivand magnetosonic
calculating the plasma temperature in a collisionless plasmaviach numbers and the ratio of downstream to upstream en-
The discrepancy between the analysis and theory is partly atropy. The Mach numbers are the ratio of plasma velocity
expression of the fact that the events used here are weak ine a particular linear wave speed in a stationary reference
terplanetary shocks and in some cases at the extreme wedkame normal to the shock front. The shock velocities needed
end of the spectrum. to determine these Mach numbers are calculated using the
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Fig. 2. Example highrp shock occurring on day 146, 1999 show- Fig. 3. Magnetic parameters for all shock waves considered in this

ing proton density (top panel), proton temperature (2nd panel), prosurvey using 10-min averaged data for up and downstream regions

ton bulk velocity (3rd panel) and magnetic field magnitude (bottom and using the magnetic coplanarity method. Top panel: Histogram

panel). of 6, values. Middle panel: Histogram efthe magnetic deflec-
tions. Bottom panel: Histogram of magnetic compressions.

Smith and Burton methodfnith and Burton1988. Equa-

tion (1) (below) is used to check for entropy increases across . . -
the éh)o(ck wa\zes. The right-hand side ided by the left-oNOCks. For instanc&ichter et al(1989 used a similar ex-
hand side of Eq. (1) gives the downstream to upstream rati ression to Eq. (1) for precisely this use. Previously to this

of the entropy argument. The entropy for a particular plasm hao(1973 used a two-component plasma expression with
Py arg ' by P P athe added simplifying condition of quasi-neutrality in an in-

_1_
state is actually proportional i@ @ but in this work  vestigation of nonlinear wave steepening in the solar wind.

the argument of this expression is used. Equation (1) is writ- The calculation of the previously described shock param-
ten for a three-component plasma consisting of protons, subeters has shown that in every case the magnetic parameters
script p, alpha particlesy and electrons, e.T andn are  agree with the predictions set out by the theory. More pre-
the temperature and number density for each of the particl€isely this means that magnetic field deflections are in the
species ang is the ratio of specific heat capacities. The correct direction andp values are in the expected ranges for

Subscripts u and d refer to the up and downstream regionJ’aSt and slow mode ShOCkS, as set out in the Introduction.
respectively. Figure 3 shows histograms 6§, values, deflections;, and

magnetic compressions for all the shock waves under consid-
npdTpa + NeaTea + naaTad Npd + Ned + naa " eration. The magnetic deflections are calculated as the differ-
= ( ) (1) ence betweefigg, andédp,. The histogram oz, values in

the top panel shows that there are more quasi-perpendicular
Entropy calculations at shock waves have received only ashock waves than quasi-parallel shock waves which would
small amount of attention in the past. In fact, the assump-be expected at the kind of distances from the Sun where
tion that entropy increases at shocks measured in this waylysses is found. The middle panel shows that all but three
has featured as a test in the identification of possible slowevents have positive deflections. This result when taken with

NpuTpy + NewTew + Ny Ty Npy + Neyw + Nau
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Fig. 4. These results are obtained using 2-plasma point up and-ig. 5. These results are obtained using 1-h up and downstream data
downstream data periods for a 3-component plasmayaﬂg. Top periods for a 3-component plasma @nd% Top panel shows the
panel shows the entropy ratio againgt, middle panel the mag- entropy ratio againstg, middle panel the magnetosonic Mach num-
netosonic Mach number againg§, and bottom panel the Alén ber againstg, and bottom panel the Alen Mach number against
Mach number againstg. In all cases filled circles have entropy rg. Filled circles have entropy increases and open circles have en-
increases and open circles have entropy decreases. tropy decreases.

