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Introduction

Coronal mass ejections (CMEs) are important drivers of space-weather disturbances observed at Earth [START_REF] Illing | Observation of a coronal transient from 1.2 to 6 solar radii[END_REF][START_REF] Webb | Coronal Mass Ejections: Observations[END_REF]. CMEs are initiated in the low solar corona by the launch of eruptive solar plasma and magnetic fields. Those that propagate with a speed higher than the speed of the ambient solar wind may drive a shock ahead of them. The compressed plasma accumulated in front of the magnetic ejecta (ME) is called the sheath of the CME. After travelling through the heliosphere as interplanetary CMEs (ICMEs), they may arrive at Earth and as such they meet the spacecraft at the Sun-Earth Lagrangian point L1 where the in situ speed, density and magnetic field of the solar wind and embedded ICMEs can be measured. Applying triangulation techniques from coronagraph images, the shape of CMEs can be retrieved (see e.g. [START_REF] Mierla | A Quick Method for Estimating the Propagation Direction of Coronal Mass Ejections Using STEREO-COR1 Images[END_REF][START_REF] Braga | Pseudo-automatic Determination of Coronal Mass Ejections' Kinematics in 3D[END_REF][START_REF] Balmaceda | How Reliable Are the Properties of Coronal Mass Ejections Measured from a Single Viewpoint?[END_REF]. Using the estimated CME kinematics, we can model and study the ICME arrival time at Earth using a wide variety of ICME propagation models.

Up until now it has been di cult to find propagating CMEs that are observed in situ by multiple spacecraft (see, e.g., the recent inner heliospheric catalogs by [START_REF] Grison | Shock deceleration in interplanetary coronal mass ejections (ICMEs) beyond Mercury´s orbit until one au[END_REF][START_REF] Good | Self-Similarity of ICME Flux Ropes: Observations by Radially Aligned Spacecraft in the Inner Heliosphere[END_REF][START_REF] Salman | Radial Evolution of Coronal Mass Ejections Between MESSENGER, Venus Express, STEREO, and L1: Catalog and Analysis[END_REF], in order to study the evolution of their shape and structure into more detail. Recently, a multi-spacecraft encounter has been studied by also simulating the event using magnetohydrodynamical (MHD) simulations [START_REF] Asvestari | Modelling a multi-spacecraft coronal mass ejection encounter with EUH-FORIA[END_REF]. Even after the launch in 2018 of NASA's Parker Solar Probe (PSP, [START_REF] Fox | The Solar Probe Plus Mission: Humanity's First Visit to Our Star[END_REF], such events are rare [START_REF] Davies | In situ multi-spacecraft and remote imaging observations of the first CME detected by Solar Orbiter and BepiColombo[END_REF][START_REF] Winslow | First Simultaneous In Situ Measurements of a Coronal Mass Ejection by Parker Solar Probe and STEREO-A[END_REF][START_REF] Möstl | Multipoint Interplanetary Coronal Mass Ejections Observed with Solar Orbiter, BepiColombo, Parker Solar Probe, Wind, and STEREO-A[END_REF], as we are currently in a phase of low solar activity. Furthermore, studies have shown that the CME expansion in the inner heliosphere is driven mainly by the decrease of solar wind pressure with distance (Démoulin & Dasso, 2009a;[START_REF] Gulisano | Global and local expansion of magnetic clouds in the inner heliosphere[END_REF]. Finally, [START_REF] Lugaz | Inconsistencies Between Local and Global Measures of CME Radial Expansion as Revealed by Spacecraft Con-junctions[END_REF] have found that the expansion rate depends on the initial magnetic field strength which is an indirect evidence that CME expansion close to the Sun is driven by the internal magnetic pressure.

Previous studies indicated that several spacecraft have already observed periods of very low density in the solar wind [START_REF] Lugaz | Earth's magnetosphere and outer radiation belt under sub-Alfvénic solar wind[END_REF][START_REF] Chané | Over-expansion of a coronal mass ejection generates sub-Alfvénic plasma conditions in the solar wind at Earth[END_REF][START_REF] Hajra | Near-Earth Sub-Alfvénic Solar Winds: Interplanetary Origins and Geomagnetic Impacts[END_REF]. [START_REF] Chané | Over-expansion of a coronal mass ejection generates sub-Alfvénic plasma conditions in the solar wind at Earth[END_REF] provided an explanation of such a low density observed between May 24-25 2002 by overexpansion of an ICME during its journey to Earth. Because the ICME was travelling in the wake of another CME ejected just a few hours earlier, i.e., the preceding ICME cleared away the ambient solar wind plasma and the frozen-in magnetic field, the observed over-expansion was made possible. In the present paper, we study two other cases of low density ICMEs observed on 18-20 July 2002. They belong to the twelve fast halo CMEs associated with twelve X-ray flares observed in 2002. These twelve CMEs have been studied previously in order to understand why they were not geo-e↵ective [START_REF] Schmieder | Low Geo-E↵ectiveness of Fast Halo CMEs Related to the 12 X-Class Flares in 2002[END_REF]. It was found that their sources were mainly in large sunspot groups but per chance located close to or at the west or east limb and that the orientation of the interplanetary magnetic field (IMF) was mainly northward at L1, so not geo-e↵ective. To complement the observations, we have performed numerical simulations using the EUHFORIA model (EUropean Heliosphere FORecasting Information Asset Pomoell & Poedts, 2018), which allow us to track the ICMEs as they travel through the inner heliosphere. We follow the techniques described by [START_REF] Scolini | Exploring the radial evolution of interplanetary coronal mass ejections using EUHFORIA[END_REF] to track the background solar wind and the ICMEs traveling through it by using virtual spacecraft. In order to initiate the simulations we use two di↵erent CME models: the cone model which represents a hydrodynamic pulse and the Linear Force Free (LFF) spheromak model [START_REF] Verbeke | The evolution of coronal mass ejections in the inner heliosphere: Implementing the spheromak model with euhforia[END_REF], which includes an intrinsic magnetic field. Furthermore, we derived the expansion rate from the linear profile of the observed velocity profile, assuming a nearly self-similar expansion through the heliosphere, similar as in [START_REF] Chané | Over-expansion of a coronal mass ejection generates sub-Alfvénic plasma conditions in the solar wind at Earth[END_REF].

The present paper is organised as follows. In Section 2, we present the solar observations between 15-18 July 2002, then the in situ measurements at L1 are analysed. We describe the simulation set-up and results in Section 3 and we analyse the simulated ICME between 0.1 and 1 au in Section 4. Finally, discussion and conclusions are presented in Section 5.

