Astronomy & Astrophysicenanuscript no. nakwacki' v16final © ESO 2011
September 16, 2011

Dynamical evolution of a magnetic cloud from the Sun to 5.4 AU
M. S. Nakwack}t?, S. Dass63, P. Demoulift, C.H. Mandrin?®, and A.M. Gulisané®

! Instituto de Astronomia, Geofisica e Ciéncias Atmasts, Universidade de S&o Paulo, Brazil e-msdlte@astro.iag.usp.br
2 Instituto de Astronomia y Fisica del Espacio, CONICETAJBrgentina

3 Departamento de Fisica, Facultad de Ciencias Exactasualies, UBA, Argentina

4 Observatoire de Paris, LESIA, UMR 8109 (CNRS), F-92195 MeuBrincipal Cedex, France

5 Facultad de Ciencias Exactas y Naturales, FCEN, UBA, Aigant

Received Accepted
ABSTRACT

Context. Significant quantities of magnetized plasma are transgdrtam the Sun to the interstellar medium via interplanetary
coronal mass ejections (ICMEs). Magnetic clouds (MCs) gparéicular subset of ICMESs, forming large-scale magnetig fbpes.
Their evolution in the solar wind is complex and mainly detered by their own magnetic forces and the interaction wlith t
surrounding solar wind.

Aims. MCs are strongly fiected by the surrounding environment as they evolve in the sdand. We study expansion of MCs,

its consequent decrease in magnetic field intensity and deassity, and the possible evolution of the so-called glatedl-MHD
invariants.

Methods. In this work we analyze the evolution of a particular MC (alveel in March 1998) usingn situ observations made by
two spacecraft approximately aligned with the Sun, the @ingt at 1 AU from the Sun and the second one at 5.4 AU. We describe
the magnetic configuration of the MC usingfdrent models and compute relevant global quantities (megfhexes, helicity and
energy) at both heliodistances. We also track back thiststre to the Sun, in order to find out its solar source.

Results. We find that the flux rope is significantly distorted at 5.4 AWoim the observed decay of magnetic field and mass density,
we quantify how anisotropic is the expansion and the coresgdeformation of the flux rope in favor of a cross sectiorhvein
aspect ratio at 5.4 AU of 1.6 (larger in the direction perpendicular to the radial diatfrom the Sun). We quantify the ideal-MHD
invariants and magnetic energy at both locations, and fiatlitivariants are almost conserved, while the magnetigggraicays as
expected with the expansion rate found.

Conclusions. The use of MHD invariants to link structures at the Sun andnkerplanetary medium is supported by the results of
this multi-spacecraft study. We also conclude that thellditaensionless expansion rate, which is computed from éhecity profile
observed by a single-spacecraft, is very accurate for giadithe evolution of flux ropes in the solar wind.

Key words. Magnetic fields, Magnetohydrodynamics (MHD), Sun: coronass ejections (CMEs), Sun: magnetic fields,
Interplanetary medium

1. Introduction eral noncylindrical models (Hu & Sonnerup, 2001; Vandas &
Romashets, 2002; Démoulin & Dasso, 2009b), all of them be-
Coronal mass ejections (CMESs) are explosive events thredsel ing static. These models are recurrently used tmféitu mag-
energy in the solar atmosphere. The interplanetary copatesr netic field measurements within MCs to reconstruct the whole
of CMEs are solar wind (SW) structures known as interplayetalux rope structure. These techniques have also been tegted b
coronal mass ejections (ICMESs). Among them there is a subgeplacing the observations by the local values found in agrum
called magnetic clouds (MCs), which exhibit a smooth rotati ical simulation, and the output of the models has been coedpar
of the magnetic field direction through a large angle, enkdncto the known original full simulation (Riley et al., 2004)h&
magnetic field strength, low proton temperature and a low presults of these comparisons show that tHesgtu techniques
ton plasma betg3,. MCs are formed by large-scale magnetican reproduce the magnetic structures relatively well when
flux ropes carrying a large amount of magnetic helicity, magpacecratft is crossing the MC near its main axis.
netic flux, and energy away from the Sun. The main character-

o In many cases, MCs present clear characteristics of expan-
istics of these structures have been enumerated by Burlag%ign (e.0. Lepping et al.. 2003, 2008), so several dynarmical
Klein (1980). -g.Lepping o , : y

els have been developed to describe these clouds during thei
Several authors have consider MCs as static flux ropelsservation time. Some of these flux rope models suppose a cir
(see, e.g., Goldstein, 1983; Burlaga, 1988; Lepping et aylar cross-section with only a radial expansion (Farregial.,
1990; Burlaga, 1995; Lynch et al., 2003). Their magneticlfiel 1993; Osherovich et al., 1993b; Farrugia et al., 1997; Shinga
have frequently been modeled using the Lundquist's moddharubashi, 2000; Nakwacki et al., 2008b), while other medel
(Lundquist, 1950), which considers a static and axially synmnclude expansion in both directions, radial and axial (&zu
metric linear force-free magnetic configuration. Many @éieins & Vandas, 2002; Berdichevsky et al., 2003; Démoulin & Dasso
from this model have also been studied: e.g., nonlinearefor2009a; Nakwacki et al., 2008a). A dynamical model with an el-
free fields (Farrugia et al., 1999), nonforce-free fields {an liptical shape has been derived by Hidalgo (2003), while d@ho
et al., 1999b; Hidalgo et al., 2002; Cid et al., 2002), and sesf the expansion with an anisotropic self-similar expansio
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three orthogonal directions was worked out by Démoulinlet &t al., 2005a; Leitner et al., 2007; Gulisano et al., 2010 w
(2008). possible bias coming from the selection of MCs witlffelient
From single-spacecraft observations we cannot dirediy in properties. Another application of line-up spacecrafoigdérive
the global structure of the flux ropes and their evolutiootiygh the evolution of global magnetohydrodynamic (MHD) quanti-
the interplanetary medium because they are one single loeintties, such as magnetic flux and magnetic helicity (Dasso9200
cal measurements. Several strategies are used to deriggmor They are the main quantities for testing whether the flux rope
formation on MCs with multi-spacecraft data, as follows. simply expands or if a significant part reconnects with the SW
With two spacecraft located at a similar distance from tHéeld. These global quantities permit also a quantitatin& to
Sun and separated by a distance close to that of the crassrsedhe related solar event (Mandrini et al., 2005; Luoni et2005;
of the encountered flux rope, in situ observations provida dé&rodriguez et al., 2008), and set constraints on the physieah-
at different parts of the flux rope, which are bareffeated by anism of the associated CME launch (Webb et al., 2000; Attril
its evolution. This is used to test the technique by comjguitie et al., 2006; Qiu et al., 2007).
magnetic field in the cross section from the data of one space- In this paper we further analyze the evolution of an MC
craft andor to have a more accurate reconstruction of the magbserved at two dlierent heliodistances, 1 and 5.4 AU (Skoug
netic field (Mulligan & Russell, 2001; Liu et al., 2008; Kilpu et al., 2000; Du et al., 2007). This MC was selected becaise th
et al., 2009; Mostl et al., 2009). is to our knowledge the best line-up observations of an MC be-
When the two spacecraft positions are viewed from the Stween ACE and Ulysses spacecraft. The observations are sum-
with a significant angle, typically in the interval [18C°], one marized in Section 2. The velocity and magnetic models used
can usually derive an estimation of the extension of the fiyper to complement the observations are described in Sectiohi8. T
or, at least, an estimation of the extension of the pertiobat spacecraftline-up is an opportunity to follow the evolataf the
(e.g. the front shock) induced by the propagation of the flflux rope and, in particular, the global MHD quantities sush a
rope in the interplanetary medium (Cane et al., 1997; Matlig magnetic helicity and flux (Section 4). We relate this MC ® it
& Russell, 2001; Reisenfeld et al., 2003). A larger number sblar source in Section 5. This complements our undersigndi
spacecraft permits constraining the evolving magnetiectire  of the magnetic field evolution. Finally, we discuss our tessu
more, such as in the case analyzed by Burlaga et al. (198d). Sand conclude in Section 6.
studies have been extended to cases where the spacecraft are
separated well in solar distance with one spacecraft nedh Ea i
and the other one at a few AUs (Hammond et al., 1995; Goslidg Observations
et al., 1995; Liu et al., 2006; Foullon et al., 2007; Rodrigue, 1 |nstruments and spacecraft
et al., 2008). They show that large MGEMES have large-scale
effects on the heliosphere (e.g. both at low and high latitudes)\Ve analyzed data sets for SW plasma and magnetic field from
When the two spacecraft are separated by spatial scalesA§#E and Ulysses spacecraft. We used the Magnetic Field
the order of one or several AUs, the above analysis shoutd tdixperiment (MAG, Smith et al., 1998) with a temporal ca-
the evolution of the MC with solar distance into account.sThidence of 16 seconds and the Solar Wind Electron Proton Alpha
also implies a more dicult association of thén situ observa- Monitor (SWEPAM, McComas et al., 1998) with a temporal ca-
tions on both spacecraft. Numerical simulations are thefulis dence of 64 seconds for ACE spacecraft. For Ulysses spdcecra
tools for checking whether the events observed on each spateé used Vector Helium Magnetometer (VHM, Balogh et al.,
craft are in fact a unique event (e.g., Riley et al., 2003)c8i 1992) for magnetic field observations with a temporal cadenc
MCs are moving mostly radially away from the Sun, the reef 1 second and Solar Wind Observations Over the Poles of the
dial alignment (line-up) of two spacecraft is a major oppoSun (SWOOPS, Bame et al., 1992) for plasma observations with
tunity to study the radial evolution of an MC, as the MC i& temporal cadence of 4 minutes.
crossed at a similar location by the two spacecraft. However When the MC passed through Earth (March 5, 1998) ACE
it is not common to find events observed by two nearly radiallyas located at 1 AU in the ecliptic plane and in a longitude
aligned spacecraft. One case was observed by Helios-1s2 clef 164 in the solar ecliptic (SE) coordinate system. When the
to 1 AU and later by Voyager-1,2 at 2 AU, with an angular segloud was observed by Ulysses (March 25, 1998), this spaftecr
aration from the Sun of about 1@resp. 23) between Helios- Was located at 5.4 AU from the Sun and very near the ecliptic
1 (resp. Helios-2) and both Voyager-1,2 (Burlaga et al.,1198plane; in particular, it was at a latitude of and at a longitude
Osherovich et al., 1993a). A second case was observed by Waid58'in the SE system. Thus, the position of both spacecraft
and NEAR spacecraft with an angular separation from the Sgiffers in 2 for latitude and in 6 for longitude (Skoug et al.,
of about 2 and a ratio of solar distances of 1.2 (Mulligan et al2000; Du et al., 2007). This angular separation corresptmés
1999a). A third case was observed by ACE and NEAR spacgparation distance (perpendicular to the radial diradtothe
craft with an angular separation from the Sun of abduard a Sun) of~ 0.6 AU at the location of Ulysses. This very good
ratio of solar distances of 1.8 (Mulligan et al., 2001). Hipaa  alignment between the Sun and both points of observatidmeof t
fourth case was observed by ACE and Ulysses spacecraft wieine object gives us a unique opportunity to observe the same
an angular separation from the Sun of aboutfd a ratio of MC at two diferent evolution stages in the heliosphere.
solar distances of 5.4 (Skoug et al., 2000; Du et al., 20075 T
last case has the advantage of a larger radial separatitimatso
the evolution has a strongeffect. This is the MC selected for a
deeper study in this paper. We analyze ACE data in Geocentric Solar Ecliptic (GSE) sys-
From thein situ data at diferent solar distances of the saméem of referenceXsse, Yose, Zese), WhereXgse points from
MC, one can directly infer the evolution of the magnetic fielthe Earth toward the Suficse is in the ecliptic plane and in the
and plasma quantities. Such radial evolution is otherwisd-a direction opposite to the planetary motion, aide points to
able only from a statistic analysis of a large number of MCs okhe north pole. However, Ulysses data are provided in thie hel
served individually at various distances (Liu et al., 200&ng ographic Radial Tangential Normal (RTN) system of refeeenc

