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ABSTRACT

Context. A large amount of magnetized plasma are frequently ejected the Sun as Coronal Mass Ejections (CMESs). A part of
these ejections are detected in the solar wind as magnetid€£(MCs) which have flux rope signatures.

Aims. MCs are typically expanding structures in the inner heli@sp. The aim of this work is to derive the expansion properif
MCs in the outer heliosphere from 1 to 5 AU and to compare tteethd ones in the inner heliosphere.

Methods. We analyze MCs observed by the Ulysses spacecraft ugisgu magnetic field and plasma measurements. The MC
boundaries are defined in the MC frame after defining the M@ with a minimum variance method applied only to the flux rope
structure. As in the inner heliosphere, a large fractiorhef\telocity profile within MCs is close to a linear functiontaohe. This
implies a self-similar expansion and a MC size that locadijofvs a power-law of the solar distance with an exponeriedal. We
derive the value of from thein situ velocity data.

Results. We analyze separately the non-perturbed MCs (cases prasentinear velocity profile almost for the full event), and
perturbed MCs (cases presenting a strongly distorted iglpmfile). We find that non-perturbed MCs expand with a &amnon-
dimensional expansion raté & 1.05 + 0.34), i.e. slightly faster than the solar distance and thath@inner heliosphere/ (=
0.91 + 0.23). The subset of perturbed MCs expands, as in the inneospélere, with a significant lower rate and with a larger
dispersion { = 0.28 + 0.52) as expected from the temporal evolution found in nuraésamulations. This local measure of the
expansion is also in agreement with the distribution witstatice of MC size, mean magnetic field and plasma paramétees.
MCs in interaction with a strong field region, e.g. another,MM@ve the most variable expansion rate (ranging from cosspe to
over-expansion).

Key words. Sun: magnetic fields, Magnetohydrodynamics (MHD), Sun:owoal mass ejections (CMEs), Sun: solar wind,
Interplanetary medium

1. Introduction Farrugia et al. 1993). Observations of MCs dfatient heliodis-

tances show that their radial size is increasing with theadise

Magnetic clouds (MCs) are a subset of interplanetary cdrong e syn (e.g., Kumar & Rust 1996; Bothmer & Schwenn 1998;
mass ejections, showing to an observer at rest in the &SP | giiner et al. 2007). More generally, ICMEs are also known to

a large and coherent rotation of the magnetic field vector,ja,e 5 global expansion in radial direction with heliodis
magnetic field intensity larger than in their surroundingsc (e.g., Wang et al. 2005b; Liu et al. 2005). Then, the expansio

a low proton temperature (e.g., Klein & Burlaga 1982; Bualagyqperties of MCs and ICMEs fier significantly from the sta-
1995). They transport huge helical magnetic structuresare- tionary Parker’s solar wind.

liosphere, and they are believed to be the mdstient mech-
anism to release magnetic helicity from the Sun (Rust 1994; From in situ observations of MCs, the plasma velocity profile
Low 1997). They are also the most géieetive events erupted is typically decreasing while the MC passes through theespac
from the Sun, and finally they are associated with obsematiocraft, showing a faster speed at the beginning (when theespac
of strong flux decrease of galactic cosmic rays (Tsurutaal.et craft is going into the cloudyrin) and a slower speed at the end
1988; Gosling et al. 1991; Webb et al. 2000; Cane et al. 20QWhen the spacecraft is going out the cloMl oy, €.9., Lepping
St. Cyr et al. 2000; Cane & Richardson 2003). et al. 2003; Gulisano et al. 2010). Moreover, the velocityfife
Despite the increasing interest to improve the knowledge ioside MCs typically shows a linear profile, which is expelkte
MCs from the last decades, there are still a lot of properties- for a self similar expansion (Farrugia et al. 1993; Shimazu &
veil, as for instance their dynamical evolution while thegvel Vandas 2002; Démoulin et al. 2008; Démoulin & Dasso 2009a)
in the solar wind (SW). In particular, during their evolutio The time variation of the size of the full MC can be approxi-
MCs are in a significant expansion (e.g., Klein & Burlaga 1,982nated withAVyc = Vrout — Vrin- However, a parcel of fluid a
factor f times smaller than the MC would have typically a dif-
Send offprint requests to: A.M. Gulisano ference of velocit\V = f AV (because of the linear profile).
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Then, asAV is size dependent, it is not an intrinsic expansioof the Sun’s rotation vector witR, andN completes the right-
rate of the parcels of fluid. Moreover, the regions near the M@nded system (e.g., Franz & Harper 2002).

boundaries are typically showing the strongest pertushatiso Another very useful system of coordinates is one attached to
thatAV is not a reliable measurement of the flux rope expansi@me local direction of the flux rope. In this MC local frantgyouq
rate. is along the cloud axis (WitB,cjoug > O in the MC central part).

_In order to better measure the expansion of plasma in MG, , is found using the minimum variance (MV) technique to
Démoulin et al. (2008) introduced a non-dimensional €8N  the normalized time series of the observed magnetic fiel (e.
rate (called;, see Sect. 4.1) which is computed from the locgtjisano et al. 2007, and references therein). We défingq
insitu measurements. .It was shown that; i§ constantin time, i the directionR x Z cioud andX cloud completes the right-handed
then¢ is also determining the exponent of the selfsimilar expagiinonormal baseXeous ¥ ciouds Zcioud)-

ion. i i i ~ roD¢ Wi loud)
sion, 1.€. the size of a parcel of fluid &D) ~ roD, with D the In the MC frame, the magnetic field components have a typ-
distance to the Sun. ;

E th vsis of th di ional . t cal behavior as follow. The axial field componeB,cioud, iS
rom the analysis of the non-dimensional expansion g3te pically maximum in the central part of the MC, and it deekn
for a large sample of MCs observed in the inner heliosphere

. . ard the borders to small, or even negative, values. The co
the spacecraft Helios 1 and 2, Gulisano et al. (2010) f_ouatit onentByqoud has typically a main char?ge of sign in the MC
1Eirl]§roef ?r:g ;mg%p\?;?ég?ysiﬁfall\ﬂm%sgt%ﬁg%ﬁ;@g@% %fl'{;]zazﬂg ntral part. When large fluctuations are present in some, MCs
through the spacecraft (the non-perturbed subset) andht;smothen By.goud has an odd number of reversal (e.g. Steed et al.

. ; . : t2011). Finally, the componem, ¢ouq is the weakest one if the
population presenting a strongly distorted velocity peo(the spacecraft cross the central part of the MC; its relative mirag

perturbeddsubset). The presencfe ﬁf t_he seC(_)nd pfopl#Iatj.zn e provides an indication of the impact parameter (Gotisa
interpreted as a consequence of the interaction of a fracfio ; o/ 2007; Démoulin & Dasso 2009b).

the MCs with solar wind fast streams.