Observations : CME sources and ICMEs at L1

Sources of the CMEs in July 2002

Over the span of a few days between 15 and 18 July 2002, multiple CMEs were observed. For the purpose of this study, we focus on a set of three CMEs whose ICME counterparts have already been studied in detail in two successive papers [START_REF] Bocchialini | Statistical Analysis of Solar Events Associated with Storm Sudden Commencements over One Year of Solar Maximum During Cycle 23: Propagation from the Sun to the Earth and Effects[END_REF][START_REF] Schmieder | Low Geo-E↵ectiveness of Fast Halo CMEs Related to the 12 X-Class Flares in 2002[END_REF]. A summary of their properties is provided in Table 1. We present here data from the Michelson Doppler Imager (MDI) instrument (see https://www.solarmonitor.org/) as well as coronagraph images from the Large Angle and Spectrometric Coronagraph (LASCO, [START_REF] Brueckner | The Large Angle Spectroscopic Coronagraph (LASCO)[END_REF] experiment providing images of the inner solar corona. These instruments are both on board of the Solar and Heliospheric Observatory (SOHO, [START_REF] Fleck | The SOHO mission[END_REF]. The LASCO instrument consists of two coronagraphs C2 and C3, with field of views of up to 3 solar radii (hereafter R ) and 3 to 32 R respectively. Furthermore, we present data from the Meudon spectroheliograph in H↵ (see http://bass2000.obspm.fr/home.php?lang=en).

As a matter of fact, the only two sources of halo CMEs associated with X-class flares in July 2002 were located near the disk center in the active region AR 10030 (Figure 1, top panels). They are marked as H27 and H29 in [START_REF] Bocchialini | Statistical Analysis of Solar Events Associated with Storm Sudden Commencements over One Year of Solar Maximum During Cycle 23: Propagation from the Sun to the Earth and Effects[END_REF], but we will call them CME1 and CME2 from here on. The solar source displayed a large sunspot. [START_REF] Bocchialini | Statistical Analysis of Solar Events Associated with Storm Sudden Commencements over One Year of Solar Maximum During Cycle 23: Propagation from the Sun to the Earth and Effects[END_REF] also identified three more CMEs (two partial halos -P28 and P30 -and one full halo -H31) that could have interacted with these two halo CMEs (see Table 1, Figure 2). These flare-CMEs are associated with two sudden storm commencements [START_REF] Bocchialini | Statistical Analysis of Solar Events Associated with Storm Sudden Commencements over One Year of Solar Maximum During Cycle 23: Propagation from the Sun to the Earth and Effects[END_REF]. In the first column we recap the CME name given by [START_REF] Bocchialini | Statistical Analysis of Solar Events Associated with Storm Sudden Commencements over One Year of Solar Maximum During Cycle 23: Propagation from the Sun to the Earth and Effects[END_REF] for reference. ( [START_REF] Bocchialini | Statistical Analysis of Solar Events Associated with Storm Sudden Commencements over One Year of Solar Maximum During Cycle 23: Propagation from the Sun to the Earth and Effects[END_REF] with minimum Dst values of 17 nT and 36 nT, respectively, as well as solar energetic particles.

We consider a third halo CME (H31-CME3) occurring on July 18 because its high initial speed enables it to interact with CME2 (H29). However, its source region, AR 10036, is located in the South hemisphere close to the limb (Figure 1c). The three halo CMEs and the two partial CMEs are presented in running di↵erence images of LASCO C2 in Figure 1 (bottom panels). CMEs are defined as halo or partial CMEs when they are visible in C3 with a halo or not. This depends on their direction and also from their global ex-pansion. Figure 2 summarises their characteristics found in the CDAW catalogue (https://cdaw.gsfc.nasa.gov/CME_ list/UNIVERSAL/2002_07/univ2002_07.html). It marks halo/partial halo CMEs, their launch time, source coordinates, measured height during propagation within the C2 coronagraph, and class of the associated flare. The P28 and H27 CMEs are very close in space and time. We can assume that they are merging close to the Sun. We keep H27 in our study because H27 is observed at larger distances from the Sun compared to P28 according to the CDAW catalogue. The situation is similar for P30 and H31 and we keep H31. Their interactions close to the Sun can explain why L1 observations are not textbook-case like.

Signatures of the ICMEs at L1

Later on, the three CMEs are observed at L1 by the Advanced Composition Explorer (ACE; [START_REF] Stone | The Advanced Composition Explorer[END_REF]. Figure 3 (a,b) presents the IMF magnitude and the three components of the IMF in GSM coordinate system. The coloured parts of the magnitude display the intensity of the southward component of the IMF (black colour means that the IMF is northward at that time). The next panel shows the magnetic field angles to follow its rotation. IMF is the angle in the (XY) GS M plane ( IMF = 0 towards positive X values). ✓ IMF is the inclination of the IMF from this plane (+90 for full northward IMF). Finally, Figure 3 (d-f) presents the solar wind particle density, velocity and proton temperature (T SW ), respectively.

For each ICME we identify a sheath and a ME as defined by [START_REF] Rouillard | Relating white light and in situ observations of coronal mass ejections: A review[END_REF]. The sheath is formed by overtaken plasma and magnetic field present earlier on, ahead of the ejecta. This can be either from background solar wind or from a preceding ICME. The interaction transforms the physical properties (e.g. with compression and magnetic reconnection) so much that plasma and magnetic field typically have di↵erent properties compared to the region present further away in front (and not yet a↵ected by the interaction). The identified ME, behind the sheath, designs a magnetic structure more general than a magnetic cloud, while with less strictly defined similar properties (e.g. a less homogeneous rotation of the magnetic field, a less marked temperature decrease, or even the absence of some of the magnetic cloud characteristics). A direct interpretation of these less marked properties is an encounter of the ejecta by the spacecraft at its periphery where all characteristics are expected to be weaker and more perturbed by the encountered surrounding. With these definitions, an ICME, with its sheath and ME, is the interplanetary counterpart of a CME as observed with coronagraphs (and/or heliospheric imagers). ICME1 is associated to the halo CME of July 15, while ICME2 and ICME3 are associated to the two halo CMEs observed on July 18. The overall picture is complex; the physical scenario is a set of three ICMEs in mutual interaction: ICME1 is overtaken by ICME2, which is itself overtaken by ICME3, as detailed hereafter.

The ICME1 observation at L1 starts on July 17 at 16:00 UT with a shock (see Figure 3). The sheath between the shock and the ME displays a strong and fluctuating magnetic field region. We agree with [START_REF] Richardson | Near-Earth Interplanetary Coronal Mass Ejections During Solar Cycle 23 (1996 -2009): Catalog and Summary of Properties[END_REF] with a sheath end time on 18 July 2002 around 12:00 UT and a ME end time on 19 July 2000 around 09:00 UT. The magnetic field is strongly asymmetric. The speed of the shock front is about 30 % to 35 % higher than the speed of the background solar wind, which is compatible with the expected ICME speed range (i.e. between 18-32% according to [START_REF] Temmer | Preconditioning of Interplanetary Space Due to Transient CME Disturbances[END_REF]. In the sheath, the density is atypical and decreasing with time, while the velocity profile indicates that the sheath is in expansion, which is typical of slow ICMEs (relative to the front solar wind, [START_REF] Regnault | 20 Years of ACE Data: How Superposed Epoch Analyses Reveal Generic Features in Interplanetary CME Profiles[END_REF]. The temperature profile has a variation comparable to the velocity profile. Such correlation is generally rather observed and expected in the solar wind (e.g. [START_REF] Elliott | An improved expected temperature formula for identifying interplanetary coronal mass ejections[END_REF]Démoulin, 2009, and references therein).