2.2. Coordinate systems
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(R, T, N), in which R points from the Sun to the spacecraft, 3. Modeling the magnetic cloud evolution
the cross product of the Sun’s rotation unit vectd) (ith R, 3.1. Self-similar expansion
andN completes the righthanded system (e.g., Franz & Harper;”
2002). The evolution of an MC can be described with the model devel-
oped by Démoulin et al. (2008). Based on previous obsemati
To accurately compare the observations of vector quasititi@nd theoretical considerations, a few basic hypothesigae
made from both spacecraft and the orientation of the flux epeduced in this model. First, the MC dynamical evolution istspl
both locations, we rotated all the vectorial data from Uégsto  into two different motions: (i) a global one describing the posi-
the local GSE system of ACE (when this spacecraftis at the cldion rem(t) = D(t)Vcm of the center of mass (CM) with respect
est approach distance of the MC axis). We describe this-traf@a fixed heliospheric frame and (i) an internal expansibene
formation of coordinates in Appendix A. This permits magnetthe elements of fluid are described with respect to the CMdtam
field components to be compared in the same frame (Figs. 1 3§cond, during the spacecraft crossing of the MC, the mafion

as well as the orientation of the MC at both positions. the MC center is approximately a uniformly accelerated oroti
and thus

We next define a local system of coordinates linked to t
cloud (i.e., the cloud frame, Lepping et al., 1990) in orddve:t-
ter understand the cloud properties and to compare thesesul
both positions (such as the axaimuthal magnetic flux). The
local axis direction of the MC defin&goug (With B, cioug > 0).

h[‘?(t) = Do + Vo(t — to) + a(t — to)?/2. (1)

Third, the cloud coordinate systemybud, Yeioud, Zaoud) defines
the three principal directions of expansion. Fourth, thpagx

sion of the flux rope is self-similar with fierent expansion rates

Since the speed of the cloud is mainly in the Sun-Earth dirég-o 0 of the three cloud's main axes. In the CM frame, this as
tion and is much higher tha_ln the spacec’raft spee_d, V‘{h'Ch‘E"jmslamption implies that the position(t), of a element of fluid is
supposed to be at rest during the cloud’s observing time,swve fescribed by

sume a rectilinear spacecraft trajectory in the cloud franne

trajectory defines a direction, so we takejcioua in the direc- r(t) = x(t) Raoud + Y(t) Yeioud + Z(t) Zcioud (2)
tion Zgougx d andX¢oug cOmpletes the right-handed orthonormal ~ _ %o &(t) Reloud + Yo T (1) Veloud + 20 (1) Zetoud (3)
base Kcloudv 9C|0Uda 2clcgud)- Thusa B><,c|0udy By,clouda and Bzcloud are oo o oo

the components d8 in this new base. wherex(t), y(t), andz(t) are the fluid coordinates from the CM

reference point at timg and wherexo, yo, andz, are the posi-

The cloud frame is especially useful when the impact paraten coordinates taken at a reference timeThe time functions
eter, p (the minimum distance from the spacecraft to the cloug(t), f(t), andg(t), provide the specific time functions for the
axis), is small compared to the MC radius (calldbelow). In  self-similar evolution. Finally, based on observationgiisfer-
particular, forp = 0 and an MC described using a cylindri-ent MCs at diferent distances from the Sun (e.g., Liu et al.,
cal magnetic configuratiorB(r) = B(r)z + By(r)¢, we have 2005; Wang et al., 2005a; Leitner et al., 2007; Gulisano et al
Keloud = F andYeoud = ¢ after the spacecraft has crossed the M2010), we approximate(t) by the function
axis. In this case and for a cylindrical flux rope, the magneti
field data obtained by the spacecraft will ShdBygoug = 0, a &) = (D(t)/Do)', (4)
large and coherent variation & cioud (With a change of sign),
and an intermediate and coherent variatioBgfious, from low
values at one cloud edge, taking the highest value at itsaas
returning to low values at the other edd {ouq = O is typically
taken as the MC boundary).

and similar expressions fdi(t) and g(t), simply replacing the
exponentl by m and n, respectively, in order to permit an
anisotropic expansion. and proton plasma beg (

From the conservation of mass we model the decay of the
proton density as

One possible procedure for estimating the flux rope oriep- _ | (D/Dg)~+m+) )
tation is the classical minimum variance (MV) method applie P ~ ' P° 0 ’
to the normalized series of magnetic field measurementswitherom the kinematic self-similar expansion proposed befand
the estimated boundaries of the MC (Sonnerup & Cahill, 196 Qs5ming an ideal evolution (i.e., non-dissipative, sd tha
It was extensively used to estimate the orientation of M@g (Smagnetic flux across any material surface is conservedgvie

e.g., Lepping et al., 1990; Bothmer & Schwenn, 1998; Faerugjytion of the magnetic components advected by the fluid is
et al., 1999; Dasso et al., 2003; Gulisano et al., 2005), &nd i

provides a good orientation estimation wheiis smaller than B, youq = By .cioud,(D/Do) ™™,
R and if the ifout bound magnetic fields are not significantl _ D/De)-(+1 6
asymmetric. Gulisano et al. (2007) have tested the MV usingyBa’CIOUd = By.ciou(D/Do) ’ 6)
static cylindrical Lundquist's solution. They find a devtat of  Bycioud = Bzcloua,(D/Do) ™.

the axis orientation from the model of typically &r p being

30% ofR. This deviation remains below 26or pas highas 90%  With the above hypothesis and neglecting the evolution of
of R. Another method of finding the MC orientation is called sithe spacecraft position during the MC observation, the vlese
multaneous fitting (SF). It minimizes a residual functiomigh Vvelocity profile {/y) along the direction’cw of the center of
takes the distance into account between the observed time@ss velocity is expected to be (Démoulin et al., 2008)
ries of the magnetic field and a theoretical expression aunta t—to

several free parameters, which include the angles for the filv, = -V -a(t —to) + Voo —— (7)
rope orientation and some physical parameters associated w Do/Vo +1~1o

the physical model assumed for the magnetic configuration in vg

the cloud (e.g. Hidalgo et al., 2002; Dasso et al., 2003). ~ —Vo + D—Of(t —to), 8
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wherey is the angle betweelo,g andicy, and 3.3. Global magnetic quantities using the Lundquist model