. Another interest of the MC frame is that it permits to relate
In the present paper we present an extension of the Work{x

in- and out-bounds of the crossed flux rope with the con-
ervation of the azimuthal flux (Dasso et al. 2006). Neghecti
e evolution of the magnetic field during the spacecrafssro
iﬂﬂ period (since the elapse time is small compared to timsitra

Gulisano et al. (2010) to the outer heliosphere from 1 to 5 Al
analysing observations made by the Ulysses spacecraftrite
describe the data used, the method to define the boundades

the axis direction of the flux ropes, then the main charas:—terhme from the Sun. see Demoulin et al. 2008 for a iustifiali

, . ) e , . justifiagtio
tics of the velocity profile (Sect. 2). Next, we study statally o gefine the accumulative flux per unit lengttalong the MC
the dependence of the main MC properties in function of ﬂ?ﬁ(ial direction as (Dasso et al. 2007):

solar distance (Sect. 3). Then, we analyze the expansign pro

erties of MCs separately for perturbed and non-perturbsdsca Fy(t) t , o

(Sect. 4). The MCs in interaction with a strong external neign — |~ j; Byclouwd(t’) Vxaloua(t') dt’, 1)

field (such as with another MC) are analyzed separately gase b "

case in Sect. 5. Finally, we summarize our results and cdeclyvhereti, is the time of the front boundary. This time has been

(Sect. 6). selected as a reference since the front boundary is usually w
defined, however any other reference time can be used without
any dfect on the following conclusions. Sin@ qoud has a main

2. Data and Method change of sign inside a ME,(t) has a main extremum. It de-
fines the time, calletkenies Which is approximately the time of

2.1. Selected MCs closest approach to the flux rope center. With the hypotlusis

The aim of this work is to derive the generic expansion propscal symmetry of translation along the main axis, the flux su

erties of MCs in the outer heliosphere. Then, we do not seldate passing at the position of the spacecrafy as wrapped

MCs for their physical properties (e.g. driving a front skac around the flux rope axis, and is observed at tigrdefined by

not), but rather studied a set of MCs as complete as possible i

given period of time. We selected the MCs previously anajyzé:y(tl) = Fy(), ©

by Rodriguez et al. (2004) for their thermal and energetppr- - from the conservation of the azimuthal flux. Within the flupeo

ties. This list of 40 MCs CoyerS the time interval from Febyua this equation relates any in-bound time to its Conjugatmm t
1992 to August 2002. During the analysis of Ulysses data wegt-bound.

found 6 extra MCs during this time interval. They are incldde
at the end of Table A.1. o _
Present study has aftéirent scope from Rodriguez et al.2-3. Deéfinition of the MC boundaries

(2004) as our main aim is to quantify the expansion propedie g 3 first approximation, we choose the MC boundaries from

MCs. We use data from the Solar Wind Observations Over tfj&, magnetic field in the RTN coordinate system taking into

Poles of the Sun (SWOOPS, Bame et al. 1992) for plasma 0bs&tzqunt the magnetic field properties (see Section 1). We als

vations with a temporal cadence of 4 minutes. The magnelit fi,se the measured proton temperature compared to the estpecte

data are from the Vector H<_aI|um Magnetometer (VHM, Balog mperature in the SW with the same speed (Lopez & Freeman

etal. 1992); these observations have a temporal cadenc®ot 1 1 9gg) including a dependence with solar distance (Wang. et al

ond. 2005b). However, a lower temperature than expected is only
used as a guide, since we found that the magnetic field has

2.2 The MC frame sharper changes than the temperature, and so the magrietic fie
defines more precisely the flux rope boundaries.

The magnetic and velocity fields observations are in the®adi  The front, or in-bound, boundary of a MC is typically the

Tangential Normal (RTN) system of referend®, (T, N). R easiest to determine. It is the limit between the fluctuativag-

points from the Sun to the spacecraft,is the cross product netic field of the sheath and the smoother field variationiwith
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Fig. 1. Examples of two MCs with velocity profile not significantlynperbed (i.e. with an almost linear dependence with tir@)MC 13 travels
at low latitude (2) atD = 5.3 AU in a slow SW andb) MC 30 travels at high latitude{66°) at D = 3 AU in a relatively slow SW for such high
latitude. The vertical dashed lines define the MC (flux ropm)rialaries, and the vertical dotted line defines the reardsynof the MC back
(Sect. 2.3, a back is only present on the right panels). Titee ttop panels show the magnetic field norm and its two mairpooents in the MC
frame computed with the MV method (Sect. 2.B) v is the MC axial magnetic field componei, vy is the magnetic field component both
orthogonal to the MC axis and to the radial direction from $um @). The solid red line represenks, which is the accumulated flux & v
[Eq. (1)]. The bottom panel shows the observed velocity camept in the radial directiorR). A linear least square fit of the velocity (green line)
is applied in the time interval where an almost linear trengresent within the MC.
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Fig.2. Examples of two MCs with perturbed velocity (i.e. deviatiingm a linear function of time)(a) MC 11 travels at low latitude (§ at
D = 5.2 AU in a slow SW andb) MC 36 travels at high latitude (7batD = 2.3 AU in a fast SW. The same quantities and drawing convention
than in Fig. 1 are used.

the flux rope. A current sheet is typically present betweeseh the out-bound boundary. When a back region is present rtiee ti
two regions, and the front boundary is set there, at a timechot,,; of the out-bound boundary is defined as the first solution of
tin. Fy(tou) = Fy(tin) = 0. However, this condition depends on the
determination of the MC frame so that an iterative procedkire
The rear, or out-bound, boundary is moréidult to define, needed, as follows.
in particular since many MCs have a back region which have
physical properties intermediate between MC and SW proper- We start with approximative MC boundaries defined in the
ties, so that the transition between the flux rope and theimti RTN system, then we perform a MV analysis to find the local
SW is frequently not as sharp as at the in-bound boundargdagrame of the MC. Next, we analyze the magnetic field compo-
et al. (2006, 2007) concluded that this back region is formedents in the local frame, and redefine the boundaries accord-
during the transit from the Sun, by reconnection of the flypero ing to the azimuthal flux conservation expected in a flux rope
with the overtaken magnetic field. We use the conservatitimof [Eq. (2)]. In most cases the temporal variation of the magnet
azimuthal flux between the in- and out-bound, Eq. (2), to @eficomponents indicate that the rear boundary needs to be etlang
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5.5 ‘ ‘ " e ‘ ‘ ‘ Table 1. Exponents in the fit with a power lawD€ for S, < B > and
51 o * | < N, > (found with linear fit in log-log plots, Fig. 4).
45; * *. ]
al o | range ofD @ SP <B>P <Np>P Ref¢
. o allMCs
2357 . 1 [1.4,5.4] 0.49+0.26 -1.20+020 -170+0.34 1
5 3 < i non-perturbed and
; perturbed MCs
257 « [0.3,1] 0.78:0.12 -1.85+0.07 2
ol ] [1.4,5.4] 0.56+0.34 -1.18+0.27 -1.70+043 1
o non-perturbed MCs
1.5¢ eo * ° ] [0.3,1] 0.89+0.15 -1.85+0.11 2
1 ‘ ‘ ‘ ‘ ‘ ‘ [1.4,5.4] 0.79£0.46 -1.39+0.92 -2.24+0.66 1
80 60 40 20e (Iatci)tude)zo 40 60 80 perturbed MCs
[0.3,1] 0.45+0.16 -1.89+0.10 2
Fig. 3. Spatial localization of the MCs listed in Table A.1. The MGe a [1.4,54] 054+048 -114+026 -140+050 1
separated in three groups: non-perturbed (filled greefesikgperturbed MCs
(empty blue squares), and in interaction (red stars). [0.3,1] -240+030 3
[0.3,1] 114+0.44 -1.64:t040 -2.44+0.46 4
[0.3,4] 0.97+0.10 -1.80 -2.8 5
[0.3,4.8] 0.78+0.10 3
[0.3,5.4] 0.61+0.09 -1.30+0.09 -2.62+0.07 4
of location. Then, the MV analysis is performed only on the flu [Ilé4|<A5|éi] ~0.88:0.22 4
rope interval. This is an important step since an excess gf ma [0.3,5.4] 061 _152 6
netic flux on one side of the flux rope is typically introducing [0:3: 5:4] 092+007 -140£008 —232+0.07 7

a systematic bias in the MV directions. Finally, we perfotra t
same procedure iteratively until convergence is achieVeds 2 The range of solar distances is in AU. In the middle part of the
defines improved boundaries and orientation of the flux rope.  table, MCs are separated in non-perturbed and perturbed MCs