the histogram of magnetic compression ratios in the bottonfémperature of the: particles is not derived directly from
panel of Fig. 3 shows that all but three events are fast modéh€ distribution functions and does not appear in the plasma
shock waves. The three exceptions which each have neglata. The empirical relatiod,=3.97), is used here for the
ative deflections ands values less than 1 are three slow @ particle temperature and this was determined.ioyet al.
shock candidates. Although the calculated magnetic param(1999- The most striking result from Fig. 4 is that over 50%
eters agree with the theory, it is found that some shock wave8f the shock waves appear to have entropy decreases across
appear not to follow the expected results in terms of Machtheir boundaries which makes this result difficult to accept.
numbers and entropy ratios. Figure 4 demonstrates these un- Given the fact that the entropy is expected to increase from
expected results where entropy calculations have been made to downstream at all shock waves, the next step in the in-
using data for a three-component plasma and assumi@ vestigation is to try and find the source of the apparent en-
The proton temperatures used in this case are the averadmpy decrease problem. It is possible that the 10-min up and
of the two temperatures present in the SWOOPS data whicldownstream regions which have been found to be suitable to
are determined in different ways and in general bracket theanalyse interplanetary shock waves in terms of magnetic pa-
true proton temperature. The method that tends to overesameters are too short for the plasma parameter analysis. If
timate the proton temperature is the integral over all energythis is the case then the entropy increase at these shock waves
channels and angular bins of the three-dimensional velocitymay only be visible over longer periods of time. To investi-
distribution space. The alternative method uses the radiafjate this possibility entropy ratios have been calculated us-
component of the temperature tensor for which the calcu-ing 1-h up and downstream regions. These calculations have
lation involves summing over angular bins at fixed energyagain been done using the average of the two proton temper-
and this tends to underestimate the proton temperature. Thature estimations, assuming an up and downstream adiabatic
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plasma withy:% and for a three component plasma. The
resulting entropy ratios are shown in Fig. 5 and it can be seen
from this that the longer up and downstream periods do not
resolve this entropy problem.

It has been found by looking at electron temperatures
across the shock waves that in many cases the electrons do
not behave as predicted in that they do not heat adiabatically.
Considering purely the electron heating expected from adi-
abatic compression, there are 75 events which do not attain
a high enough downstream temperature to be within 10% of 4 s
the expected value. The electron temperature expected to be . .
attained from conservation of the magnetic moment is not ] .
achieved to within 10% in 103 cases. In fact, in 39 of the
shocks which are calculated to have entropy decreases, the
electrons appear to cool. It is important to note that the so- 14
lar wind conditions encountered by Ulysses during the pe- . °
riod being considered in this paper may not always lead to
completely reliable electron parameters (private communi-
cation, B. Goldstein, JPL, 13 March 2001). Another factor 10 s
which could affect these results is the choiceyof Totten | . .
and Freemar{1995 have shown that a value closer to 1.5
may be more appropriate for the solar wind. This value for <
y was calculated empirically using Helios 1 data. Finally,
due to the higher energy resolution of the instrument from
which data is used to determine proton temperatures, as op-
posed to the angular resolution, the radial temperatures may
be closer to the true proton temperature (private communica- ;
tion, J. Gosling, LANL, 21 May 2001). The radial tempera- 5

tures correspond to the lower of the two proton temperature?:i . . i .
. . . g. 6. These results are obtained using 2-plasma point up and

previously mentioned which were used together'to t;alculatedownstrearn data periods, using only proton data;aad.5. Top
the average temperature to produce the results in Fig. 4. Wgane| shows the entropy ratio againgt, middle panel the mag-
have recalculated the shock parameters using only protoRetosonic Mach number againss, and bottom panel the Aln
data,y=1.5 and radial proton temperatures. These resultSviach number against;. Filled circles have entropy increases and
are shown in Fig. 6 and show that in this case most of theopen circles have entropy decreases.
shocks now have entropy increases with only 14 shocks just
below the boundary.

It has been shown that by careful selection of data the numbetter describe the plasma state in the regions local to shock
ber of shock waves failing the entropy test for a shock wavewaves. Values foy of 2 (Chao and Wiskercheri974 or
can be minimised. Although using the empirical value of 3 (Papadopoulgsl985 have been theoretically justified but
y=1.5 increases the number of shock waves which are calthe consequence of applying these to the data would be many
culated to have entropy increases across their boundaries, finore shock waves appearing to have entropy decreases.
is not clear that this is the correct thing to do from a physical An explanation for the calculated entropy decreases at
point of view. The difference between the empirical value of some interplanetary shock waves could be envisaged if some
y and the adiabatic value can be explained by a heating efaspect of the shock structure could be shown to be extended
fect which has a measurable presence in the solar wind. Ashrough space. In this case the free energy injected into the
the solar wind expands through the heliosphere it cools aplasma at the shock wave boundary may not be completely
well. However, the cooling is less than that expected fromthermalised immediately. This would result in lower than
adiabatic expansion due to an electron heat flux which isexpected downstream temperatures and the effects should
explained by a hot population of electrons streaming alongbe visible in some aspect of the spacecraft observations.
the heliospheric magnetic field lines directly from the coronaThe magnetic field data, and to a lesser extent the plasma
(Gosling et al, 1973 Totten and Freema995. These pro-  data, generally show a relatively sharp boundary between up-
cesses explain the properties of the solar wind plasma on atream and downstream states. However, a signature which
large heliospheric scale. This understanding allows us to reeften extends for hours into the downstream region can be
alise that the empirical value of is not appropriate in the seen in high frequency electrostatic field fluctuations. These
case of shock wave studies and that a value is needed thatasma waves which are detected by the URAP instrument
reflects properties of the plasma local to a shock wave. Fronon Ulysses tend to be in the frequency range 1-50 kHz and
a theoretical point of view larger values pfare thought to  are a striking feature in daily dynamic spectra.
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Fig. 7. Magnetic field variance in 3 components and magnitude (4. ) .
panels) using bins of 60's of data for shock on day 326, 1996. Thdn both cases although for the quasi-perpendicular shock the