Quantification of global magnetic quantities, such as the so
called ideal-MHD invariants, has been very useful for corimga

) ) ) ) and associating MCs and their solar sources (see, e.g., iMand
For typical values of MCs we can linearize Eq. (7Xinto and et al., 2005; Dasso et al., 2005b; Dasso, 2009). These MHD in-

neglect the acceleraticn(Démoulin et al., 2008). This implies variants are computed using a specific model of the MC mag-
that the slope of the observed linear velocity profile presid netic configuration (Section 3.2).

information on the expansion rate of the flux rope in the two For the Lundquist’s solution, the axial flux is
combined directionsXeoug and Zgoug (Since involves bothl

¢ =lsinfy+ncosy. (9)

R
B
andn). Fytund = 2 f B,rdr = th(aoRo);—I:O, (13)
0
3.2. Magnetic field whereRy is the flux rope radius at a reference titgeThe az-

imuthal flux is
Since MCs have low plasma (a state near to a force-free R
field) and present flux rope signatures, its magnetic conﬁgum Lund = Lf B, dr = (1 - Jo(aoRo))
t@on is generally modeled using the cyIindric_:aI linear iftee ' 0
field B = Bo[Ji(aor)¢ + Jo(aor)2] (Lundquist, 1950). If the \yhereL, is the axial length of the flux rope &t For a flux rope

expansion cofiicients in the three main cloud’s axesni. n)  staying rooted to the Su(t) is typically close to the distance
were significantly dferent, then an initial Lundquist configura+g the SurD(t).

tion would be strongly deformed. However, observationdeft  The relative magnetic helicity is (Dasso et al., 2003;
MC field configuration are approximately consistent withsthiNakwacki et al., 2008b)

magnetic configuration at filerent heliodistances, ranging from R

0.3to 5 AU (e.g., Bothmer & Schwenn, 1998; Leitner et al - B rdr (15)
2007), so that we expect a small anisotropy on the expansiot™ ~ d 0 ABy

along diferent cloud directions (i.el,~ m ~ n). From obser- 23031\ LoB2RZ

vations of diferent MCs at significantly éierent heliodistances L) 00T
(Wang et al., 2005b; Leitner et al., 2007) and from obseowesti aoRo ao

of the velocity profile slope from single satellite obseas  The magnetic energy contentis not an invariantin MCs. To-com
(Démoulin et al., 2008; Gulisano et al., 2010), it has beemtl  te its decay rate, we simplify and assume that the MC expan-
that{ ~ 0.8. Since/ is a combination of andn, which depends sjon s isotropic withe(t) = f(t) = g(t). Then, the magnetic

ony for each cloud, a systematicftéirence o andnwould be  energy £, ) is computed as (Nakwacki et al., 2008b)
detected in a set of MCs with variablengle. Such a systematic

BolLo

—7
@0

(14)

21 (Jg +J2 - (16)

variation ofl andn with y was not found. ELung(t) = 2nL R B2y dr
The kinematic self-similar expansion given in the previousLund © 2u0 Jo
section combined with a non-dissipative regime, as expéote 2
space plasmas, provide a prediction for the observed miagnet - T (JS +J2 — JOJl) LoBoRs _ Evuna(to) . (@17
configuration during the transit of the MC. Then, assuming an &(t) @Ro/ o &)
initial Lur_ldquist configuration, the observations are med@s wherey is the magnetic permeability. Thus, for the isotropic
(Démoulin et al., 2008) expansion, the magnetic energy decays with time(®s’. In
5 the case of a small anisotropic expansion, a similar decey-is
_ p 0 pected.
B t) = ————=J[U(1)], 10
x,cloud() p(t) f(t)g(t) 1[ ()] ( )
Bycoudt) = Ve(t - EE)) siny e(t|)30(t) H[U®], (11) 3.4. Global magnetic quantities using the direct method
B P g We define below a method of estimating the global magnetic
Boioudt) = e~ Jo[U(D)], (12) quantities directly from the observations. This methodiasss
e(t) f(H) first that the cross section is circular, second that thesyns-
metry of translation oB along the main axis of the flux rope,
and proton plasma betg@), whereU(t) = %, p() = and finally that the impact parameter is low (Bp ~ +By
e+ 1) andr ~ x). We also separate the time range covered by the

V(Ve(t - tc) siny)? + p?, By is the strength of the magnetic field cloud in two branches and proton plasma betg) (the in-
andao/2 is the twist of the magnetic field lines near the centeoundoutbound branches corresponding to the data beffiee
at timet = t.. By construction of the self-similar expansion, thishe closest approach distance to the flux rope axis,espe
magnetic field is divergence-free at any time. Dasso et al., 2005a), and we consider each branch sepaviiely
Equations (10-12) have free parameters that are computedl this method DM-ifDM-out, depending on the branch (in-
by fitting these equations i situ observations, by minimizing boungoutbound) that is used. We define the accumulative mag-
a residual function and quantifying the square of thiéedénce netic fluxes for the axial and azimuthal field componentshén t
between the observed and the predicted values for the magngibound branch as
field components (i.e., a least square fit). This providexriné- X
tion on the observed flux rope, such as its orientation, itsrex F,pm_in(X) = erf B,(X') X'dx’ (18)
sion, and its magnetic flux. We call this method the expansion Xin

fitting (EF) method, and EFI method when isotropy=(m = n X N o
is as%tgme)d. P ) Fyom-in(9 = L [ = By(x)dx’, (19)
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Table 1. Timings (dd, hh:mm UT) of the interfaces for substructure$able 2. Magnetic cloud orientation according to minimum variance

inside the ICME, identified with numbered ticks in Figured.1- and simultaneous fitting.
Tick number Timing-ACE  Timing-Ulysses  Substructure Model Parameter ACE Ulysses
1 04, 11:00 23,13:30 Min. Var 0 12 29
sheath Sim. Fit 0 -1r -1
2 04, 14:30 23, 22:00 Min. Var ) 10r 84
MC inbound Sim. Fit 1) 115 8r
3 05, 07:45 26, 13:00
MC outbound
4 05, 20:30 28, 00:00 back 4.2. Magnetic cloud on ACE
5 06, 02:30 28, 09:00 The definition of the MC boundaries is an important step in the

analysis of an MC since the selected boundaries fisxting

where X;, is the x value at the starting point of the flux ropea" the physical quantities related to the magnetic fielde MC

; boundaries are associated to discontinuities in the majiedtl
and &k = V, dt. Next, fromBy(x) andF,pm-in(X) we obtain an : o .
expression for the magnetic helicity (Dasso et al., 2006) because such discontinuities are formed in general at thiedho

ary of two regions having éfierent magnetic connectivities, such

Keenter as the flux rope and its surrounding medium magneticallyelthk
How-n=2L [ Faomn() By(X) xx. (20) o the SW.

%in The front boundary of MCs is typically better defined than

Finally, the magnetic energy is computed from the direct okhe back (or rear) boundary. Such is the case in the analyzed
servations oB(t) = |B(t)], MC on ACE, where there is a fast forward shock at tick ‘1,
L Kener and a strong discontinuity opg (at tick ‘2’ in Figure 1).

EpM_in = ™ B2(x) xdx. (21) Moreover, the magnetic field in front has a reverse and,

Xin between ticks ‘1" and ‘2’,B is fluctuating, a characteristic of

In an equivalent way, we define the same quantities for the oC sheaths. The density also has a discontinuity and is en-
bound branch. These equations are used to estimate théxe glganced just before tick 2", another characteristic of M@aths.
quantities directly fromin situ observations of the magnetic] hen, the MC front boundary is set at tick 2'. It is worth not-

field, using the components of the field and the integratioi vaind that the shock at tick "1’ was previously identified in \ifin
able ) in the local MC frame. spacecraft data at 11:05 UT as an ICME related shock (see

httpy/pwg.gsfc.nasa.ggwind/currentlistiPS.htm). This inter-
planetary fast forward shock-wave has been recently sliidia
4. Results for the studied MC multi-spacecraft analysis by Koval & Szabo (2010). ForHert
details on the characteristics of shocks and their ideatitia
in the interplanetary medium, see Vinas & Scudder (1986) and
We first describe then situ data of both spacecraft in GSEBerdichevsky et al. (2000).
coordinates (defined at the time of ACE observations, see The back boundary is also set at a discontinuity of the mag-
Appendix A). Figure 1 shows the magnetic field and plasmeetic field. As is typical in MCs, there are several posdibii
ACE observations. The flux rope extends from ticks ‘2’ to ‘4’after 18 UT on March 5 (see Figure 1). Howeveg, and 0g
There, the magnetic field is stronger by a factoB than in the have clear discontinuities, similar but weaker than thatfome,
surrounding SW, and it has a coherent rotation. At ACE pasiti at tick ‘4’. This is confirmed by a discontinuity in the derysit
the velocity profile is almost linear within the MC (Figure. 1) The above boundaries are used to find the orientation of the flu
The density is relatively high, up te 20 cnT3, compared to the rope both with the MV and the SF (Section 2.2). Indeed, the MC
density present in the SW before the MC sheatth cnt3. In  boundaries are better defined in the MC frame since the axial
most of the MC the proton temperature is clearly lower than tland azimuthal field components are separated (Figure 3)eso w
expected temperature in a mean SW with the same speed (Lopeed to determine the MC frame.