The lower amplitude of the magnetic fluctuations observed after the sheath is typical for a ME, while much larger than within magnetic clouds. This is best shown with the magnetic field angles (see Figure 3c) where a global rotation is present with both angles, despite the presence of large fluctuations. We notice that the large fluctuations of during the second half of ME1 are insignificant since the magnetic field is dominantly oriented along the z direction. Other characteristics of ME1 are atypical for isolated ICMEs as follows. Single ICMEs are typically in expansion with a linear decreasing velocity profile and higher magnetic field strength than the background solar wind [START_REF] Démoulin | Magnetic cloud models with bent and oblate cross-section boundaries[END_REF][START_REF] Regnault | 20 Years of ACE Data: How Superposed Epoch Analyses Reveal Generic Features in Interplanetary CME Profiles[END_REF][START_REF] Chané | Over-expansion of a coronal mass ejection generates sub-Alfvénic plasma conditions in the solar wind at Earth[END_REF]. In case of ICME1, the magnetic field strength in the ME is lower than the much stronger field that is present in front of the sheath. Moreover, ME1 has density values reduced by a factor 5 compared to the solar wind in front of the sheath. The radial velocity component has a non-typical profile with compression that is present starting at about the middle to about 80% of its size. Indeed, ICME1 is overtaken by ICME2 (see Figure 3). The proton temperature T SW , is only reduced at the rear of the ME1, while T SW is typically lower in MEs by at least a factor of two than its expected value for typical solar wind with same speed [START_REF] Elliott | An improved expected temperature formula for identifying interplanetary coronal mass ejections[END_REF]Démoulin, 2009, and references there in). As such, ME1 has atypical properties. Taking into account the coherence of plasma parameters, in particular density (see Figure 3d), we argue that ME1 is formed only by one CME, while the spacecraft crossed its periphery where the magnetic field is weak and easily modified by interactions with the encountered surroundings along the Sun-Earth travel line.

The in situ profiles of the right side of Figure 3 show the two following ICMEs: ICME2 on 19 July 2002 from 09:00 to 23:00 UT, and ICME3 from 20 July 2002 at 04:00 UT to 21 July 2002 at 12:00 UT (see the vertical lines in Figure 3. This is justified by the sharp variations of the magnetic field and the plasma parameters. This interpretation di↵ers from that of [START_REF] Richardson | Near-Earth Interplanetary Coronal Mass Ejections During Solar Cycle 23 (1996 -2009): Catalog and Summary of Properties[END_REF] who consider a single sheath and ICME during that time period. Our interpretation is supported by the di↵erent possible solar sources identified for that event in [START_REF] Bocchialini | Statistical Analysis of Solar Events Associated with Storm Sudden Commencements over One Year of Solar Maximum During Cycle 23: Propagation from the Sun to the Earth and Effects[END_REF]. ICME2 is a small structure (passing through L1 in 14 hours). This is nearly one third of the passage time of ICME1 and ICME3. A plausible explanation is that ICME3 overtakes ICME2, not allowing its radial expansion during its transit from the Sun. Indeed ME2 has nearly a constant velocity (with fluctuations) when observed at L1

The magnetic field strength of ME2 is fluctuating around 18 nT, while a clear rotation of the field components is present (Figure 3c). One noticable characteristic of ME2 is that it has a hot proton temperature that is more typical of sheaths. This is expected to be linked to its non-radial expansion. The field strength is weaker in ICME3 with a stronger magnetic field in the ICME sheath than in the ME. The magnetic field orientation is rotating in ME3 while non-monotonously. We notice that important magnetic field fluctuations can be present in the observed central part, even for a magnetic cloud, because the spacecraft trajectory is nearly tangent to the flux rope (Dasso , 2006). This could be the origin of the localized changes present in the angles of Figure 3c just after the center of ME3. We conclude that ME2 and ME3 have only partly the characteristics of magnetic clouds. These properties indicate that the spacecraft crossed both ICMEs far from their central region where a cold FR is typically expected. This is especially true for ME3, as for ME1, while the clear rotation of the magnetic field in ME2 indicates a less extreme crossing. The plasma density is reduced by one order of magnitude within ME2 with respect to the plasma density found in front of sheath1. Since the ME2 velocity profile indicates an absence of expansion at L1, this low plasma density is most plausibly intrinsic to its solar origin. Finally, ICME3 has a typical expansion profile with a low proton temperature and a high velocity in the front with an increase factor of 50% compared to the solar wind speed (400 km s 1 ) ahead of the sheath of ICME1.

The B z component which is oriented to the north during the time periods of magnetic ejecta 1 and 2 may explain the weak Dst depressions (not shown here) observed for these events (see [START_REF] Schmieder | Low Geo-E↵ectiveness of Fast Halo CMEs Related to the 12 X-Class Flares in 2002[END_REF]). We note that later on, we compare the observed proton temperature T SW with the plasma temperature T p provided by EUHFORIA simulations, as the latter is assumed to coincide with the proton temperature in the single fluid description that is used during the EUFHORIA MHD simulations.

EUHFORIA simulations

In the following, we aim to first match three-dimensional (3D) MHD EUHFORIA simulations with the ICME observations by ACE at 1 au, and second to find an answer to the following question: is the low density of ME1 and ME2 explained by over-expansion near the Sun or during the Sun-Earth journey, even when no signatures of extreme expansion rate are observed at 1 au from their velocity profiles?

The EUHFORIA model

Recently, Pomoell & Poedts (2018) presented EUHFORIA, a space weather forecasting tool for simulating the propagation and evolution of the solar wind and CMEs. EUHFORIA consists of two main parts: a coronal model and a heliospheric model.

The coronal model is a 3D semi-empirical model that aims to determine the solar wind plasma conditions at 0.1 au viz. the inner radial boundary of the heliospheric model. It uses an approach based on the Wang-Sheeley-Arge model (WSA, [START_REF] Arge | Stream structure and coronal sources of the solar wind during the May 12th, 1997[END_REF]. It requires maps of the photospheric magnetic field, such as those observed by the Global Oscillation Network Group (GONG) of the National Solar Observatory [START_REF] Harvey | The Global Oscillation Network Group (GONG) Project[END_REF] or the Mount Wilson Observatory [START_REF] Howard | The Mount Wilson solar magnetograph: scanning and data system[END_REF]. More details on the coronal model can be found in Pomoell & Poedts (2018).

The three-dimensional inner-heliospheric model focuses on the dynamics in the inner heliosphere by numerically evolving the ideal MHD equations, including gravity, using a finite volume method together with a constrained transport approach using the Heliocentric Earth EQuatorial (HEEQ) coordinate system. It uses the solar wind plasma conditions that are generated by the coronal model as inner radial boundary conditions. The computational domain of the performed heliospheric simulations extends from 0.1 au to 2 au in the radial direction, ±60 in latitude and the full 360 in longitude.