As at the front boundary, a current sheet is expected at thé The exponents, are given for the siz& in the R direction, the
out-bound boundary (since it separates two regions witierdi mean magnetic field strengthB >, and the mean proton density
ent origins and physical properties). Indeed, a currenefsise N, >. All quantities are computed within the flux rope boundaries

. . N ; - ¢ We compare our results with our previous results in the itner
typically found in the vicinity of the timéoy in most MC ana- liosphere and with other studies of MCs and ICMESs. The resut

lyzed. The bending of the flux rope axis is one plausible catise  from: 1: present work, 2: Gulisano et al. (2010), 3: Bothmer &

the small diference in time betweeg,: and the closest current  Schwenn (1998), 4: Leitner et al. (2007), 5: Kumar & Rust @99

sheet. 6: Wang et al. (2005b), 7: Liu et al. (2005).

In the out-bound branch of a few MCBycioud has an im-

portant current sheet and later on fluctuate befeyg) van-

ishes. This indicates a deficit of azimuthal flux in the outxhd

branch compared to the in-bound one. In such cgeis de- 3, MC size and mean properties

fined by the observed time of the current sheet, and the flux ro_P ) ) o )

extension is in the time intervatif, to,] Wheret;, is redefined The aim of this section is to analyze the size and mean proper-

by Fy(tin) = Fy(tou). The iterative procedure described above #es, along the spacecraft trajectory, of MCs in functiorttuf

then applied to improvg, and the flux rope orientation. solar distanc®. Because of the trajectory of Ulysses, a correla-
tion betweerD and the absolute value of the latitude is present in
the analyzed data (Fig. 3). However, we do not find significant

2.4. MC groups differences in the following results when MCs are grouped by
latitudes, so that this correlation betwd2mand latitude does not

In the working line of Gulisano et al. (2010), we split thealsét affect our conclusions. All the studied properties afected by

in three groups: non-perturbed MCs, perturbed MCs and MCstife expansion achieved from the Sun to Ulysses. From models

interaction (noted interacting). (see e.g., Chen 1996; Kumar & Rust 1996; Démoulin & Dasso

The interacting group contains the MCs which have a stro@§09a), all properties are expected to have a power law depen

magnetic field nearby (e.g. another MC). From MHD simuladence withD, then we perform a linear fit for each property

tions their physical properties are expected to be sigmfiga plotted in log-log scale (Figs. 4,5), for the non-perturlzei

different than non-interacting MCs (e.g., Xiong et al. 2007jperturbed groups. Since MCs in interaction are stronglg das

Indeed, observations confirm that MCs in interaction coaldeh pendent, their properties are not compared (fitted) wittbalo

different behavior than non-interacting MCs (e.g. Wang et &nodels here.

2005a; Dasso et al. 2009).

MCs in the non-perturbed and perturbed groups have a leg$. pic size
disturbed surroundings than MCs of the interacting grou@sM
in the non-perturbed group have an almost linear velocitfiler With the MC boundaries defined in Sect. 2.3, we compute the
in more than 75% of the flux rope, while in the perturbed MCsize S in the directionR as the product of the duration of the
this condition is not satisfied. Two examples of each grogp aviC and its velocity at closest approach to the center of the flu
shown in Figs. 1,2, the label (number), the group, and themabpe. Compared to most previous works, see Sect. 1, thisadefin
properties of each MC are given in Table A.1. typically a smaller size as the back region is not included.
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o <Eg>;i.ﬁ§ o Dr0a3: 1=0.09 (rortimpedy < ©) Fig.5. Dependence with the solar distanézjn AU, of (a) the mean
31 log <N">=-1.70 log D+0.49; =0.60 (both) 1 proton temperature T, > (K) and(b) the mean protof. The drawing
2 7 convention is the same than in Fig. 4.
1r - q
A = - o . ) ) ) ) . )
T o = The MCs in interaction (interacting MCs) have typically a
< 0 o lower sizeS than the non-perturbed MCs (Fig. 4a). We interpret
2 this result as a directfkect of the compression afutt reconnec-
tion with the interacting MC or strong magnetic field struetu
_al |
) 01 0.2 0.3 0.4 05 0.6 0.7 0.8 3.2. Magnetic field strength

Fig. 4. Dependence with the solar distan&ijn AU, of (a) the radial Ve define the average field B > within the flux rope bound-
size in theR direction (AU),(b) the mean magnetic field strength (nT) 2ries defined in Sect. 2.3 and proceed as above Siith B >
and(c) the mean proton density (cf) with log-log plots. The MCs are is decreasing significantly slower with distance in the Sgs
separated in three groups: non-perturbed (filled greetesxperturbed range ¢1.18 + 0.27) than in the Helios range-1.85 + 0.07)
(empty blue squares), and in interaction (red stars). Tagit linesare for the non-perturbed and perturbed MCs (a similar resulbis
the result of a least square fit for non-perturbed (thin corttiis green  tained when also including thater acting MCs). Finally, com-
line), pe(turbed (dashed blue Ii_ne), and fo_r non-pertuidnediperturbed bining our Helios and Ulysses results, we have an interntedia
Mth (th'fk continuous black ||neé. dee f'tﬁ and thfe abﬁo'mmf’ of exponent{1.5+ 0.1). This last result is closer to the results of
the correlation cocients, r, are added at the top of each panel. - \ynq et al. (2005b) and Liu et al. (2005) obtained from a large
set of ICMEs in the same range of distance (bottom of Table 1).
The non-perturbed MCs have a slightly steeper decrease of
Since the majority of previous studies include all MCs inmagnetic field strength with distance than the perturbed MCs
dependently of the groups we defined above, we first comp&Fég. 4b). This result is coherent with the conservation aigm
them to our results with all MCs included (Table 1). In thegan netic flux combined with a slightly larger increase of sizeéhwi
[1.4,5.4] AU, we found an exponent lower.4®@ + 0.26) than distance of the non-perturbed MCs compared to the perturbed
previous studies on MCs or ICMEs in the inner and outer henes. We also found that the perturbed MCs have typically a
liosphere (lower part of Table 1). Taking into account ontyin  stronger magnetic field, by a factor betweed.4 and 17, than
perturbed and perturbed MCs, the exponent is slightly higheon-perturbed MCs (Fig. 4b), a result coherent with a smalle
(0.56+0.34), but still below previous studies, including our preexpansion rate for perturbed MCs (see Sect. 3.1 and 4.3).
vious result obtained with Helios data {8 + 0.12). The dfect of the interaction or B > is weaker than for the
Next, we analyze separately the non-perturbed and pedurtsze S. There is only a weak tendency for interacting MCs to
MCs. In the range [1.4,5.4] AU, we found comparable exposmeritave strongex B > than non-perturbed MCs (Fig. 4Db).
to our previous results obtained with Helios data bothrfom-
perturbed and perturbed MCs (Table 1). Perturbed MCs hav.
a significantly lower size in average than non-perturbed M
and this tendency is increasing with solar distance (Fip.We We define the average proton densityN, > as above for the
found that perturbed MCs have typically a smaller széy a magnetic field strength, i.e. within the flux rope boundarkes
factor~ 1.3, than non-perturbed MCs. the non-perturbed and perturbed MCs, the density decrsases

S3. Proton density
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Table 2. Average and dispersion of the main parameters of MCs from ficesent study and Du et al. (2010).