& Freeman, 1986; Elliott et al., 2005; Démoulin, 2009)stts a We first use the MV method to find the direction of the MC
classical property of MCs. axis. The MV should be applied only to the flux rope, other-
Figure 2 shows Ulysses observations, in the same formatveise if part of the back is taken into account the directionery
Figure 1. At the Ulysses position, the linear velocity pefd by the MV could be significantly bias (the back region is no
still present before a strong shock on March 26, 22:20 Uk (tidonger part of the flux rope at the observation time, Gulisano

‘S’in Figure 2). The proton temperature is, as typicallyeived et al., 2007). Then, an iteration is needed starting withfitise

in MCs, well below the temperature expected for a typical S\&stimation of the flux-rope boundaries from the data, perfiog

at 5.4 AU from an extrapolation of the empirical law given byhe MV analysis, then plotting the magnetic field in the clooel
Lopez & Freeman (1986). Unlike to ACE, the density is mucbrdinates, and finally checking if the selected back bounisar
lower in the MC than in the SW present before the MC sheath €orrect with the accumulated azimuthal flux (Eq. (19)). Far t
0.1-0.2 cnt2in the MC compared te 0.5—1 cn2in the SW). studied MC on ACE, the orientation found with the MV provides
With mass conservation, this implies that the volume exjpans an almost vanishing accumulated flux at the back boundary se-
rate of the MC is much higher than the SW one. The magnetected above (Figure 3). Then, no iteration is needed, aed th
field observed on Ulysses, has very significantly decreasd wMV provides dependable orientation within the accuracyhef t
respect to the field on ACE (facter20), becoming even weakermethod (Table 2). The low mean value Bf .4 indicates that
than the one presentin the surrounding SW (typically by tofac the impact parameter is small (Figure 3). This implies that t
~ 2). This is consistent with the strong observed decreasearientation found by the MV method couldftiér from the real
density. one by typically 10 (Gulisano et al., 2007).

4.1. Common frame for data from ACE and Ulysses
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Fig. 1. In situ plasma and magnetic field of the ICME observed in March 1998®¥ located atv 1 AU from the Sun. From top to bottom:
absolute value of the magnetic fielB & |B|, in nT), magnetic field vector orientation (GSE): latitudg)(and longitude ¢g), bulk velocity (/,
in km s1) including in black the fitted straight line for the MC rangeé Section 4.5), the expected (continuous black line) hedreed (dots)
proton temperaturel(, in K), proton densityi,, in cn3), and proton plasma betdy). Vertical lines mark dferent interfaces separatingférent
plasma regions (see Section 4.2 for a description and Taloletimings). Horizontal dotted lines i, ¢, andg, mark values atQ 180, 1 as a
reference, respectively. Color version available online.

The MC axis direction is also estimated with a standard si- In summary, on ACE we select the MC boundaries as March
multaneous fit (SF) of the Lundquist solution to the obséovast 4, 1998, at 14:30 UT and March 5, 1998, at 20:30. The front
(see end of Section 2.2). The fitting minimizes the distarfiteeo  boundary difers by up tox 5h from previous studies. The larger
model to the observed magnetic field in a least square manmkfference is with the back boundary of the MC since it was set
As for the MV, it is important to take only the data into accoburon March 6 at 03:15 (Skoug et al., 2000), 2:30 UT (Liu et al.,
in the range where the flux rope is present. The output of tB805), and 06:30 UT (Du et al., 2007), so significantly |atemt
SF method provides estimations for the MC frame vectorseas thur boundary set at tick ‘4’. Our boundaries take the extansf
MV, and also the impact parameter and the physical paramettre flux rope into account when it was crossing ACE. In faatt pa
(the free parameters of the Lundquist’s solution). Theeesg- of the MC characteristics are present after the back boyndar
nificant diference in the MC axis orientations between the M’ (e.g., strong and relatively coherent magnetic fieldpleo
and the SF methods, larger in latitude {R&an in longitude temperature than expected), but some other quantitiesaserc
(14°). Moreover, with the SF results the accumulated azimuthtal typical SW values, such @ which is more than 1. This was
flux is significant at the back boundary (so the magnetic flux eviously found in other MCs (Dasso et al., 2006, 2007), and
not balanced), and there are no nearby significant disaaties. was called a back region. This type of region was interpreted
We conclude that the MV method provides a better approximas formed by a magnetic field and plasma belonging to the flux
tion of the MC frame than the SF method in this particular MGope when it was close to the Sun, and later connected to the SW
Sinceg is close to 90, it is a good assumption to consider thatlue to magnetic reconnection in the front of the flux rope clvhi
ACE crosses the flux rope front (or nose). Moreover, sihee in a low-density plasma like the SW could be mofiéogent due
small, the MC axis lies almost in the ecliptic plane. to the Hall gfect (e.g., Morales et al., 2005), so a back region
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Fig. 2. In situ plasma and magnetic field parameters of the ICME observedait1998 by Ulysses located at 5.4 AU from the Sun. The format
is the same as for Figure 1. The magnetic field componentsedireed in the GSE frame on ACE (see Section 2.2). Verticaklimith the same
reference number correspond to the same interfaces ofsatuses as at 1 AU. Color version available online.

has intermediate properties between MC and SW since it i§2émoulin & Dasso, 2009a). The strong discontinuity foléal
mixture of the two. Indeed, this is the case at the time of ACHy a strong field is more peculiar. Indeed, this MC was strpng|
observations sincB;, ¢ouqis fluctuating in the back region, while overtaken by a faster structure, as shown by the velocitglpzn
By.cloud retains its coherency more as in the flux rope (Figure 3frigure 2, and previously identified by Skoug et al. (2000).

4.3. Magnetic cloud at the position of Ulysses The proton temperature has a similar variation for both
spacecraft since it becomes lower than the expected tetapera
On Ulysses the MC has a complex structure in most of the megproximately after the shock defined by the discontinufty o
sured parameters. The proton temperature is significaatbyb V. This discontinuity defines the position of tick ‘1’ (Figu2g.
the expected temperature in the interval of time betwedrilic The front boundary of the MC is defined less well than on ACE
and about one day after tick ‘3’ (Figure 2). At the beginningince there is no discontinuity. Nevertheless, the behafithe
of this time interval, the magnetic field has a coherent imtat magnetic field is similar at the position of both spacecraficd:
then later it is nearly constant up to a large discontinuitthe lows. Before tick ‘2',6g is fluctuating while globally decreasing,
field strength (at tick ‘S’~ 0.4 days after tick ‘3’). Later, the while after tick ‘2’ it gradually increases (with fluctuatis) on
magnetic field is stronger with a significant rotation. Thigre both spacecraft. The value ¢g shows a global behavior sim-
observations on Ulysses show a flux rope with charactesistitar to a step function on both spacecraft, with nearly cantst
significantly diferent from a “standard” flux rope such as obvalues both before tick ‘1’ and after tick ‘2’. The mainfidir-
served on ACE. A magnetic field strength flatter than on ACé&nce forgg is a discontinuity at tick ‘2" at 1 AU, whilesg has
is expected if the flux rope transverse size increases mussh la smooth transition at 5.4 AU. Then, we fix the beginning of the
rapidly than its length, since it implies that the axial campnt MC, tick ‘2’, at the beginning of the period whe#g starts in-
becomes dominantwith increasing distance to the Sun sththatcreasing andg is nearly constant. This is confirmed in the MC
magnetic tension becomes relatively weaker in the forcarfza@ frame, asB, v ~ 0 at tick ‘2" at both 1 and 5.4 AU (Figs. 3,4).
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Fig. 3. Strength and components of the magnetic field vector at 1 Aliércloud frame given by the MV method (see Section 4.2). Naneth
ticks are the same as in Figure 1. The dashed black lines eteutidquist field model fitted with the EFI method (Section)3The black thick
line is the accumulative magnetic flux for the azimuthal comgnt (in arbitrary units). Color version available online

The back boundary is much morefittiult to define since Inthe MC frame deduced from ACE, the magnetic field com-
there are several possibilities and the absence of a clé&r-coponents measured on Ulysses between ticks ‘2" and ‘3’ have th
ence between all the measured parameters. We tried seaekal lexpected behavior for a flux rope (Figure 4), as follows. The
boundaries, the MV and the SF methods, and used the iteratiedue of By coud IS @almost constant and small, indicating a low-
method described in Section 4.2 to check the selected bouirdpact parameteBy cioug Shows a clear rotation arciouq in-
ary in the derived MC cloud frame. We found that the MC axisreases from ticks ‘2’ to ‘3. These are indications thatshed-
orientation can change by more tharf 20hd that the selectedied MC has not significantly changed its orientatienl(0°) be-
boundaries are not confirmed by the cancellation of the aseuntween 1 and 5.4 AU, despite the SW overtaking the rear region
lated flux. of the flux rope. Therefore, for Ulysses we use below the MC