On top of modelling the background solar wind, the EUH-FORIA model allows the modelling of CMEs. CMEs are inserted at the inner radial boundary (0.1 au) as time-dependent conditions. The cone model (Pomoell & Poedts, 2018;[START_REF] Scolini | E↵ect of the Initial Shape of Coronal Mass Ejections on 3-D MHD Simulations and Geoe↵ectiveness Predictions[END_REF] propagates the CME in a simplified way as a hydrodynamic pulse, while the Linear Force-Free (LFF) spheromak model [START_REF] Verbeke | The evolution of coronal mass ejections in the inner heliosphere: Implementing the spheromak model with euhforia[END_REF] simulates a more realistic fluxrope like CME including a magnetic field structure. Both models require the same geometric and kinematic CME parameters given by the following: the CME on-set time t CME , the radial speed v CME , the latitude ✓ CME and the longitude CME of the CME propagation direction (in this case its source region), and the CME half-width ! CME . All of these parameters can potentially be derived from remote-sensing white-light observations of CMEs in the solar corona, especially if observations from multiple viewpoints with multi-filters/spectral data are available. When these are not available, in situ measurements can be used to constrain these parameters after running a variety of cases.

For both the cone and LFF spheromak models, the CME mass density ⇢ CME and plasma temperature T CME are taken to be uniform inside the CME with ⇢ CME = 1 ⇥ 10 18 kg m 3 and T CME = 0.8⇥10 6 K, similar to Pomoell & Poedts (2018). These values are derived from the investigations of the sensitivity of a coronal mass ejection model (ENLIL) to solar input parameters [START_REF] Falkenberg | Investigations of the sensitivity of a coronal mass ejection model (ENLIL) to solar input parameters[END_REF]. The LFF spheromak model also utilises three additional magnetic parameters, which define the configuration of the inserted magnetic structure: the helicity sign or handedness H CME , the tilt angle ⌧ CME , and the toroidal magnetic flux t,CME . These magnetic parameters can often be constrained using observations, see e.g. [START_REF] Palmerio | Determining the Intrinsic CME Flux Rope Type Using Remote-sensing Solar Disk Observations[END_REF] or [START_REF] Scolini | Observation-based modelling of magnetised coronal mass ejections with euhforia[END_REF].

The work presented here has been obtained by using EUH-FORIA version 1.0.4. The computational mesh is uniform in all directions with an angular resolution of 2 for both latitude and longitude and a total number of 512 cells in the radial direction, leading to a radial resolution of about 0.0037 au, corresponding to 0.798 R .

The solar wind

While one can try to simulate the background solar wind and the propagation of the embedded CMEs by using strictly observational input to compare with observational data, here we focus on the opposite: we try to model the observed data as best as possible. As such, firstly we focus on obtaining a background solar wind with speeds and densities that are similar to the observed quantities. As a result, we have taken the Mount Wilson Observatory magnetogram from Carrington Rotation 1991 as this observational magnetogram provided the best results (see ftp://howard.astro.ucla.edu/pub/obs/synopticcharts/fits/MP05 5250078 50 C1991500 01.fits).

The standard solar wind model setup from Pomoell & Poedts (2018) provides a solar wind with too slow speeds and a density peak that is too high compared to observations where the faster solar wind meets the slow solar wind. As such, we have adapted the coronal model inputs to match the observed solar wind by reducing the added speed from 50.0 km s 1 to 0.0 km s 1 , and by increasing the number density of the fast solar wind from 300 cm 3 to 350 cm 3 at 0.1 au to provide a better fit to the preceding solar wind observations. The results at the L1 location are shown in Figure 4 for the time range 15-17 July 2002.

ICME models

We perform three di↵erent simulations: one using the cone model for all three CMEs, and two di↵erent setups of the LFF spheromak model with di↵erent initial parameters that we will call case 1 and case 2, respectively. As further discussed below, for the cone and spheromak case 1 simulations, the CME initial parameters are derived from LASCO observations in the best way possible after looking at the possible sources of the involved CMEs in the invovled active regions. For the case 2 simulation with the LFF spheromak model, the CME initial parameters are determined by searching for the best match between the observed and model parameters at the L1 location. A summary of the input parameters used for each run is provided in Table 2.

From LASCO single-viewpoint observations, the observed CME speeds correspond to the speeds v ps , i.e. projected in the plane of the sky. They are deduced from LASCO C3 at the height of 20 R (close to the inner boundary of the heliospheric model), as listed in the CDAW CME catalogue. Given the lack of multi-viewpoint observations for the particular CMEs under study, in this work we perform cone model simulations initialising CMEs with v ps , assuming them to be equivalent to the total CME speed in 3D space, i.e. v 3D ⇡ v ps . The latitude and longitude of insertion correspond to the observed source location (see Table 1). As the true half-width from halo CMEs is generally di cult to determine, here we have taken a common value of 45 for all considered CMEs [START_REF] Yashiro | A catalog of white light coronal mass ejections observed by the SOHO spacecraft[END_REF][START_REF] Robbrecht | Automated LASCO CME Catalog for Solar Cycle 23: Are CMEs Scale Invariant? Astrophys[END_REF].

For the LFF spheromak model, [START_REF] Scolini | Observation-based modelling of magnetised coronal mass ejections with euhforia[END_REF] showed that a reduced speed, corresponding to the sole radial (translational) speed of the spheromak away from the Sun, should be used to initialise spheromak CMEs in EUHFORIA, to avoid super-expansion e↵ects (and earlier arrival time predictions at Earth) due to the initial pressure imbalance between highlymagnetised spheromak structures and the surrounding solar wind medium. To address this issue, and due to the lack of observations of the radial speed for halo CMEs, in this work we derive the CME radial speed for EUHFORIA spheromak simulation case 1 using a combination of two approaches: (1) a method applying the relations by [START_REF] Schwenn | The association of coronal mass ejections with their e↵ects near the Earth[END_REF] to spheromak CMEs observed from single viewpoints as developed by [START_REF] Scolini | Observation-based modelling of magnetised coronal mass ejections with euhforia[END_REF], here used in combination to the the assumption that v 3D ⇡ v ps as done for cone model simulations and explained above; and (2) a direct application of the method based on previous works by [START_REF] Schwenn | The association of coronal mass ejections with their e↵ects near the Earth[END_REF], under the assumption that v ps ⇡ v exp . The authors showed that the radial speed, v rad , of the leading edge is statistically related to the lateral expansion speed between the lateral sides, v exp , for CMEs launched near the solar limb. Using 57 limb CMEs, they found the linear relationship v rad = 0.88 v exp with a correlation coe cient of 0.86 (see Figure 7 therein). For halo CMEs, while v rad is not observable due to the lack of information in the direction perpendicular to the plane of the sky, v exp is still measurable as v exp ⇡ v ps and was shown to be nearly isotropic. Therefore, assuming that the 57 limb CMEs used are typical of the whole set of CMEs, the measure of v exp allows to estimate v rad for specific halo CMEs. As a result, for the LFF spheromak model in case 1, we calculate the radial insertion speed as the mean of two values: (1) v rad = 0.47 v 3D = 0.47 v ps , where the LASCO speed value v ps is considered as equivalent to the 3D value v 3D . And (2) v rad = 0.88v exp = 0.88v ps , where the LASCO speed value v ps is considered as equivalent to the expansion speed v exp . chosen after performing additional simulations (not shown) using methods (1) and ( 2) separately, and assessing that the arrival time of the ICMEs at 1 au were o↵ by 4 and +10 hours, respectively. For this reason, we have settled on a hybrid approach which overall proved to perform best in reproducing the ICME kinematics for the particular cases investigated in this study, resulting in a late arrival of only 2 hours.