Group? VP Siau© <B>1a0® <Np>1au© <pBp> y @ ;e
kmy/s AU nT cnts °

all MCs 470:110 0.160.12 127 9+8 0.19:+0.17 6817 0.7#0.75
non-perturbed and perturbed 480 0.1&0.14 14:8 9+8 0.18:0.19 6820 0.630.59
non-perturbed 480130 0.24:0.16 119 7+10 0.12#0.18 6324 1.050.34
perturbed 488110 0.13:0.09 16:6 11+7 0.19:0.20 7215 0.280.52
interacting 47@130 0.12-0.05 1G:6 9+9 0.22:0.14 66:13 1.0G:0.93
MCf 500+100 0.26:0.19 116 0.59:0.51
non-MC ICME 480+ 90 0.22-0.21 5:4 0.68:0.48

a8 The MCs are separated in three groups: non-perturbed rpeduand in interaction (interacting).

b\, is the velocity at the closest distance from the MC center.

¢ The size and the mean field are normalized to 1 AU accordingt¢&} and the proton density with N, >1 au=< Np > D?2 whereD is the
solar distance in AU. R

d yis the angle between the MC axis and the radial directiR)n (

¢ ¢ is the nondimensional expansion rate [Eq. (5)].

f Computed from the results of Du et al. (2010).

nificantly less rapidly with distance (exponent-1.70+ 0.43) of proton temperature with distance for MCs observed Ulysse
than in previous studies (exponents in the rang2§, —2.3]) We conclude, in agreement with previous results, that tbeopr
both for the inner heliosphere and the combination of inmer atemperature of MCs in the outer heliosphere is decreasitty wi
outer heliosphere. However, we are not aware of resultdhor tD much slower than in the inner heliosphere and than in the SW.
outer heliosphere alone (apart Fig. 10 of Leitner et al. 2007 Moreover, MCs have a larger volume expansion than the SW,
no fitis provided). the main diference being that MCs expand significantly in the
Nevertheless, for the non-perturbed MCs the density deadial direction (Table 1 and Fig. 6 below) in contrast witle t
creases wittD with a power-law closer to previous studies. I'SW which has no mean radial expansion. Considering an adi-
contrast, for perturbed MCs the density decreases mucteslowbatic expansion implies that MCs should become even cooler
with distance. This is qualitatively in agreement with aéowex- than the SW with distance. The opposite is in fact observed,
pansion ofS and a lower decrease ef B > with D, while the which implies a much larger heating input in the MCs than in
difference between non-perturbed and perturbed MCs is miire SW. A significant part of this heating could come from a tur
important for the average proton density. Even if there iga@-q bulent cascade to small scales. Becafjsec< 1 in MCs (see
itative agreement, the systematic lower decrease§ > with  next subsection), the dissipation of a small fraction ofrtieegy-
D than in previous studies could be related to an importarit vanetic energy provides a large increase of the plasma tertupera
ability of N, in MCs (e.g. at 1 AU see Lepping et al. 2003) savhile the same amount of magnetic energy in the SW provides
that< N, > is case dependent and could be biased with our reinly a small increase of the plasma temperatggex( 1).
atively low number of MCs. When the same MC is observed at
two distances, this bias is removed. For MC 15 we obtained
larger slope of B by using the mean observed density at ACE

and Ulysses (Nakwacki et al. 2011). The proton plasmg, noteds,, is defined as the ratio of the pro-
The dfect of the interaction or: N, > is weak, comparable ton thermal pressure to the magnetic pressure. Thus, ifetbayd
to the dfect on< B >. There is only a weak tendency for in-of the proton density, proton temperature, and magnetit ifel
teracting MCs to have strongerN, > than non-perturbed MCs tensity, are real power laws (respectivély,occ D™™, T oc D™,
(Fig. 4c). While there is too few interacting MCs at I@o give  andB o D), the decay 0By, will be B, oc D™+ which
a strong conclusion, the tendency of a global decreaseNyf > in our Ulysses study corresponds to an expected increasirg f
with D is dominant over thefEect (typically compression) of an tion with the heliodistance, such BSexp oc DTL7-0312L18
interaction with another MC or a strong B region. D*035 for the combined sample abn-perturbed and perturbed
MCs (Figs. 4b,c, 5a). Another estimation can be realizedipy s
posing an isotropic expansion of MCs with distances inéngas
asD™. Using the conservation of mass and of magnetic flux (i.e.,
The average proton temperature is only weakly decreasitig win an ideal regime), we theoretically expect an evolutioohsu
distance (Fig. 5a). The non-perturbed and perturbed MCs hdbatBy o« D=3™ ™4™ which is g, o« D**% for non-perturbed
a dependence close 034 and D-°4°, respectively. This and perturbed MCs ang, « D*%4% for non-perturbed MCs,
contrasts with the decrease found in the SW, typically adouthen comparable to the previous estimation.
D%’ (Gazis et al. 2006; Richardson & Cane 1995). Moreover, We computed the mean valuegyfinside each studied cloud.
the MCs in interaction are not significantly hotter than non< g, > is lower than unity for all MCs in our sample, and it
perturbed and perturbed MCs (apart two hot interacting MGOsas a tendency to slightly increase with solar distance éor n
Fig. 5a). perturbedand perturbed MCs. We find tha, o« D%3° for the
The result above also fiiers with the decrease of temperacombined groups of MCs (Fig. 5b), so a very similar dependanc
ture as~ D16 found by Leitner et al. (2007) for MCs observedhan found above assuming exact power laws.
in the range [(B,5.4] AU. However, our results are coherent Leitner et al. (2007) found a slight decrease D=4, for
with Leitner et al. (2007) since their Fig. 11 shows no deseeaMCs in the range [(B, 5.4] AU. Still, this global tendency is not

%. Proton plasma 8

3.4. Proton temperature
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present for MCs observed with Ulysses as their Fig. 12 showg.&. Expansion of non-perturbed MCs
tendency of increasing, with D. Then, we conclude th@, has L . . o .
a different dependence wihin the inner and outer heliosphereThe main driver of MCs expansion was identified as the rapid de

Next, we analyze separately the dependencg,ofith D crease of the total SW pressure with solar distance by Démou
for each MC groupg, is almost independent @ for the non- & Dasso (2009a). They have followed the force-free evotutio

perturbed MCs, and the above growing tendency with distanc@V&y from the Sun of flux ropes with a variety of magnetic field

is mainly due to the perturbed MCs. The MCs in interactiorenaprofiles and with ideal MHD or with full resistive relaxatiom-
typically a largeg, at all D (Fig. 5b). der the preservation of magnetic helicity. Within this tregal

framework, they have shown that a force-free flux rope has an
_ almost self similar expansion, so a velocity profile almast |
4. Expansion rate of MCs ear with time as observed by a spacecraft crossing a MC (e.g.

. . ' : .. Figs. 1,2). With a total SW pressure behavinda¥, they also
MCs have typically a velocity profile close to a linear fuctiof found that the normalized expansion rate is np/4. These re-

time with a larger velocity in the front than at the rear. So MC . . X .
ts apply to a progressive evolution of a flux rope in a quiet

are expanding magnetic structures as they move away from .
Sun. In this section we characterize their expansion rate. » S0 the non-perturbed MCs are expected to have properties

the closest to these theoretical results.