The dificulties of both the MV and the SF methods sterframe found from ACE.
from the large asymmetry of the MC when observed at the posi- The accumulated azimuthal flux is at its maximum after the
tion of Ulysses spacecraft. Even normalizing the magnaedld fi internal shock position (Figure 4), an indication that theck
strength is not sflicient since the outbound branch is stronglyould have overtaken the flux rope center. However, we cannot
distorted after the shock (tick ‘'S’). This is the consequeenithe  trust the behavior of the accumulated azimuthal flux behred t
overtaking flow seen after tick ‘5’ in Figure 2. The MC obsershock since the orientation and the strength of the magfieltic
vations have comparable characteristics to the MHD sirimrlat  are strongly modified. Indeed, all the magnetic field compésie
of Xiong et al. (2007, 2009) where they modeled the inteoacti are perturbed even before the shock, in the interval ['.,'S
of a flux rope with another faster one. On Ulysses, the interrBefore tick ‘3’, By cioud IS weak, and it almost vanishes at tick
shock has propagated nearly up to the MC center, so that m@stwhile B;coud IS nearly maximum there, so we set the flux
of the outbound branch is strongly distorted. This implieatt rope center at tick ‘3.
both the MV and the SF methods cannot be used to find the MC In summary, on Ulysses we initially select the ICME bound-
orientation on Ulysses. aries, including the sheath, as from March 23 at 13:30 Uk (tic
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Fig. 4. Strength and components of the magnetic field vector at 5.4nAble cloud frame given by the MV method applied at 1 AU on AGHEad
(see Section 4.3). The format is the same as for Figure 3r@etsion available online.

‘1’) to March 28 at 09:00 UT (tick ‘5’). The boundaries chosetion of the impact parameter can be done using the approxima-
by Skoug et al. (2000) were slightlyftgrent since they chosetion introduced in the simplest form of Eq. (3K, Bxdoud >

the range from March 24 at 02:00 UT to March 28 at 02:30 UT. < B >~ 1.2p/R (Démoulin & Dasso, 2009b), assuming a
The analysis of the magnetic field behavior above indicdtas t cross section roughly circular. We obtgifR ~ 0.27 from this

the inbound branch of the MC is from tick ‘2’ to ‘3", with an method. Thus, in conclusion, the impact parameter when ACE
outbound branch from ‘3’ to ‘4’ that is strongly distortedhd observes the cloud is lowp(R ~ 0.3) and very similar to its
inbound extension is confirmed by a similar behavior of the vestimation using dierent proxies.

locity and the proton temperature at 1 and 5.4 AU. From the mean value @ qoud 0N Ulysses (see Figure 4), as
done for ACE, we estimatp/R = 0.54. FromSyyin =0.55 AU
andp/R = 0.54, we estimate theRy, ~ 0.65 AU. The above
values ofR on both spacecraft agree with the values found from
The agreement between the characteristics of the MC otserfiging the free parameters of the cylindrical expansiondqunst
from ACE and Ulysses are clear indications that the same Mapdel (EFI method, see Section 3.2, Egs. (10-12)). Againgus
was observed. In this section we estimate the impact paeametiso the estimation of the impact parameter from the sirbples
when the MC is observed at each of the two spacecraft. approximation of Démoulin & Dasso (20098) Bx.cioud > / <
pected when the impact parametpy is close to zero. From the in conclusion, the impact parameter when Ulysses obselnees t
mean value 0B, goud, We estimatep/R ~ 0.3 (see the method clouq is also low, withp/R in the range [0.2-0.5] using filerent

in Gulisano et al., 2007). From the inbound s&ggj, =0.144 Proxies.

AU and p/R = 0.3, we estimate that the radif&ce ~ 0.15 Further arguments in favor of the association of the MC ob-
AU, with a circular cross-section. Fitting the value@fR, using served on ACE and Ulysses are given in the next two sections
the SF-EFI method, we also obtgifiR ~ 0.3. Another estima- with the timing and the agreement of the mean velocity, expan

4.4. Impact parameter from ACE and Ulysses
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sion rate, magnetic fluxes, and helicity as deduced at the tWable 3. Mean values of proton density and magnetic field.
locations.

Quantity ACE Uly UlyP1 UlyP2 UlyP3

| 0.7 0.7 0.74
4.5. Acceleration and expansion m 0.7 1. 1.
, , , _ np(cm?3 158 0.12 0.27(2.2) 0.17(1.4) 0.16(1L.3)
The translation velocity of the flux rope on ACE is estimated, g (nT) 10.3 0.48 0.88(1.7) 0.56(1.1) 0.53(1.0)

as typically done, as the mean value of the observed bulkg,,, (nT) 4.1 0.18 0.51(2.8) 0.24(1.3) 0.22(1.2)
speed during the observation range [‘2','4]. It turns oatlte B.mv (NT) 9.0 042 0.85(2.0) 0.51(1.2) 0.48(1.2)
Vace = —348 knys. However, for Ulysses, because of the per- )
turbation on the outbound branch, it is not possible to applPte: observed (ACE and Ulysses) mean values of proton derngjly (

this classical procedure. Then, we computed a mean value®gf magnetic field&, B, v, andB,yy) for the inbound branch of the
! netic cloud, for three filerent estimations of expansion rates (see

th.e o‘b§erved speed only in a symmetric range nea‘r ,the C.erﬁgftion 4.6). The predicted to observed ratio, on Ulysseshown in
(tick ‘3"). We choose a range of 12 hours around ‘3, Whlcrbarenthesis_

gives Vuysses = —351 kny's, so that on Ulysses, the MC trav-
els slightly faster than on ACE, with a mean acceleration of
< a>= [Vuysses— Vacel/At = 0.14 knys/d, whereAt = 21.2
days is the elapsed time between both centers. Howevenwhe
value obtained for the acceleration just indicates thatais ail-
most negligible during the transit from ACE to Ulysses, aind
implies a negligible contribution to the interpretationtbé ob-
served velocity profile as a proxy of the expansion of the fl
rope (Eq. (7), see Démoulin et al., 2008, for a justificgtion

Then, we consider below that the MC is traveling from AC%xact agreement between the predicted and observed center p

0 Ulyssc_as with a cqnstant veloqty. _ sitions could be associated with the inexact alignment betw
We fit the velocity observations to the velocity model deacE ang Ulysses.

scribed in Sect. 3.1 (Eqg. 8). From the fitted curve (panelds.Fi
and 2), we obtain the expansion @d&entsiace = 0.74 for
ACE and{uy = 0.67 for Ulysses. These values are very simila4.6. Prediction of the mean plasma density and magnetic
at both heliodistances, and they are consistent with pusvie- field on Ulysses

sults found at 1 AU with the same method for a set of 26 MQPh d val f1h d . d i field
(Démoulin et al., 2008), as well as the results obtainethfeo e expected values of the proton densily and magnetic fie

statistical analysis of MCs or ICMEs observed at various dig" Ulysses can be predicted using the observations from ACE

tances of the Sun (Bothmer & Schwenn, 1994: Chen, 1996; nd the expansion rates in the_ three directidns(andn, see

etal., 2005; Leitner et al., 2007). ' " Egs. (5-6)). The mean expansion ratealong the plasma flow
The ant_:;ley, between the axis of the MC and the directiof2" P€ estimated with a value betwegge and{uy, which re-

- i o ; . Yults inl ~ ¢ for the orientation of this cloud. The presence of
g;&?ﬁi?gf;?g?g twsocgsn;:mgmsg; tlgg %;alF?gg] ?ﬁ?gﬁgg_bi-directional electrons supports the connectivity o§tMC to
tation given by MV on ACE, this angle ig= 10%°. This implies the Sun (Skoug et al., 2000); then, the axial expansion sas-i

that the expansion rate measured fnaris mainlv due o the ex- timated as ~ 1, because the axial length needs to evolv®as
ne expansion . b y ) in order to keep the magnetic connectivity of the MC to the Sun
pansion in a direction perpendicular to the cloud axis ameh

for the cloud analyzed hege~ | (e.g., Démoulin & Dasso, 2009a). For the third expanside, ra

. . ., m, we have no direct observational constraint.
The vf';llue o observed on a given spacecraft, just provides gecayse after ‘S’ on Ulysses (see Figure 2) the cloud is
the_ local expansion rate, which correspo_nds to the exjpans strongly perturbed, we compare ACE and Ulysses in the in-
during thein situ observations. However, singgce ~ {uiy, we

. ound branch. Column 2 of Table 3 shows the mean values in-
assume that during the full travel between ACE and Ulysses t§ ja the inbound branch for the proton density) @nd the mag-
mean expansion rate occurred at a value betweer0.67 and

netic field observed on ACE. Column 3 shows the same mean

¢=074. ) o o values, but now observed on Ulysses. Columns 4-6 show three

Assuming a self-similar expansion in the Sun-spacecraft djregictions for these quantities on Ulysses. The field gtien
rection (as in Eq. (4)), we can I|n_k (without any assumptiong s computed fromBy yy and B, wy, sinceBy yy depends on
on the cloud shape and symmetries for the flux rope) the sizg impact parameter, whichffrs on both spécecraft. Anyway,
of the structure along .the direction of thg MC motidiay), at |B, vl << B so that includingBy yv does not change signif-
both heliodistances with the expected size on Ulysses gJyenica’nﬂy the results. All the prediétions are made using 1.
SuLvexp = Sace,obs(5.4)"- Column 4 (UlyP1) shows the prediction on Ulysses uding