For the parameters concerning the helicity sign, the tilt angle and the magnetic flux, we have extremely limited observational data to constrain their values. The helicity sign in simulation case 1 is fixed to H CME = +1 (i.e. right-handed) for all CMEs, consistent with the helicity sign inferred from in situ observations of ME2 exhibiting a North-East-South rotation (Figure 3). The tilt angle is chosen equal to ⌧ CME = 90 . The toroidal magnetic flux is fixed to t,CME = 0.6 ⇥ 10 14 Wb.

For case 2, we explore the space of parameters for each relevant physical quantity (i.e. longitude, latitude, speed, half width, helicity, tilt, and toroidal magnetic flux), and finally present the best results where the arrival time, the density and velocity profiles of the simulations are in closer agreement with the observations (see Figure 4). Here, the helicity sign is fixed to H CME = +1 (i.e. right-handed) for all CMEs except for CME3, where the helicity sign is taken as H CME = 1 (lefthanded). We note that the simulation results for a similar run as case 2 with all helicities fixed to H CME = +1 provides very similar results for the analysis performed later, with only minor di↵erences in the predicted arrival times and di↵erences in polarity of the magnetic field components. We refer the reader to [START_REF] Taubenschuss | The role of magnetic handedness in magnetic cloud propagation[END_REF] for work on the e↵ect of magnetic handedness on cloud propagation using 2.5D MHD simulations. The tilt angle is chosen equal to ⌧ CME = 180 and finally, the toroidal magnetic flux is set to t,CME = 0.75 ⇥ 10 14 , 10 14 and 10 14 Wb for the 3 CMEs, respectively.

Simulation results at 1 au

We first present results from the cone model in Figure 5. The arrival times of the ICMEs are late by one hour for the first ICME and four hours for the second one, while the speeds are too high. The third CME is too deviated from the Sun-Earth direction so never reaches Earth's location, nor any of the virtual spacecraft. It is worthwhile noting that while the CMEs are arriving late, their arrival speeds are also much higher than the observed speeds. Using the inputs from the cone model simulation run, as given in Table 2 for the drag-based DBM model [START_REF] Dumbović | An Analytical Di↵usion-Expansion Model for Forbush Decreases Caused by Flux Ropes[END_REF], we obtain a similar trend for both arrival times and arrival speeds. As such, it will be hard to match observations with the LFF spheromak model as well.

The results of the simulations performed in the two LFF spheromak model cases are presented in Figure 6, and we compare the results for the radial velocity, proton density, and magnetic field strength and components B x , B y , B z with observations. For case 1, Figure 6 left side, the arrival time of ICME1 simu,1 exceeds by one hour the observations, while ICME2 simu,1 is behind by 18 hours (19 July 2002 at 17:00 UT to 20 July 2002 at 13:00 UT). ICME3 simu,1 does not encounter the spacecraft in case 1. We notice significant di↵erences between the results of case 1 and observations. These motivate us to perform a partial exploration of the space parameters in order to have an arrival time closer to the one observed and ICME3 simu overtaking ICME2 simu at L1. The best achievement, among our series of tests is shown as case 2.

The most convincing achievement of the simulations is the formation of the low density region inside ME1 simu in both of the cases. Case 2 represents better the observed density in ICME1 obs with a decreasing density in the sheath almost as observed (Figure 6, right side). Finally, the observed low density inside ME2 simu,2 is not recovered in both cases. This suggests that the spheromak model is not e cient in reconstructing the observed structure. The low density could also be due to characteristics of the CME close to the Sun, occurring below the inner boundary of the heliospheric model.

The global comparison of observed and simulated ICMEs shows that case 2 is closer to observations. Nevertheless for case 2, there are significant di↵erences between observations and the simulations as follows. The velocity is still faster in the first sheath, in ME2 simu,2 and in the sheath of ICME3 simu,2 than in observations. In the sheath of ICME2 obs tiny peaks are ob- 2. The dark red and light red shaded areas show the maximum variation of EUHFORIA predictions at positions separated by = 5 and = 10 in longitude and/or latitude from Earth. From top to bottom: speed (v), proton number density (n p ), magnetic field magnitude (B) and magnetic field components in GSE coordinates (B x , B y , B z ). We note that OMNI data has a gap around 20 July 2002 at 12:00 UT. We refer the reader to Figure 3 for ACE observations. served in the speed, density and B profiles (blue ellipses in the right panels), indicating the existence of an observed compression which does not appear in the simulation (partly due to a much coarser spatial resolution). Rather a too strong peak of the speed is present in ME2 simu,2 . Within the sheath of ICME3 simu,2 , velocity and density are also well enhanced compared to observations. All these enhancements indicate a too strong interaction between ICME2 simu,2 and ICME3 simu,2 in comparison to observations. This can be an e↵ect of a bias due to the inserted speed. Next, the velocity and the density in ME3 simu,2 is about comparable to the observed ones. However, the magnetic field strength is too large in front of ICME3 simu,2 . This implies a too strong magnetic pressure which compress the structures in front.

Using di↵erent parameters (tilt and helicity sign values), we do not succeed to get the computed magnetic field components closer to the observations than in case 2 ( see Figure 6, right side) . The di↵erence in the components B x of the 3 ICMEs simu,2 is due mainly to their di↵erences in longitude. The last ICME simu,2 has an inverse sign of helicity than the two others which leads to an inverse B y and B z profiles. Finally, the magnetic field components are very di↵erent from the observations in both cases and di cult to explain. Then, in Section 4 we analyse the evolution of the magnetic field and the plasma parameters during the travel from the Sun.

Flux rope expansion rates

The ICME simu speed profiles show evidences of expansion (see Figure 6) while the CMEs simu were launched at 0.1 au with a uniform velocity. Then, below we quantify the expansion at 1 au both for observations and simulations.