The mean value of for non-perturbed MCs, observed in

4.1. Non-dimensional expansion rate the range [4,5.4] AU, is < ¢ >~ 1.05+ 0.34. This is slightly
above the mean values,0.80+ 0.18 and~ 0.91+ 0.23, found
at 1 AU and in the range [8, 1.] AU, respectively (Démoulin
et al. 2008; Gulisano et al. 2010). This is a small increase in
VRiit(t) = Vosit + (dVr/dt)gi t, (3) comparison to the change Df which is a factor in the definition
of £ [Eq. (5)]. SinceV, has no significant dependence with

where (/r/db)s is the fitted slope. We always keep the fitting\yang et ai. 2005b), the increase bfis compensated mainly
range inside the flux rope, and restricts it to the most lipeat by the decrease afVi/At.

of the observed profile. The observed linear profilé/gfindi-
cates that dferent parts of the flux rope expands at about tf}ﬁo

same rate in the directidr. _ . so in the region the closest to both previous studies. Iy thct
The linear fit is used to define the velociti®gyi(tin) and 1 the characteristics of Ulysses orbit, there are only adbw
Vrjit(tour) at the_flux rope_boundarles (Sect. 2.3). Then, we defiRgeqd MCs foD < 3 AU (Fig. 3) so that the decrease with
the full expansion velocity of a flux rope as: of the linear fit of¢ could be due to the specific properties of the
AVg = Vrii(tin) — Vit (tout) - (4) few detected MCs at these lower distances. We also recall tha
) D is strongly correlated to the heliolatitud®, Fig. 3, so that
For not perturbed MCsAVg, is very close to the observed vethe dependencg(D) shown in Fig. 6a could be also affect
locity differenceVg(tin) — Vr(ta), See e.g. the lower panels ofof |atitude. Still, we emphasize that the > found here with
Fig. 1. For perturbed MCs, this procedure minimizes tfieas ylysses is only slightly larger than the values found presiyp
of the perturbations present inside the flux rope and esibeciayt |ower helio-distances. Thesefdrences are small compared
close to the MC boundaries. ) _ to the significantly dierent SW properties of the slow and fast
Following the works of Démoulin & Dasso (2009a) andsyy dominantly present at low and high latitude, respegtivel
Gulisano et al. (2010), we define the non-dimensional expans s in the previous study, we test the possible dependence

The measured temporal profg(t) of each MC is fitted using
a least square fit with a linear function of time,

The slightly larger mear ¢ > in the range [4,5.4] AU is
stly due to larget values found at loweb values (Fig. 6a),

rate as: of £ on the MC properties. Both the MC size and field strength
_AVR D 5 strongly change witlD (Fig. 4a,b). We use the fits found for the
- TIV_CZ (5) non-perturbed MCs to remove, in average, the evolution with

! i _ D. So we define values at a giving solar distance, here taken at
¢ defines a scaling law for the siz& of the flux rope (along 1 Ay, with the relations:

R) with the distance[d) from the Sun a$ « D¢. This simple
interpretation of’ is obtained with the following two simplifica- Sipu = SDO7°

tions (justified in Démoulin & Dasso 2009a). Firstly, we texg _ +1.39

the aging €ect (the front is observed at an earlier time than the B> = <B>D ’ (8)

rear, so when observed at the front the flux rope is smaller thflhe mean MC speed is only weakly evolving wittin the outer

when itis observed at the rear), and seconglig approximately ojiosphere (see e.g. Wang et al. 2005b, for a large set oBEM

constantduri_ng the time interval of the opse_rved flux rope. including MCs), so we use below the measured velocity of the
Then, while? is a local measurement inside the flux rope, Eenter\/c.

provides a measure of the exponentf the flux rope size if it

. We find that for non-perturbed MQsis almost independent
follows a power law:

of < B >1au (Fig. 6d) as it was found in the range 301.] AU

D\" (compared to Fig. 4d of Gulisano et al. 2010). A smatfett

S= SO(D—) - (6) ence is that decreases slightly witN, and S; au (Fig. 6b,c)
0 while a nearly constant value was found in the rangg, D]

Indeed, taking the temporal derivative $f AU (compared to Fig. 4b,c of Gulisano et al. 2010). This dif-
ds ds db S AtV2 ference is probably not due to a latitude dependence sirce th
— =AVg= —— am=V, » m—= . (7) MCs observed ap| < 25° or > 25 are evenly distributed in
dt db dt D D the three plots when we analyzed the two groups indeperydent
Then, we found a relation equivalent to Eq. (5), so for selfnot shown], so similar results are obtained. Finally, gsither
similarly expanding MCs we have ~ (. exponentsin Eq. (8), in the range given in Table 1, inducég on
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Fig. 6. The panelga-d) show the correlation analysis that tests for the dependgfitbe non-dimensional expansion factdEq. (5)] as a function
of other MC parameters. The drawing convention is the saime ith Fig. 4.S; oy and< B >; 5y are normalized to 1 AU using the size and field
strength dependence on the distance, according to therelaip given in Figure 4 for non-perturbed MCs, see Eq. (8).

slight changes in the linear fits shown in Fig. 6, in particite not observed inside the MC with Ulysses data. Still, a pathef

the magnitude of the slope. overtaking flow is present behind the MC. Then, the compres-
sion of the overtaking flow is still present, and most pertarb
MCs are under-expanding.

Another evidence of a fferent evolution stage at Ulysses

A main difference of perturbed MCs, compared to the nogompared with Helios is thatshows no significant dependence
perturbed ones, is their lower expansion rate and a larger d?n D (Fig. 6a), while the mean tendency ofwas to increase
persion,< £ >= 0.28+ 0.52, compared te / >= 1.05+ 0.34 With D and to reach the: £ > at 1 AU of unperturbed MCs for
for non-perturbed MCs (see also Fig. 7c,d). These resuits &telios MCs (Fig. 4a Gulisano et al. 2010).
comparable to the results found in the distance rangeIpAU Only one perturbed MC is expanding slightly faster than
by Gulisano et al. (2010) since they fourds >= 0.48+ 0.79 the mean expansion rate of unperturbed MCs (Fig. 6), while
and< ¢ >= 0.91+ 0.23 for perturbed and non-perturbed MCsa stronger over expansion is present in some MCs in interac-
respectively (Fig. 7a,b). This lower expansion rate fotymyed tion. Indeed, such over expanding flux ropes are found in the
MCs is indeed expected from MHD simulations if the origin oibove MHD simulations in the late stage of evolution, as fol-
the perturbation is an overtaking magnetized plasma sinise ilows. The overtaking magnetized plasma progressively flmws
compressing the MC, so decreasing its expansion rate (Xiothg MC sides and overtakes the MC. When only a weak over-
et al. 2006a,b). taking flow remains at the MC rear, the expansion rate could in
A significant overtaking flow, with a velocity larger than a€rease. Indeed, the MC internal magnetic pressure is lgdger
the front of the MC, is found in 12 over 20 perturbed MCd0 the previous compression) than the pressure value fdhano
These strong flows are located behind the observed MC, i€ at the same position and with no overtaking flow before.
typically a shock, or at least a rapid variation\f is present This over pressure drives a faster MC expansion (e.g. see the
at the rear boundary of the back region, as illustrated by MIC summary of two simulations in Fig. 7 of Xiong et al. 2006a). So
in Fig. 2a. This is a main tfierence with MCs observed in thethe expansion rate of perturbed MCs depend on the interactio
range [03, 1] AU, as the overtaking flow was typically enteringstage they are observed, see the cartoon in Figure 6 of Galisa
deeply in the perturbed MCs, and moreover, a strong shock vgigl. (2010).
typically present inside the perturbed MC (compare Fig. Baw  Some properties aof for perturbed MCs are still similar in
Fig. 2 Gulisano et al. 2010). Thisftirence can be interpretedthe inner and outer heliosphereshows an increase with both
with the MHD simulations of Xiong et al. (2006a,b), as follew V; andS; ay (Fig. 6b,c), and a decrease withB >; oy (Fig. 6d)
The observations at Helios distances correspond to theagtte as found with Helios data (Fig. 4b,c,d Gulisano et al. 2010).
ing stage when the overtaking shock is traveling inside tl&@ MHowever, the slopes are smaller by a factor2, 2, and 6 re-
(e.g. see Fig. 5 of Xiong et al. 2006a). At larger solar distasn spectively. Finally, it is worth noting that the abovefdrences
the overtaking shock has exit from the front of the MC, so it iare not due to a tlierence in the range of parameters sikgge