Because the outbound branch of the MC on Ulysses (&g + ¢uy)/2 = 0.7 andm = | (i.e., an isotropic expansion in
strongly distorted, we analyze the inbound branch. Then, yRe plane perpendicular to the cloud axis). Column 5 (UlyP2)
ing the mean velocity and the time duration between ticks ‘2hows the prediction on Ulysses usihg= 0.7 andm = 1,
and ‘3’, we find thatSacein =0.144 AU. Then, from the ob- which corresponds to an expansion such that the crosssecti
served value offace, we find an expected size on Ulyssef the magnetic cloud is deformed toward an oblate shapeein th
of Suiy.exp-in =0.498 AU (using the observefl,y, we obtain plane perpendicular to the cloud axis, with the major axis pe
SUiy.exp-in =0-444 AU). This implies an expected center time opendicular to the global flow speed (e.g., Démoulin & Dasso,
March 26 at 9:00 UT (and even an earlier time when uging. 2009b). Column 6 (UlyP3) shows the prediction on Ulysses us-
However, the cumulative azimuthal fluky, Figure 4 panel 3) ing| = 0.74 andm = 1, which corresponds to an expansion
smoothly and monotonically increases beyond this timey wit in the direction of the plasma main flow as observed on ACE,

?trong discontinuity oBy a bit later, on March 26, 13:00 UT.

At the center of the flux rope we expect a global extremg pf
‘Dasso etal., 2006, 2007; Gulisano et al., 2010), in pddicas

it was observed when this same cloud was located at 1AU (panel
3 of Figure 3). However, it is not the case in Ulysses at the ex-
ected time (9:00 UT), so that we decide to take the center at
3:00 UT, the time whe, started to be disturbed. This lack of

10
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Table 4. MHD quantities calculated according to each model (seégection 4.6 indicate that the expansion is anisotropie Q.7,

Sect. 3.2). m~ n ~ 1.). Computing the energy decay with such anisotropic
evolution would require a theoretical development thissigdnd

Model Parameter  ACE Ulysses % of decay the scope of this paper. Nevertheless, the energy decay is ex
DM-in  F/Mx10° 12 0.8 33 pected to be within the above range. Since the anisotrogyein t
EFI Fo/Mx 1021 1.0 0.9 11 codficientsl, m,n is relatively small, an approximation of the
El'l/:"n Ey%i 18221 g; ig 12 magnetic energy decay is obtained using a mean expansion of
DV HV/MXZ 107 _6'5 _3'9 0 (I + m+ n)/3 = 0.9, which implies an energy decay 0.22.
EFI HMx2 102 -2, 18 10 From the last two rows of Table 4, the observed decay between
DMin  E/erg10° 18 7 =5 1 AU and 5.4 AU is 0.22 and 0.26 for DM and EFI, respectively.

EFI E/erg 168 145 38 74 There is excellent agreement vyith the theoret!cally exgubde-
cay, even when we have simplified the analysis+om = nand

Note: the first column indicates the model, the second shows the nagylindrical symmetry.

of the global MHD quantities and their units, the next twourohs

show ACE and Ulysses results, and the last column shows ticerge

age of decay between ACE and Ulysses results. 5. Solar source of the MC

5.1. Searching for the solar source

emulating the case in which the expansion in this directias WThe first step in determining the MC source on the Sun is
similar to the one observed on ACE almost all the time. 5 delimit the time at which the solar event could have hap-
_The assumptioh = 0.70 andm = | (UlyP1) predicts Sig- pened. We compute the approximate transit time from Sun to
nificantly higher values for all the quantities W|th.respte1:the Earth using the MC average velocity on ACE (see Sect. 4.5).
observed ones (Table 3). However, the assumptio®.70 and  Considering that the cloud has traveled 1 AU at a constaotvel
m =1 (UlyP2) provides more realistic predictions. Furthereority of v, ~ 350 knys (where we neglect the acceleration, which
the assumptiom = 1, combined with = 0.74, gives predictions is only important in the first stages of the CME ejection), welfi
closer to the observations. Of course, due to the lack offegter + 1 AU/V, ~ 5 days. As the structure was observed by ACE
alignment, we do not expect an exact matching even when ¥grting on March 4, we searched for solar ejective everats th
expansion is well modeled. occurred five days before, around February28iay.

Another possible approach is to compUte, n from the ob- From February 28 to March 1, 1998, five nhumbered ac-
served ratio (Ulysses with respect to ACE observatlons)jef ttive regions (ARs) were present on the solar disk (see top
mean values ofiy, Bywv, andBzuv in the inbound. We find panel of Fig. 5). Only very low X-ray class flares occurred
| =0.78,m= 104, anch = 1.06. The value of is close ta/ace, in this period of time. Most of them were class B (three
measured independently iof situ velocity, andn is close to the gp February 27, two on February 28, six on March 1), and
expected value obtained with a flux-rope length proporfitma three reached class C on March 1 (see the X-ray light curve
the distance to the Sun. _ _ from the Geostationary Operational Environmental Sagslli

We conclude that the expansion of this cloud between AGE http;/www.solarmonitor.org and the corresponding list of
and Ulysses was such that Jace andm ~ n ~ 1. From this events). Two of the last C-class events occurred in AR 8169,
anisotropic expansion, and assuming a circular crossoseftii  which was located at S21W74 at the time of the flares. We
the cloud on ACE, we predict an oblate shape on Ulysses with@uind no AR associated to the observed B class flares.
aspect ratio on the order of @' %= ~ 1.55. If this anisotropic  \We have also looked for the CMEs that occurred from
expansion is also present before the cloud reaches 1 AU, thishruary 27 to March 1 in the catalog of the Large Angle and
aspect ratio could be even a bit higher. Spectroscopic Coronagraph (LASCO, Brueckner et al., 1995)
on board the Solar and Heliospheric Observatory (SOHO, see
httpy/cdaw.gsfc.nasa.gg@ME/list). Most CMEs on those days
had angular widths not over 7@nd originated in the eastern
After fitting all the free parameters of the expanding modéhe  solar limb, except for a halo and a partial halo CME.
observations (method EFI), we computed the global magnetic The halo CME first appeared in LASCO C2 on February 27
guantities (Section 3.3, Egs. (13-17)). We also computedeh at 20:07 UT. This was a poor event inserted in the LASCO cata-
guantities from the direct observations in the inbound bhan log after a revision in January 2006. The CME is clearly Vesib
using the direct method (see Section 3.4, Egs. 18- 21). Wa usenly in LASCO C2 running dference images (see bottom panel
lengthL = 2 for ACE andL = 10.8 for Ulysses, because the MCof Fig. 5), in particular after 22:00 UT, when its front has al-
is still connected to the Sun when observed at 1 AU and at 5ehdy left the C2 field of view (LASCO C2 field of view from
AU. There is good agreement between the magnetic fluxes &@07 UT until 22:08 UT is only partial). The speed of the CME
helicities found on ACE and on Ulysses, with a trend towardsading edge seen in LASQO2 and C3 isx 420 kmys from
finding slightly lower values on Ulysses, i.e., a small desby a linear fit, while a fit with a second-order polynomia prowde
7-40 %, depending on the method of estimating them (Table 4) 340 knys at 20R. These values agree with the velocity mea-
We recall that the EFI method uses the full MC observationsyred at the front of the MC on ACE:(385 knys), considering
so itis less accurate because of the strongly perturbedontb that the MC velocity is expected to be slightly modified by the
branch. interaction with the surrounding wind during its travel té\w.

The magnetic energy is not an MHD invariant. In fact, itdloreover, a velocity ok 340 knys gives a travel time of 4.5
decay is predicted ag(t)™! (Eq. (17)) assuming a self-similardays, as expected.
expansion with = m = n. For the MC studied here, we ex- On the other hand, the partial halo CME first appears in
pect a decay with a factor.4&'. This factor is in the range LASCO C2 on February 28 at 12:48 UT. Its central position
[0.19,0.31] for | in the range [O7,1.]. In fact, the results of angle is 236 and its speed from a second-order fittingsis

4.7. Magnetic fluxes and helicity
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225 kmy's, which is too low considering the MC arrival time ormodel of the region (see Sect 5.2), and it agrees with the MC
ACE. Furthermore, from an analysis of images of the Extrenmelicity sign.