The normalised rate of expansion is estimated from in situ Fig. 6. EUHFORIA results at L1 location of the modelling the three ICMEs using the LFF spheromak model: radial velocity, proton density, magnetic field strength and components B x , B y , B z (red curves) compared with the in situ observations (grey curve). Case 1 and 2 can be found in the left and right panels, respectively. The three observed ICMEs are indicated by the vertical dashed lines that delimit sheaths and magnetic ejecta (blue for ICME1, red for ICME2, green for ICME3 similar as in Figure 3). Some peaks in the speed, density and B profiles are observed within the sheath of ICME2 (blue ellipses in the right panels), indicating the existence of a compression which does not appear in the simulation. On the right panels, the blue arrows indicate the main di↵erence between the observations and the simulations. Indeed, strong peaks in velocity, density and field strength are formed in the simulation due to ICME3 overtaking ICME2, but their counterparts within in situ data are not present.

data with the formula [START_REF] Gulisano | Global and local expansion of magnetic clouds in the inner heliosphere[END_REF])

⇣ = v f v e t D v 2 c , (1) 
where v f and v e are the velocity at the front and at the end of the ME, respectively, v c = (v f + v e )/2, t is the di↵erence of times between the front and the end of the ME and D the distance between the centre of the ME and the Sun. (v f v e )/ t represents the mean slope of the velocity profile as determined e.g. by a linear fit of v(t).

The observed velocity inside ME1 obs is fluctuating, with a global trend of an increasing velocity (left panel of Figure 3), so ME1 obs is in compression with ⇣ ME1,obs ⇡ 0.55. This is in contrast with EUHFORIA, where ⇣ simu is ⇡ 1.05 in ME1 simu for both cases. This is a slightly faster expansion than the typical ⇣ values 0.8 ± 0.2 found in MCs at 1 au [START_REF] Démoulin | Expected in situ velocities from a hierarchical model for expanding interplanetary coronal mass ejections[END_REF] and to 0.9 ± 0.2 found in the inner heliosphere with HELIOS spacecraft [START_REF] Gulisano | Global and local expansion of magnetic clouds in the inner heliosphere[END_REF].

Next, ME2 is compressed both in observations and in the case 2 by the overtaking ICME3 (see Figure 6). Its velocity is fluctuating around a constant value for observations (⇣ ME2,obs ⇡ 0) while it is very strongly compressed in the simulation, with ⇣ ME2,simu ⇡ 6, and even the velocity profile is strongly linear so a di↵erential compression is present.

Finally, the observed velocity profile is almost linear within ME3 obs (right panel of Figure 3) indicating a self similar expansion in the radial direction. The value ⇣ ME3,obs ⇡ 0.8 for ME3 obs is close to the expected value. A much larger expansion, ⇣ ME3,simu,2 ⇡ 1.8, is found with EUHFORIA for ME3 simu,2 .

To understand such di↵erence it is required to analyse how the flux rope evolves from the injection distance (0.1 au) to 1 au (see next section).

The observed profiles of ICME2 and ICME3 are similar to the ones for two ICMEs in-situ observed during May 2005 (see Figure 1 of [START_REF] Dasso | Linking two consecutive nonmerging magnetic clouds with their solar sources[END_REF], where from a deep analysis using combined observations, was concluded that the strong distortion of the velocity profile of the first ICME was a consequence of important ICME-ICME interaction. Here the physical scenario is even more complex (a possible interaction between three ICMEs) and will be analyzed later on with EUH-FORIA numerical simulations.

4. What happens between 0.1 au and 1 au?

Background solar wind

One of the main causes of the flux rope expansion is the decrease of the total pressure (P tot ) of the ambient solar wind through which they travel (Démoulin & Dasso, 2009a). These authors modelled the evolution of a flux rope as a series of force free field states with a pressure balance between the ambient solar wind and the flux rope boundary. The main driver of the expansion is the variation of the SW total pressure with solar distance. It is well approximated by a power law of the solar distance D: P tot (D) = P tot (D 0 ) (D/D 0 ) a Ptot where D 0 is a reference distance (e.g. 1 au). This pressure decrease induced a power law increase of the flux rope size S as S = S 0 (D/D 0 ) ⇣ where ⇣ is the expansion rate. Assuming conservation of the magnetic flux within the FR, Démoulin & Dasso (2009a) found ⇣ = a Ptot/4 ± 0.2 for di↵erent twist profiles. Next, we characterise the properties of the background solar wind in function of the heliodistance D. Figure 7 shows the evolution of di↵erent properties of the background solar wind simulated by EUHFORIA from 0.2 au to 1 au, in a similar format to what is shown in Figures 5 and6 of [START_REF] Scolini | Exploring the radial evolution of interplanetary coronal mass ejections using EUHFORIA[END_REF]. Specifically, we track all parcels of background solar wind characterised by a speed equal to 400 ± 50 km s 1 , i.e. consistent with the solar wind speed preceding ICME1 at 1 au as visible in Figure 3 and Figure 4. Specifically, the tracking was then done as follows: at each virtual spacecraft/heliocentric distance considered, we scanned the speed time series over the full simulated period (July 15 to July 22), and selected all sub-periods where the speed was within the range 400 ± 50 km s 1 . Other solar wind properties (i.e. plasma density, temperature, magnetic field, and pressures) were then extracted across these same sub-periods. The results of this analysis in terms of the average/spread in each parameter, for each heliocentric distance, are reported in Figure 7, which shows (from the upper left to the lower bottom panels): the proton density, the bulk velocity, the thermal pressure, the magnetic pressure, the interplanetary magnetic field strength, the plasma temperature, the total pressure, and the plasma beta.

The theoretical expectations for these physical quantities were recently revised in Section 3.1 of [START_REF] Scolini | Exploring the radial evolution of interplanetary coronal mass ejections using EUHFORIA[END_REF]. As expected, EUHFORIA simulations provided an almost constant radial solar wind velocity up to ⇠ 1 au (Figure 7b). We note that this result, which is a direct consequence of the selection of solar wind parcels with speed equal to 400±50 km s 1 at all heliodistances, may not necessarily correspond to following the same blobs of plasma during propagation to 1 au. This detail and the consequences are further discussed below in relation to the modelled density radial scaling, mass flux conservation, and implications for the expected ME expansion rate.

The profile of n p (D) shows a global decrease such as n p (D) / D 1.85 , so with a lower decrease with respect to the expected 2D expansion for a constant radial bulk velocity (n p (D) / D 2 ). Strictly speaking, this result does not satisfy the mass flux conservation (n p v D 2 preserved), which would require, for v(D) / D 0.00 found above, a density radial decay as n p (D) / D 2 . By contrast, in [START_REF] Scolini | Exploring the radial evolution of interplanetary coronal mass ejections using EUHFORIA[END_REF] the density slope was / D 2.07 , i.e. slightly steeper than the expected behaviour. The apparent violation of the mass flux conservation in the current and previous works may be due to multiple reasons, including non-radial expansion and the fact that, as pointed out before, tracking all solar wind parcels with speed equal to 400 ± 50 km s 1 at di↵erent heliodistances may not necessarily correspond to following the same blobs of plasma during propagation to 1 au. As individual solar wind parcels propagate towards larger D, they are continuously interacting with the surrounding wind, which can alter their properties such as speed and density. For example, interactions among solar wind parcels with di↵erent speeds can in turn lead to, e.g. acceleration of slower solar wind which got pushed and compressed by a faster wind coming from behind. Or oppositely, to fast solar wind that got compressed and decelerated after taking over a slower stream ahead.