4.3. Expansion of perturbed MCs
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ol | where the MC size5; is taken at distanc®g. Then, for per-
‘ ‘ turbed MCs one expects a linear dependancé wfith AVg,
% =) 0 1 2 3 4 what is indeed present (Fig. 8a). Interacting MCs are styong
¢ perturbed, and indeed they have a stronger dependayaeithf
Fig. 7. Histograms comparing of MCs and non-MC ICMEs(a,b) AVR.
MCs from Helios spacecraft (Gulisano et al. 201@€) MCs from Moreover, from Eqg. (9), an expected dependanc®amnd

Ulysses spacecraft (present worff)g) MCs and non-MC ICMEs from V. is expected. Within the observed ranges, both parametegs ha
Ulysses with approximativé values computed from the results of Dua comparableféect on the slope. Since we have a too low num-
etal. (2010). ber of MCs to perform a dependance test on ddtandV,, we
only considered the two groups whebeandV, cumulate their
effect on the slopes. So these two groups have larger slope dif-
_— . ferences, and luckily, they are also the most numerous group
S1au and< B >3y have similar ranges for Helios and Ulyssesrhe first group is defined by, < 500 km's andD > 4 AU: it
MCs. i _ has< V. >~ 410 ks and< D >~ 5.1 AU. The second group
.As for Hellps MCs ¢ does not depend on the expansion V&g gefined b, > 500 knys andD < 4 AU; it has< V, >~ 640
locity AVR [def|r_1eq by Eq. (4)] for non—per'gurbed MCs observegm/S and< D >~ 2.6 AU. We use a typicaby = 0.2 AU value at
by Ulysses, whllqg_“ is stron_gly c_:orre!ated v_wthVR for perturbed Do = 1 AU, andm = 0.54 as found for perturbed MCs (Table 1).
MCs (compare Fig. 8a with Fig. 5in Gulisano et .al. 2010). Thigpe first group has an expected slope 68 which is compara-
result extends previous Helios results to large distarloéeed e to the one derived from the datad®s, Fig. 8b). The second
non-perturbed MCs have an intrinsic expansion taehich is  4r5yp has a smaller expected slope O and the observations
given by the _decrease of the total SW pressure Wth solar_dgﬁ\-,e a slope even lower by a factaB10ne can also compare the
tance). This is not the case of perturbed MCs which are inrgo of predicted and observed slopes to eliminate theenfte
transient stage, saVr cannot be computed bySddt as done o g the observed ratio of slopes is a factof higher than
in Eq. (7). Rather, following the derivation of Gulisano ét ane predicted one, and it decreases # il we usem = 0.28,
(2010): the mean’ value found for perturbed MCs (Table 2). Taken into
account the uncertainties on the MC parameters, thesasasul
AVgr D AVRDQD“" deed show that Eq. (9) provides a quantitative dependange of
fpertubed= —5 - ¥ gy (9)  with D andV, for perturbed MCs.
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4.4. Global radial expansion In their table of ICMEs, Du et al. (2010) provided all the

uantities to computé [Eq. (5)]. We find Gaussian-shaped his-

The pletermination of prpvides t_he .eXP?”SiO” rate of the MC aEograms ot for both MCs and non-MC ICMEs (Fig. 7f,g). They
the time of the observations while its si3edepends on the past, o very similar, in particular their mean and dispersim-

hi_story of . If S would be observed at another solar distanc arable ¢ = 0.59+0.51 for MCs and’ = 0.68+0.48 for non-MC

this would provide a global information on the expansion b CMEs). This is_compatible with a common idea that non-MC
tween the two distances (as well as another local informatfo MEs have the same properties as MCs, but they are simply
¢). However, the observation of the same MC by two spacecrgficeedn situ near their periphery in such a way that the inter-
is a rare event since it requires a close alignment of theespaﬁaI flux rope is missed

craft positions with the propagation direction of the MC ¢on These results are also comparable to our results when we

O om0 al MCS togethr and even mre wihen we considernon-
tion of MCs. The quxprope size of non-perturbed MCs have pertgrbed and perturbed MCs (Fig. 7, Table 2-)' However, our
mean depeﬁdence close to (Fig. 4a) fetailed gpalygs permits to separate MCs which are fiierdi
: ent conditions. The MCs in interaction have the broadereang
S o DO-79£046 (10) of ¢ (Fig. 7e) since they are stronglyfected by the interac-
tion, and they are observed atfdrent times of the interaction
If a MC evolves with ¢ constant, it impliesS « D¢ process. The non-perturbed MCs have logically the lesedisp
(Sect. 4.1). The non-perturbed MCs are expected to have #ien of £ (Fig. 7c). So behind the dispersion Hffound from
most stable’ value. Their mear value, 105+ 0.34 (Table 2), Du et al. (2010) results, flerent environments and evolution
indicates that they are in a faster expanding stage tharidbalg stages are present.
results of Eq. (10). The possiblefidirence is that the flux rope
size decreases with distance due to reconnection with the en o i
countered SW magnetic field. The observed trace of this recéh MCs in interaction
nection is the presence of a back region in a large majority gf ; ; ;
MCs (e.g. a back region is present in the three MCs shown ?hl' Evolution of MCs in a complex solar wind
Figs. 1,2). Indeed, if the flux rope size would decrease byga f&Some MCs are traveling in a structured SW formed by plasma
tor ~ 1.5 between ¥ and 54 following a power-law ofD, it coming from diferent parts of the solar corona. Such plasmas
would decreas& by D°3, so sifficiently to explain the above have diferent properties, e.g. plasma speed and magnetic field,
difference between the mean evolutiorsdEg. (10)] and< 7 > so they are interacting. For example, a rarefaction regéon i
for non-perturbed MCs. formed when a fast SW is preceding a slow SW while a com-
An alternative possibility is that, at least, part of the norpression region is formed when a fast SW overtakes a slow SW.
perturbed MCs were in fact previously perturbed so thatrthé¥loreover, especially around the maximum of the solar cycle,
£ value was lower. This would imply a lower global expansioseveral ICMEs could be ejected from the Sun at similar times,
of the MC, so a lower dependence®fon D. Indeed,< ¢ >= then they could interact later on. When a MC is traveling in a
0.77 + 0.75 for non-perturbed, perturbed, and interacting MCgructured SW, the encountered structuifsci its evolution.
taken together, which is much closer to the exponentin E). (1  The group of perturbed MCs, analyzed above, are interpreted
than< ¢ > for the unperturbed MCs alone. In this view, theas examples of such MCsfected during their travel from the
unperturbed, interacting, and perturbed classificatiom liscal Sun by the encountered SW structures. However, since it was
one, only valid around the time of the observation and, a MC iigostly a past interaction, there is no direct evidence ofrttes-
changing of group (non-perturbyper turbed/interacting) as it action in thein situ data. The past interaction for such MCs is
travels away from the Sun. Finally, both possibilities nieméd only suspected by the presence of an overtaking flow and by a
above could well be present. typically lower ¢ value. For some other MCs, the interaction is
still taking place during the observations. In such a cédseMC
) evolution depends on the type of interaction (e.g. on therext
4.5. MC and ICME expansion nal structure involved, the relative velocity, the m%gdiimf its
In this section we analyze a broader set of MCs and ICMEs frapfasma parameters and field strength) as well as the timseslap
the results published by Du et al. (2010). They defined ICME#1ce the beginning of the interaction. It implies that thedlg of
following Wang et al. (2005b) as the time intervals where tHdCs in interaction needs to be done typically as a case by case
proton temperaturd,,, was less than half the expected tempergtudy. We include the MCs with a strong interaction at theetim
ture in the SW with the same speed. They found that about 48¥¢heir in situ observation, in a third group (called simpiser-
of the identified ICMEs are MCs. Their Ulysses data set co@cting). In the next two subsections, we analyze two subkgso
ers the time interval from January 1991 to February 2008. Tk@alled & and lc) of such interacting MCs.
main mean parameters of this data set are given in Table B. Bot
groups have similar characteristics than the MCs studieidisn
paper, with the exception of a significantly lower magnettcfi
strength in non-MC ICMEs. In the first sub-group,gl, MCs have a strong magnetic field in
Du et al. (2010) performed a linear fit of the radial velocityheir surroundings, typically stronger by a factor abovethan
through the full ICME (defined by, while we restrict to inside the mean field strength inside the MC. However, this sub4grou
the flux rope for our study). They definéd/ as the speed dif- contains only cases where the nearby magnetic structunedtas
ference between the leading and trailing edges of the ICNiE. Tthe characteristics of a MC.
distribution ofAV is closely similar between MCs and non-MC  MCs 21 and 46 both have a strong magnetic field within a
ICMEs (Du et al. 2010, Fig. 4). The mainftérences are only large front sheath (larger than the MC size). Both have a low
that few MCs have a largaV and that more non-MC ICMEs ¢ value (026 and 039 respectively). MCs 4 and 27 both have
have very lowAV. a strong magnetic field behind them within an extended region