Ultraviolet Imaging Telescope (EIT Delaboudiniere et 8895) Unlike AR 8171, the leading polarity in AR 8164 is positive,
onboard SOHO in 195 A the CME seems to be a backside eventplying a magnetic field component pointing from west tateas
Therefore, the halo CME is the candidate for the MC solar eoualong the PIL. In this case, this direction is compatiblewiite
terpart. orientation of the MC axial field. Furthermore, the PIL forars

gle of~ 60° in the clockwise direction with the solar equator,

To find the source of the halo CME on the Sun, we analyzé&g ~ o o
EIT images obtained on February 27 starting 2 hours befere éatlilﬂle the MC axis lies almost on the ecliptic (see Sect. 4.2).

halo CME appearance in LASCO C2. EIT was working in CM his difference between the PIL on the Sun and the MC axial

) ' . ) Awi irection can be explained by a counter-clockwise rotatbn
watch mode at that time, and therefore onlyimagesin 195 R w e ejected flux rope, as expected, since its helicity is thega
half spatial resolution and with a temporal cadence @6 min, (Torok & Kliem 2005’, Green et al ’2007)

or larger, are available. A sequence of four images withsipidl- . . .
tial resolution in all EIT spectral bands was taken~a07:00 From the previous analysis, we conclude that AR 8164 is the

UT, 13:00 UT, 19:00 UT. Furthermore, there is an extendedl d4POSt Plausible source of the halo CME on February 27, 1998,
gap in EIT starting at around 20:00 UT until around 22:00 U .h'Cr;] can be Lhe counterpart of the MC ol:r)]served on ACE on
Considering that all events on February 27 were of very low i arch 4-5. In the next section we compute the magnetic e el
tensity (a B2.3 flare at 18:20 UT, a B1.5 flare a¢ 19:17 UT, of the AR before and after the ejection and its variation.sThi

and a B4.3 at 22:55 UT after the halo CME), the low temporaP’alue is used as a proxy of the magnetic helicity carried away
cadence and spatial resolution of EIT images, and the em'etefrom the Sun by the CME.

of the data gap, we were not able to unambiguously identé#y th

CME source region. However, from these images and those fref% - ppysical properties of the solar source

the Soft X-ray Telescope (SXT, Tsuneta et al., 1991), it is ev

dent that two of the five ARs present on the solar disk display&sing AR 8164 MDI magnetograms, we extrapolated the ob-
signatures of activity (compare, in particular, the imag2al7 served photospheric line of sight component of the field & th
UT with the previous and following one in SXT AIMg movie corona under the linear (or constatforce-free field assump-

in httpy/cdaw.gsfc.nasa.gg®ME./list/); these are AR 8171 andtion: V x B = aB. We used a fast Fourier transform method as
AR 8164 (see Fig. 5). proposed by Alissandrakis (1981) and the transformatiaroef

From the two AR that could be the source of the halo cm@rdinates discussed in Demoulin et al. (1997). The value of
on February 27 at 20:07 UT, AR 8171 was located at S24E(¥2S chosen so as to best fit the observed coronal loops atra give
which is an appropriate location for a solar region to be tége‘ We needed high spatial resolution images to identify i

source of a cloud observed on Earth. However, the magnetic fiiEPendent loops, which are not available at times closegimou
in this AR is~ 2.0 x 1021 Mx. This value is Idw when com- efore the ejection. Then, we have used the full spatialuésa

pared to the range for the axial MC flux measured on ACE (1/mages obtained by EIT in 171 A on February 27 at 13:00 UT;
1.2x 107 Mx) since, in general, an MC axial flux is 10% of thelhiS is the closest time to the event in which coronal looes ar
AR magnetic flux (Lepping et al., 1997). Furthermore, aciragd visible. The boundary conditions for the model are givenhsy t

to the distribution of the photospheric field of the AR pdias MD! magnetogram at 12:48 UT on the same day. The value of
(i.e., the shape of magnetic tongues, see Lopez Fuentds et%lS determined through an iterative process explained met_Sre
2000; Luoni et al., 2011, and Fig. 5), the magnetic field figlic €t al. (20022). Th?lvalpe of that best fits the observed loopsis

in this AR is positive, which is opposite the MC magnetic he= ~9-4x10° Mm™ (Figure 7).

licity sign. Finally, the leading polarity of AR 8171 is neiiye, Once the coronal model was determined, we computed
and with a positive helicity this implies that the magnetaldi the relative coronal magnetic heliciticor, following Berger
component along the polarity inversion line (PIL) pointerfr (1985.). In .particular, we used a Iineari;ed version of.the ex
solar east to west. Since the magnetic field component alang Pression given by Berger (1985, see his Eq. A23) as in previ-
PIL is related to the axial MC field component, this is not conPus works by Mandrini et al. (2005) and Luoni et al. (2005).
patible with the MC axial field orientation on ACE that poitgs Following this approach, the magnetic helicity contenthie t
the solar east (Figure 1). Therefore, we conclude that ARL81goronal field before the ejection idor = -11.4x 10% Mx2.

cannot be the solar source region of the halo CME despite its When a flux rope is ejected from the Sun into the IP medium,
appropriate location on the disk. it carries part of the magnetic helicity contained in theord

ield. Therefore, we have to compute the variation in the coro

. . f
The other possible CME source regionis AR 8164, Iocatedﬁ;\gl A S L
. : D magnetic helicity by subtracting its value before artdradn
N16W32 on February 27 at 20:00 UT. This region is far from eruptive event, to compare this quantity to the correspapoine

the central meridian. Considering this location and a fagjé- in the associated IP event. As done before, we searched for an

tion, one would expect that ACE would have crossed the ejectg : ; . . . .
) T image in 171 A with full spatial resolution after the ejec
flux rope eastern leg; however, ACE crossed the MC front (s n in which loops could be visible. However, in this cade t

Section 4.2) which implies that during the ejection the floge A& is much closer to the east limb and projectisieets, added

su‘fe_red a deflection towards the east. This probably occurrg) he low intensity of the coronal structures, made it evenem
:%/;/( '\';]atlﬁg ?S()LOF(E)B. gefgzlfsﬁ;h\?vﬁmzshaﬂagﬂbﬂgi 'a‘)Rer;ggir;]e ffficult to distinguis_h the shape of in_dividqal loops. As a r_tasul
the MC axial maénetic flux z;\s we discussed previously a cannot be unambiguously determined; i.e., we can adjust the
' global shape of EIT brightness with more than anealue. We

The magnetic helicity sign of AR 8164 is negative, as showgelected the EIT image at 01:20 UT on February 28 and, follow-
by the shape and evolution of its photospheric polarities ing a conservative approach, we determined a lower bound for
Figure 6 (the spatial organization of the magnetic tongues the coronal magnetic helicity variation. We selected tlosest
February 23-25). This sign is also confirmed by the coronla fiein time MDI magnetogram (at 01:36 UT on February 28) and,

12
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Fig. 6. MDI magnetograms of AR 8164 showing the photospheric evo-
lution of its main polarities. The shape and evolution of thagnetic
tongues indicates that the magnetic helicity of AR 8164 igatige.
The magnetograms have been rotated to the central meridiitionm
of the AR (positivgnegative magnetic field polarities are indicated in
white/black). The size of the field of view is the same in all panels.

the two values determined fét., after the CME, we estimate
that 33 x 10% Mx?2 < |AHcor| < 6.0 x 10%2 Mx2.

5.3. Link with the observed MC

From estimations of the helicity content when the cloud was o
served on ACE and Ulysses, using the EFI and DM methods
(see Table 4), we found2 10*> Mx? < |Hyc| < 6 x 10*? Mx?,
which is fully consistent with the range found for the relea$
magnetic helicity in the corona during the CME eruption.

A fraction of the total magnetic flux of AR 8164-(10 x
10°! Mx) is enough to account for the magnetic flux in the MC
on ACE,F, (~ 10°1 Mx) + Fy (~ 2 x 10?1 Mx) ~ 3 x 107 Mx.
Thus, we have found qualitative and quantitative proofs ltta
us associate the halo CME observed by LASCO C2 on February
27, 1998, to its solar source region (AR 8164) and to its inter
planetary counterpart, the MC observed on ACE on March 4-5,

_ ] 1998, and on Ulysses on March 24-28, 1998.
Fig.5. (top) MDI full disk magnetogram on February 28, 1998, at

00:00 UT (positivinegative magnetic field polarities are indicated in

white/black). The five ARs present on the solar disk are indicatdd wi ;

their NOAA? numbers. The I:)resence of magnetic tongues withepes 6. Summary and conclusions

compatible with a positive magnetic helicity sign is evitierAR 8171.  We have studied a magnetic cloud that was obseiveitu by
(bottom) LASCO C2 running dierence image showing the halo CMEtwq spacecraft (ACE and Ulysses) in an almost radial alignime
at 22:08 UT, together with the closest in time EIT runninfefience \yith the Sun ¢ 2° for latitude and~ 6° for longitude) and sig-
image in 195 A. nificantly separated in distance (ACE at 1 AU and Ulysses at

5.4 AU). This is an uncommon geometrical scenario, and it is

very appropriate for multi-spacecraft analysis of MC etiolo.