However, we note that setting n p (D) / D 2 and assuming no change on the scaling of the plasma temperature would change the scaling of the plasma pressure from P tot (D) / D 2.9 to P tot (D) / D 3.05 . Yet, this is expected to have only a minor e↵ect on the expected expansion rate of MEs (⇣, Equation 1), which is primarily defined via the total pressure as ⇣ ⇡ a Ptot /4. The expected change in this case would be from ⇣ ⇡ 0.73 to ⇣ ⇡ 0.77. Based on these arguments, we conclude that the deviation of the density scaling from the expected behaviour most likely has no significant e↵ect on the resulting ME expansion rate obtained from simulations. Yet, further investigations on the apparent violation of mass flux conservation in MHD simulations may be important to validate the solar wind and CME modelling in EUHFORIA, and are left for future studies.

The plasma temperature decreases as T p / D 0.83 . This temperature decrease is less than modelled in [START_REF] Scolini | Exploring the radial evolution of interplanetary coronal mass ejections using EUHFORIA[END_REF], where the slope is 0.96. However, the obtained plasma temperature decrease is close to the observed values [START_REF] Perrone | Radial evolution of the solar wind in pure high-speed streams: HELIOS revised observations[END_REF], and also less important than for an adiabatic solar wind expansion (T p / D 1.3 ), as expected due to the solar wind heating. Next, the thermal proton pressure simulated by EUHFORIA follows approximately the law P p,th (D) / D 2.66 . This is coherent with the product of the above power laws, i.e. n p T p / D 2.68 .

The magnetic field strength scales as B(D) / D 1.62 , which provides a decay as estimated recently from in situ measurements (B(D) / D 1.6 , [START_REF] Hellinger | Heating and cooling of protons in the fast solar wind between 0.3 and 1 AU: Helios revisited[END_REF][START_REF] Perrone | Radial evolution of the solar wind in pure high-speed streams: HELIOS revised observations[END_REF]). The magnetic pressure decay with heliodistance is P mag (D) / D 3.18 , close to the square of B(D) power law.

Next, the total pressure (thermal plus magnetic) simulated in EUHFORIA results as P tot (D) / D 2.93 , which is in between the laws for P p,th (D) and P mag (D), as expected. Finally, the plasma slightly increases with D since P p,th decreases slightly less rapidly than P mag with D.

In present numerical simulations, a Ptot = 2.93 (see Figure 7). Thus, if the three ICMEs studied in this paper would travel in a clean ambient solar wind, and expand in force balance with the total pressure of the surrounding solar wind, the expected expansion rate is ⇣ ⇡ a Ptot /4 ⇡ 0.73. This is di↵erent than the variety of ⇣ values measured at 1 au in the three simulated ICMEs (see Section 3.5), so that a physical analysis of the numerical results is needed.

Overview of 3D spheromak propagation

Figures 8 and9 show movie snapshots of the scaled number density (scaled by distance squared; top panels) and velocity (bottom panels) showing the propagation and successive interaction of the three ICMEs within two planar cuts (x-y, x-z) for case 1 and case 2, respectively. In case 1, ICME3 is not front sided and only its flank is arriving at the Earth (blue dot). This implies an arrival time too late by 18 hours. In case 2, the three ICMEs are front side.

For both cases, in the equatorial plane, ICME1 simu strongest velocities stays arch shaped with a nearly circular front shape which extends progressively with a nearly constant angular width as seen from the Sun. In front, an arch shaped strong density enhancement is present. It is formed of compressed solar wind (the sheath). The angular lateral extension of this density arc is slightly increasing as ICME1 simu propagates away from the Sun.

A slower velocity is present as one goes further away behind the fast front of ICME1 simu . This characterises a strong radial expansion of the ME simu . Together with the orthoradial expansion, which is about proportional to the distance D, this implies a 3D expansion of the ME with a strong decrease of density as outlined by the magenta region in the top panels.

Later on, Figures 8 and9 and the associated movies illustrate the interactions of the ICMEs as ICME2 simu and ICME3 simu are launched in comparable directions (taking into account their angular widths). The interaction is more important in case 2 with ICME3 simu,2 strongly overtaking and deforming ICME2 simu,2 . The same occurs more mildly with ICME2 simu,2 overtaking and deforming the rear part of ICME1 simu,2 .

Simulated in situ evolution between 0.1 and 1 au

We follow the evolution of the three ICMEs simu with virtual spacecraft positioned between 0.1 and 1 au in Figures 10 through 13. Left and right side show results for case 1 and 2, respectively. We outline the ICMEs simu with di↵erent colors: grey, yellow and pink for ICME1-2-3, respectively. Note that for all figures the background solar wind has been subtracted.

The analysis of the expansion of ICME1 simu,1 at 0.126 au (Figure 10 left side), shows that the spheromak keeps a nearly uniform speed (i.e., no expansion, as set initially) before having an expansion profile (well developed after 0.2 au). This shows that the expansion is initiated between 0.126 au and 0.2 au, being a consequence of the extra total pressure inside the spheromak with respect to the surrounding ambient solar wind. A similar evolution is globally seen for ICME2 simu,1 with an expansion starting earlier on in the velocity profile. In case 2, all the ICMEs simu,2 get an expansion profile even earlier on. ICME1 simu has an initial toroidal flux stronger by a factor 1.25 in case 2 than in case 1 and an extension smaller by a factor 1.5 (see Table 2). This implies a magnetic field stronger by a factor 2.8. For ICME2 simu and ICME3 simu only the initial toroidal flux is stronger by a factor 1.7 in case 2 than in case 1, implying the same factor on the magnetic field strength. Then, all the ICMEs simulated in case 2 have an initial stronger internal magnetic pressure. This induces a faster expansion in case 2 than in case 1, while more moderate for ICME2-3 simu .

A plasma density peak is formed early on at the front of all the simulated ICMEs, as expected with the compression induced by their much faster velocity than the preceding solar wind. This density peak is a sheath in formation. Another peak is also formed with more compression for ICME1 simu,1 (dashed green ellipses in Figures 10 through 12). In this last case the density peak survive to 1 au (see Figure 13). This density peak can be interpreted as the result of the initial spheromak model that is too much out of equilibrium with its surrounding background solar wind, so that a compression is induced. Such density peak is not present in observations. Next, in the ME1, the expansion induced a deficit of density. Also behind the ME1, the plasma is depleted because of the fast ME1 in front is inducing a large extension of this region. During the outward evolution, the B profile becomes more and more asymmetric with a strong compression at the front and a long tail developing at the rear, in agreement with the above description of the velocity profiles. The asymmetry profile re-Fig. 10. EUHFORIA results at 0.126 au for modelling the three ICMEs with spheromaks for case 1 (left panels) and for case 2 (right panels). From top to bottom, we show radial velocity, proton number density, and the thermal, magnetic and total pressures with the background solar wind values subtracted (see Figure 4). The three ICMEs are indicated by blue, yellow and pink colors. sult mostly from the di↵erence of total pressure built in the ME front compared to its rear. ICME1 simu has an initial B strength stronger by a factor 2.8 in case 2 than in case 1. This di↵erence is no longer present at 0.126 au (see Figure Figure 10). Indeed, the much stronger magnetic pressure unbalance in case 2 induces a faster ME expansion in order to reach a nearly balance of pressure with the surrounding background solar wind. Consequently, both the velocity and density profiles are also significantly modified at 0.126 au for case 2.