three components are in the standard heliospheric r, t, n coordinatBuctuations are almost all in the three-magnetic field compo-
system. nents, whereas for the quasi-parallel shock the fluctuations

are in the magnetic field magnitude as well. In the case of

006 the quasi-parallel shock there is also increased variance in a

o 004 short region just upstream of the shock which is an expected
3 o002y /\M feature of this magnetic field geometry. The analysis has also
O om0 1525 1550 1575 1600 1625 1os0 1075 been performed for a quasi-parallel and quasi-perpendicular
Z oo ] weak shock but in both cases the increase in variance is
E 0.02 W mainly confined to the shock transition itself. The magnetic
0.00 i H i
500 1505 1550 1575 1600 1625 1050 1678 variance analysis has shown that interplanetary shock waves
~ 006 can have an extended effect into a considerable downstream
M 0.04 4 . . .
T oo M region but that this is a property of stronger shock waves.
> 000 This does not provide an insight into the extent of thermali-
15.00 15.25 15.50 15.75 16.00 16.25 16.50 16.75 .
~ 006 sation processes at the weaker shock waves.
% gg‘z‘ JL All the shocks under consideration in this study are rel-
> 000 atively weak events and some are extremely weak. Par-

1900 1525 1550 1575 1600 1625 1650 1675 ticularly in the weakest cases it is possible that the sur-

rounding entropy fluctuations are significant. To demonstrate

Fig. 8. Magnetic field variance in 3 components and magnitude (4the relative importance of these ﬂ,UCtuatlonS' entropy ratios
panels) using bins of 60's of data for shock on day 296, 1997. Th@aye been calculated for consecutive sets of two plasma data
three components are in the standard heliospheric r, t, n coordinat@®ints from 1h upstream to 1h downstream of two shock
system. waves. The first event is a relatively strong shock and the
second is a weaker shock. The results of these calculations
are shown in Fig. 9 as histograms of entropy ratios calcu-
In order to investigate the extent of shock structure in thelated over two-hour periods. It is expected that the entropy
magnetic field data, a variance analysis of several events hag1ange at the shock wave should be clearly distinguished and
been performed. Data regions of 1 h are taken on either sigBigher than the _surrounc_ilng entropy fluctuations. In the left-
of the shock waves and the variance of each component angand panel of Fig. 9, which shows the results for the stronger
magnitude of the magnetic field is calculated using consecShock, the entropy change at the shock transition can clearly
utive 1-min periods of data.  The results of this analysis be seen above the distribution of background fluctuations.
are shown for a relatively strong quasi-parallel and quasi_However, in the right-hand panel, which shows the results for
perpendicular shock in Figs. 7 and 8, respectively. In boththe weaker shock, the entropy change due to the shock tran-
cases, there is a strong increase in the variance of all 3 consition is embedded within the distribution. This shows thatin
ponents and magnitude of the magnetic field at the shockh€ case of the weaker shocks, the background entropy fluc-
transition itself. By comparing the scales of these two vari-tuations are comparable to the entropy change at the shock
ance plots it is clear that the fluctuations in the three com-transition. These results demonstrate the importance of us-
ponents of the quasi-parallel shock are considerably greatdPd 10-min up and downstream periods for the calculation
than in the magnitudes of either shock or the component®f €ntropy across the weaker shock waves, to ensure that the
of the quasi-perpendicular shock. The variance of the mag_calculatlon is not drowned by background fluctuations.
netic field remains at a higher level in the downstream region

Time / hours
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There are other important issues that can contribute tovind. This work has revealed a sensitivity to the data in-
understanding the entropy results. The shock waves bevolved in some of the calculations which reflects both the
ing analysed here are generally weak interplanetary shocksyeak state of some of the events and the difficulties in the
some of which may be in the process of decaying and los-determination of the temperature and further thermodynamic
ing their shock structure. The processes occurring in thes@roperties in these situations.
weaker shocks are not all that well understood and choosing
up and downstream regions may be complicate by the fac
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