In each of the spacecraft locations, we analyzed the clotltkin
using the previously determined value forwe computeHq,. local frame (attached to the flux-rope axis) and quantified-ma
As the AR magnetic field is decaying, its flux is lower than beaetic fluxes, helicity, and energy, using an expansion maoicseh
fore the CME & 7.0 x 10°* Mx); therefore,He is also lower, initial Lundquist field (EFI) and a direct method (DM), which
Heor = -8.1x 10 Mx?. The real value of the coronal magnetigermits the computation of global magnetic quantitiesaiye
helicity after the CME should be even lower than the later, onsom the observed magnetic field (Dasso et al., 2005a). /e als
as we expect that the field relaxes to a state closer to patenttomputed the local nondimensional expansion r&t@( ACE
To determine the range of variation fble,r, we also computed and on Ulysses from the observed bulk velocity profiles (as de
its value taking the lowest value @ = -6.3x1072 Mm™!) that fined in Démoulin et al., 2008).
still gives a good fitting to the global shape of EIT brighthaé We found close values of the normalized expansion rate
ter the CME; in this caseiler = -5.4 x 10*2 Mx2. Considering along the solar radial directiotijce = 0.74 andZyyy = 0.67, as

EIT: 1998/02/27 22:04

13
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27 Feb. 1998 — EIT 171 13:00 UT — MDI 12:48 UT  at5.4 AU (i.e., the major axis 60% larger than the minor one,
500 ] with the major one perpendicular to the radial directiomfrine
Sun).

From a comparison of the transit time, axis orientation, mag
netic fluxes, and magnetic helicity, and considering allsbiar
sources inside a time window, we also identified the possible

450

- 00 source at the Sun for this event, finding an agreement between
¢ the amounts of magnetic fluxes and helicity, consistent w&ith

S 350 rough conservation of these so-called ideal-MHD invasant

f/ In particular, we found that there is a small decay of the mag-

netic fluxes and helicity between 1 and 5.4 AU, with & 0%
of decay forF, andFy and a decay o 10% for the magnetic
helicity when the EFI method is used ard40% when DM is

300

250 used. These decays can come from a possible erosion orgealin
of the flux rope during its travel, for instance, because offma
200 ; netic reconnection with the surrounding SW (e.g., Dassd.et a
300 400 500 600 700 20086).

X (oresecs) For a self-similar expansion and known expansion rates, it i
possible to theoretically derive the decay of the magneticgy
during the travel of the flux rope in the SW. From the observed
values of¢ and modeling the expansion rates in the other two
directions (nandn), we predict its decay during the travel from
1 AU to 5.4 AU. The measurements confirm this expected mag-
netic energy decay (from (1518) x 10?2 erg to 4x 108 erg).
Summarizing, in this work we validate for the first time that
the local expansion rat&) observed from the velocity profile
can be used to predict of the decay of mass density and magneti
guantities. From the comparison of detailed predictiorgs @
servations of the decays of these quantities, we providdéremp
ical evidence about the quantification of the anisotropjzaex
sion of magnetic clouds beyond Earth, to 5 AUs. Finally, we
qguantify how much the so-called ideal-MHD invariants ara-co
served in flux ropes traveling in the solar wind. Then, thisdki
of combined study, using multi-spacecraft techniques pew-
erful approach to improving our knowledge of the properdied
evolution of magnetized plasma structures ejected fronstire

80

-120 _gp

—40 Appendix A: Transformation of coordinates

between ACE and Ulysses

0 080 490

Fig.7. (top) EIT image in 171 A at 13:00 UT on February 27, 1998, . . .
with two MDI isocontours overlaid4100 G) shown with continuous We describe below the transformation of coordinates betwee

lines (positive: white line, negative: black line). The Miaagnetogram the natural system where the vector data of Ulysses areqeavi
was taken at 12:48 UT. (bottom) The same EIT image with mare is(R, T, N) to the GSE system at the time when the cloud was
contours £ 100, 500 G) shown with gray lines and computed field lineshserved by ACE. Then, we provide a common frame to com-
superimposed (black continuous lines). Both axes are medsuMm  pare vector observations made on Ulysses and ACE (as shown
in the local solar frame. in Figures 3- 4).

A third coordinate system, the HAE system (Heliocentric

measured from the radial proton velocity on ACE and Ulysseries Ecliptic, Franz & Harper (2002)), is used becauselthe
respectively. From the measurége in the radial direction and Cation of both spacecraft are known in the HAE system. In this
assuming a self-similar expansion proportional to thersdi  frame.,Zae is normal to the ecliptic plane, ante is positive
tance in the orthoradial directions, we successfully tedion towards_ the first point of Aries (from Earth to Sun at the ver-
Ulysses the values of the MC size, the mean values for densggI equinox~ March 21). At the moment when the cloud was

and magnetic field components from the values of these guaffserved by ACE, it was located at a longituge= 163" and
ties measured on ACE. a latituderp = 0° in the HAE system. When the MC was ob-

Next, comparing observations from Ulysses witiffefient served by Ulysses, thls spacecraft was located at a lorggatid
models for anisotropic expansions in the two directions¢ha- €u = 157 and ata latitude ofy = 2.
not be directly observedr(andn), we found that the expan-  The solar equator is defined as the plane normal to the Sun’s
sion on the plane perpendicular to the cloud axis is largam throtation vector ), and it is inclined byr ~ 7.25° from Zae.
in the direction perpendicular to the radial direction freme In 2000, the solar equator plane intersected the ecliptiogl
Sun. Based on the quantification of this anisotropic expamsi at an HAE longitude ok 75.6°. Then, the angle between the
we conclude that the initial isotropic structure at 1AU vd#- projection ofQ on the ecliptic i3 ~ 14.4°. When we writeR
velop an oblate shape such that its aspect ratio would k6  andQ in the HAE system of coordinates, we obtain
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Zyap

D: Ulysses

Xnarag

Ecliptic plane

Ecliptic plane

XHAE <

B: ACE observation position
C: projection on the ecliptic plane
of Ulysses position

¥ Viar

Fig. 8. Schema of the positions of each spacecraft at the obsemed {left). Schema showing the relationship between the &®Bhe HAE

system of coordinates (right).

R = COS("U)(EOS@U);(HAE+COS(rU)Sin(€U)?HAE

+ Sin(Tu) ZuaE , (A.l)
Q = sin(@) cosP) Xuae — sin@) sin(d) Y nae

+ COS@) ZHaE - (A.2)

To obtainT andN on Ulysses in HAE coordinates, we computeD

5 xR (A3)
QxR
N=RxT. (A.4)

Burlaga, L. F. & Klein, L. 1980NASA STl/Recon Technical Report N, 80, 22221
Cane, H. V., Richardson, I. G., & Wibberenz, G. 1997, J. GgspRes., 102,
7075
Chen, J. 1996, J. Geophys. Res., 101, 27499
Cid, C., Hidalgo, M. A., Nieves-Chinchilla, T., Sequeiras, & Vifias, A. F.
2002, Sol. Phys., 207, 187
Dasso, S. 2009, in IAU Symposium, Vol. 257, IAU Symposium,. ed
N. Gopalswamy & D. F. Webb, 379-389
Dasso, S., Gulisano, A. M., Mandrini, C. H., & Démoulin, R0Ba, Adv. in
Space Res., 35, 2172
asso, S., Mandrini, C. H., Démoulin, P., & et al. 2005bPmc. Solar Wind 11
- SOHO 16 "Connecting Sun and Heliosphere”, ed. B. Fleck &Urkichen
(European Space Agency), 605-608
Dasso, S., Mandrini, C. H., Démoulin,
J. Geophys. Res., 108, 1362
Dasso, S., Mandrini, C. H., Démoulin, P., & Luoni, M. L. 2Q@%6&A, 455, 349
asso, S., Nakwacki, M. S., Démoulin, P., & Mandrini, C. 802, Sol. Phys.,

P., & Farrugia, C. X102

D
To go to the local GSE system of reference we do a last rotatiorpas, 115

aroundZ s ag, which coincides wittZ gsg, in an angles = 180°—
ea (see Fig. 8).
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Fig. 1. In situ plasma and magnetic field of the ICME observed in March 1998®¥ located atv 1 AU from the Sun. From top to bottom:
absolute value of the magnetic field € |B|, in nT), magnetic field vector orientation (GSE): latitudg)(and longitude ¢g), bulk velocity {, in
km s1) including in red the fitted straight line for the MC rangeds®ection 4.5), the expected (continuous red line) and vedddots) proton
temperature T, in K), proton density ifp, in cn3), and proton plasma betgy). Vertical lines mark dferent interfaces separatingidrent
plasma regions (see Section 4.2 for a description and Taloletimings). Horizontal dotted lines i, ¢, andg, mark values atQ 180, 1 as a

reference, respectively.
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Fig. 2. In situ plasma and magnetic field parameters of the ICME observedait1998 by Ulysses located at 5.4 AU from the Sun. The format
is the same as for Figure 1. The magnetic field componentsedireed in the GSE frame on ACE (see Section 2.2). Verticaklimith the same
reference number correspond to the same interfaces ofsotises as at 1 AU.
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Fig. 3. Strength and components of the magnetic field vector at 1 Aliércloud frame given by the MV method (see Section 4.2). Naneh
ticks are the same as in Figure 1. The dashed blue lines ateitidejuist field model fitted with the EFI method (Section 3T)e red thick line
is the accumulative magnetic flux for the azimuthal compofierarbitrary units).
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Fig. 4. Strength and components of the magnetic field vector at 5.4nAble cloud frame given by the MV method applied at 1 AU on AGHEad
(see Section 4.3). The format is the same as for Figure 3.
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