5.2. MCs with stronger B-field nearby

10
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Fig. 9. Example of two MCs in interaction. MC 44 is a large MC with
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strong magnetic field; it is followed by the smaller MC 26 (thestical
dashed lines define the MC boundaries). The magnetic fiediootis y Wi |
mostly in the longitude of the field(s) for MC 44 and mostly in the (< B>~ 3 nT) and which is in strong over expansign 2.35).

latitude of the field §g) for MC 26 showing that the MC axis are al-

most orthogonal. Still there is only a weak change of the ratigfield

between the out-bound branch of MC 44 and the in-bound brafch

MC 26. The MCs are separated by a sheath-like region with anetag

field of different orientation. The bottom panel shows that MC 26 is n#iterval of counter streaming electrons covering the fuliedion
expanding. A linear least square fit of the velocity is shovithw green  Of the triad. All MCs are in over expansiot & 3.2, 194, 15,
line in the time interval where an almost linear trend is presn each respectively), while the triad taken as a whole has an expans

MC.

a

during the interaction of two magnetic clouds have been also
studied numerically from MHD simulations (e.g., Lugaz et al
2005; Xiong et al. 2007). These studies have typically fotlnad

a linear velocity profile is reached in the late evolution ggha
when the two MCs are traveling together.

We analyze such interacting MCs, with at least another MC
in their vicinity, in the second subset of interacting MGgd).
An example is shown in Fig. 9. The large MC 44 has a typical
expanding rate/{ = 0.95) while the smaller MC 26 located be-
hind has no significant expansiaf £ 0.). A second couple of
MCs have similar magnetic field strength 8 >~ 1 nT), and
the front MC 18 is in slight over expansiod & 1.24) while,
behind, MC 19 is in under expansiofi £ 0.45). A third cou-
ple of MCs is formed by MCs 15 and 42. MC 15 was also de-

| tected by ACE spacecraft at 1 AU. Its expansion rate wasielass

cal (¢ = 0.74, Nakwacki et al. 2011). However, when the same
MC is measured at 5.4 AU, it is strongly overtaken. In patécu

its out-bound branch is compresseds >~ 1.2 nT compared to

< B >~ 0.5 nT in its in-bound branch) and in under expansion
(¢ ~ 0.57 compared t@ = 0.67 in its in-bound branch). This
MC 15 is overtaken by MC 42 which has a much stronger field

Finally, the data set contains three MCs traveling close by.
The three MCs (7,41,8) have similar field strength, and tiaslt
was identified as one ICME by Funsten et al. (1999) with an

rate closer to the mean value of all the MQs# 0.8). Since
this last¢ value is very diferent than the values found inside
each MCs, this triad of MCs is far from a relaxation state with

(larger than the MC size). Both MCs have a field strength irlinear profile for the full time period (in contrast of thesuits
creasing from the front to the rear, and this is especiallyked of numerical simulations). In the same line, the three cewupl
for MC 27 since its B-profile is unusually increasing almast | MCs analyzed above also show significarffetience ot values
early from the front to the rear by a facter 2. MC 4 has a as illustrated for one couple in Fig. 9.

relatively small¢ value (054) while MC 27 is in compression
(¢ = -0.81). MCs 10 and 33 have also a strong magnetic fie(Lflv
behind them, while at the flerence of both previous MCs, their

internal field strength has rather several unusual strestsow-

less than average gs= 0.36 and 033, respectively.

We conclude that the above 6 MCs are compressed by
surrounding strong magnetic pressure so that they are dxpep
ing less than average (even one MC is in a strong compressi

The above three pairs and one triad of interacting MCs show
ariety of cases. This contrast with the simple evolutmmfl
in MHD simulations between similar flux ropes, as follows. As

ing that they are strongly perturbed. They are both expamd'\évnh an overtaking fast flow, the MC in front is first compregse

0 its expansion rate decreases (Lugaz et al. 2005; Xionlg et a
007). The couple of MCs 18,19, with similar field strengtld an
Ze, is the closest from these simulations. However, thevie

ulations.

g MC is in under expansion while it is the leading one in MHD

stage). However, there is one exception, MC 1 which has also ] S

a strong magnetic field behind (in a region more extended than In the case where magnetic reconnection is inhibited be-
the MC size) but it is in over-expansion &s= 1.45. This MC
is likely to be in a late interaction stage where the inteprab- . ! ) 3 €
sure, build up previously in the under expansion stage,heso forming only one expanding structure, i.e. with a nearlg#n
too large so that it could drive an over expansion (see Segjt. 4velocity profile across both MCs (see Fig. 4 of Xiong et al.

5.3. Interacting MCs

tween the flux ropes (by nearly parallel magnetic fieldsgrlat
on in the MHD simulations the couple of MCs travels together

2007). Such case was not found in present data case.

Other MHD simulations have shown a more complex veloc-
ity pattern, for example in the case of the interaction o&éhr

When, after the solar eruption of a magnetic cloud, another oflux ropes (see Fig. 6 of Lugaz et al. 2007). Still we are migsin
is ejected with faster velocity and in similar directionthidne a complete view of the interaction of MCs of various sizes, or
first one, an interaction between the two MCs is expected neantations and magnetic helicities to interpret the abosentzd

their encounter time. Depending of the

relative orientatibthe

interacting MCs. We are also missing the history of the sxter

magnetic field of the two interacting MCs, magnetic reconnetion, and this is crucial for understanding the local measents

tion can develop during the interaction. Previous studi¢sese since the above MHD simulations have shown that the interac-
processes have been done using observations of indivitlgal stion is a time-depend process (even in the simplest interact
ied cases for both, favorable conditions to the magnetiorrec cases). Part of the history can be provided by other data such
nection (e.g., Wang et al. 2005a), as well for non-reconoect as heliospheric imagers and interplanetary radio data fiooie
conditions (e.g., Dasso et al. 2009). The dynamical evauti recent time period of analysis (with STEREO spacecraft).

11
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6. Summary and Conclusions past history is unknown and because they show a larger yariet
than in MHD simulations.
The main goal of present paper is to investigate how the MCs
roperties, in particular the expansion rate, evolve indbeer . . .
Eelipc))sphere frgm what is knowrr: in the inner heliosphere andAPPeNdix A: List of studied MCs
1 AU from previous studies. During the travel from the Sun t9he studied MCs are listed in Table A.1. We added the MCs
the location of thein situ observations, the MC field could begj to 46, which were not present in the list of Rodriguez et al.
partially reconnected with the overtaking magnetic fieklga- (2004).
idenced by the presence of a back region in a large fraction of o
MCs. We define the MC boundaries to retain only the remaini knowledgements. The authors acknowledge financial support from ECOS-
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TableA.1. List of MCs and their main properties.

MCa t.P Group® 09 DY V,® S® <B>T <Ny>T <B,>" 49 "
d-m-y h:m (UT) ° AU km/s AU nT cn? °

1 17Jul-1992 19:46 interacting -14 53 447 0.58 0.83 0.10 0.14 60 514

2 15Nov-1992 23:18 perturbed -20 52 595 1.39 0.91 0.04 0.12 82 0.50

3 11-Jun-1993 18:29 non-perturbed -32 4.6 728 1.65 0.98 0.05 0.14 7969 0

4  10Feb-1994 16:46 interacting -52 3.6 723 0.1 1.55 0.17 0.24 74 405

5  3Feb-1995 21:05 perturbed 22 1.4 754 025 4.33 1.26 0.21 55 0.50

6 150ct-1996 01:55 non-perturbed 24 46 673 1.30 0.64 0.04 0.11 6789 0.

7 10Dec-1996 20:04 interacting 21 46 601 0.17 0.91 0.10 0.34 48 3.20

8 12Dec-1996 22:45 interacting 20 47 512 0.29 0.94 0.14 0.31 65 1.50

9 09Jan-1997 09:35 perturbed 19 47 471 0.36 2.05 0.42 0.10 40 041
10 27May-1997 01:52 interacting 10 5.1 439 0.55 0.98 0.19 0.21 80 0.36
11  17Aug-1997 09:59 perturbed 6 52 361 0.73 1.47 0.25 0.08 79 037
12 304Aug-1997 19:26 perturbed 5 52 392 0.35 1.58 0.40 0.18 71 1.26
13 14%ov-1997 19:18 non-perturbed 2 53 387 048 1.04 0.29 0.25 80 9 1.2
14 25Jan-1998 20:24 perturbed -2 54 379 0.05 1.72 0.24 0.08 53 -0.92
15 26Mar-1998 22:53 interacting -29 54 351 1.10 0.48 0.12 0.37 89 70.6
16 094Apr-1998 20:34 perturbed -6 54 411 024 0.58 0.36 0.71 68 0.54
17 154Aug-1998 02:24 perturbed -12 54 444 0.64 2.34 0.58 0.44 90 -0.18
18 274Aug-1998 00:02 interacting -13 54 389 0.37 0.91 0.16 0.15 73 41.2
19 304ug-1998 07:15 interacting -13 54 377 0.49 1.10 0.22 0.16 71 504
20  88ep-1998 23:16 non-perturbed -13 5.3 372 0.36 0.51 0.12 0.27 4108 1
21 19Sep-1998 02:19 interacting -14 53 363 0.38 0.90 0.27 0.28 64 60.2
22  80ct-1998 16:35 non-perturbed -15 5.3 401 0.82 0.95 0.04 0.03 8588 0
23 9Nov-1998 00:53 non-perturbed -16 5.3 426 1.17 1.03 0.18 0.15 8999 0
24 12¥Nov-1998 16:16 interacting -16 53 412 0.22 1.24 0.23 0.16 60 81.1
25  5¥ar-1999 01:18 perturbed -22 51 454 0.63 2.72 0.27 0.14 86 1.05
26  16Jun-1999 08:22 perturbed -28 4.8 417 0.29 1.13 0.65 0.04 88 0.02
27  17Aug-1999 06:46 interacting -32 47 411 012 1.21 0.48 0.24 74 81-0.
28 31Mar-2000 21:32 non-perturbed -50 3.7 401 0.16 6.12 2.01 0.07 7378 0
29 15Jul-2000 14:52 non-perturbed -62 3.2 500 0.41 0.29 0.06 0.73 2114 1
30 11Aug-2000 06:22 non-perturbed -66 3.0 459 0.32 1.35 0.43 0.11 8595 0
31  6Dec-2000 23:15 non-perturbed -80 2.2 394 0.23 2.84 0.80 0.08 3170 1
32 12Apr-2001 01:28 non-perturbed -26 1.4 593 0.28 5.95 1.47 0.07 8732 1
33  7-Jul-2001 13:35 interacting 40 14 296 0.20 4.18 8.51 0.67 81 0.33
34  243ul-2001 04:36 non-perturbed 51 15 381 0.42 5.17 2.39 0.16 3058 0.
35 244Aug-2001 19:09 perturbed 68 1.7 539 0.13 8.78 2.70 0.06 88 0.48
36 14¥Nov-2001 22:53 perturbed 75 23 632 032 2.77 0.18 0.03 79 0.67
37 12Feb-2002 13:32 perturbed 58 2.9 519 0.20 4.73 1.76 0.11 58  0.06
38 5¥ay-2002 15:02 non-perturbed 46 3.4 385 0.16 1.87 0.82 0.09 7057 1.
39 16Jun-2002 21:19 non-perturbed 41 3.6 658 1.49 2.85 0.17 0.02 7073 0.
40 18Jul-2002 06:51 perturbed 38 38 530 0.08 3.54 0.51 0.04 79 0.00
41 11Dec-1996 15:18 interacting 20 46 558 0.17 0.85 0.07 0.12 55 1.94
42 29¥ar-1998 07:06 interacting -5 54 358 0.25 2.93 0.94 0.14 59 235
43 204Apr-1998 12:38 perturbed -6 54 416 0.30 1.64 0.28 0.13 65 -0.19
44 144un-1999 10:42 interacting -28 4.8 450 0.55 1.60 0.21 0.09 58 50.9
45 173Jan-2000 12:09 perturbed -44 41 398 0.38 2.01 1.05 0.51 68 -0.08
46  27¥Nov-2001 19:47 interacting 73 23 779 0.25 2.34 0.23 0.16 37 0.39

& Number identifying MCs.

b t. is the time of closest approach from the MC axis.

¢ The MCs are separated in three groups: non-perturbed rpeduand in interaction (noted interacting).

4 g andD are the latitude and solar distance.

¢ V; is the velocity at the closest distance from the MC axis &rislthe MC size. Both are computed in the radial direction afwam the Sun
(R).

< B>, <N, >and< g, > are the average over the flux rope of the field strength, th@pmensity and the protgs) respectively.

9 y is the acute angle between the MC axis and the radial dire@&p

£ is the unidimensional expansion rate [Eq. (3)k 0 means a MC observed in compression stage.
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