Finally, at 0.7 au the interaction between ICME1 simu,1 and ICME2 simu,1 occurs in case 1. Even at 1 au this interaction a↵ects only the rear of ICME1, and later than observed in situ (see Figure 6). The interaction is stronger in case 2, with a larger fraction of ICME1 rear a↵ected, in better agreement with observations. The interaction between ICME2 and ICME3 is the strongest (case 2) as it started already at about 0.16 au along Fig. 12. EUHFORIA results at 0.716 au for modelling the three ICMEs with spheromaks. The graphic convention is the same as in Figure 10. Fig. 13. EUHFORIA results at 1 au for modelling the three ICMEs with spheromaks. The graphic convention is the same as in Figure 10.

the Sun-Earth direction (see associated movie). ICME2 gets fully compressed, becoming like a sheath in front of ICME3.

Discussion of the pressure balance

In order to understand how the ICMEs simu can expand, we compute the thermal plasma pressure P th , the magnetic pressure P mag and the total pressure P tot of the 3 ICMEs simu from 0.126 au to 1 au. The evolution of the pressures are presented for four distances to the Sun (see Figures 10111213). The max-ima of plasma and magnetic pressure peaks for ICME1 simu are presented for di↵erent distances in Table 3.

Already at 0.126 au the plasma pressure starts to be important in ICME1 simu front as the consequence of the formation of a front shock. There is not yet a significant incidence on the total pressure. However, at the next presented distance of 0.316 au, the plasma pressure starts to contribute to the total pressure in the sheath. Such contribution increases with distance, becoming the dominant pressure source at 0.716 au in the sheath of ICME1 simu . The magnetic pressure in ME1 simu is much larger than the plasma pressure at 0.126 and 0.316 au. It is remarkable that the magnetic pressure in ME1 simu is a factor 2.5 stronger in case 1 than in case 2 at 0.316 au, while this factor was about 1/8 initially (at 0.1 au the toroidal flux of case 2 was stronger by a factor 1.25 than this of case 1 and the magnetic flux B case2 = 2.8 B case1 , see section 4.3). The much stronger initial magnetic pressure (B 2 /2mu 0 ) in case 2 induces a much faster expansion, which implies a much weaker magnetic field closer to the Sun. This inversion of the field strength is still present at larger distances as well.

The evolution of the pressures show that the ICMEs simu never gets in near balance pressure with their surroundings. It is so because the front shock compression induces a larger plasma and magnetic pressure, while at the rear, the void in the background solar wind created by the fast ICME passage, implies a low total pressure. This implies that ICME1 simu expands faster at 1 au (⇣ simu ⇡ 1.05 for both cases) than expected with pressure balance with the surroundings (⇣ ⇡ 0.73, see Section 4). Next, despite having a larger initial magnetic pressure in ME1 simu for case 2 compared to case 1, which induces a faster expansion in the close inner heliosphere, this di↵erence in expansion rate is erased by the time the ME1 reaches 1 au. However, the magnetic field strength is in the reverse order than it was initially (so keeping the memory of a faster expansion in the inner heliosphere).

At 1 au, the expansion of ME1 simu is about isotropic in both cases with a volume scaling approximately as D 3 , compared to the volume scaling as about D 2 in the surrounding solar wind. This di↵erential expansion rate, which was even larger in the inner heliosphere, induces much lower plasma density in ME1 simu , as observed in ME1 obs , than in the solar wind. We conclude that the formation of the low density region in ME1 simu for the two cases is realised by setting an over magnetic pressure at 0.1 au.

In case 1, along the Sun-Earth line, ME2 simu,1 is not overtaken by ICME3 simu,1 so its evolution is roughly comparable to the one of ME1 simu,1 (up to the change in the initial parameters and the presence of ICME1 simu,1 in front which changes the encountered medium). In case 2, ME2 simu,2 is strongly overtaken by ICME3 simu,2 so that its expansion, still visible in the velocity profile at 0.716 au, turns to a strong compression at 1 au. Then, the lower plasma observed in ME2 obs could not be reproduced in the simulation. Despite the too strong compression by ICME3 simu , even a weaker interaction is not expected to allow the presence of a so low plasma density in ME2 simu than observed in ME2 obs (lower than in ME1 obs , Figure 3).

The previous analysis involves only insitu scalar parameters. The precise 3D organisation of the vector magnetic in the ejecta is expected to partly a↵ects those results. More precisely, how they would be modified by changing the initial orientation of the spheromak axis, or by changing the initial geometry from a spheromak to a flux rope, is left for a future investigation. [START_REF] Asvestari | The Spheromak Tilting and How it A↵ects Modeling Coronal Mass Ejections[END_REF] has made a first e↵ort towards this goal by studying the e↵ect of tilting of the LFF Spheromak model on an idealized background solar wind. Still, present results for scalar parameters are expected to be mostly kept in view of the results of [START_REF] Taubenschuss | The role of magnetic handedness in magnetic cloud propagation[END_REF], where the change of the helicity sign, and as such changing the way the flux rope interacts with the encountered field, implies roughly comparable results.

Discussion and conclusions

In this paper, we considered a case-study of three ICMEs presenting low, and even very low, plasma density in their MEs. To model the arrival times of the three front side ICMEs occurring on 17-19 July 2002 we use the MHD EUHFORIA simulation as a tool to follow the propagation of the CMEs in the solar wind and through the inner heliosphere. We consider two cases for the spheromak boundary conditions at 0.1 au: case 1 is deduced from the original parameters in the inner corona as much as possible, and case 2 has adapted parameters to get the simulated velocity (v) and proton number density (n) profiles closer to the ones measured at L1.

In case 2, the increase of the initial toroidal flux within the launched spheromak by a factor 1.25 and its lateral extension by a factor 0.7 compared to case 1, induces a larger magnetic pressure, by a factor about 8, and hence a larger expansion which accelerates the ICME front and led to a good fit for the arrival time. An enhanced initial toroidal flux, by a factor 1.7, is also present initially for ICME2 and ICME3 so that they interact earlier with CME1. This gives simulated in situ profiles closer to the observations at 1 au. This confirms the conclusion of the analysis of 42 CMEs measured in the inner heliosphere by two spacecraft showing that the expansion depends on the initial magnetic field strength inside the ICME and less on the magnetic field measured at L1 [START_REF] Lugaz | Inconsistencies Between Local and Global Measures of CME Radial Expansion as Revealed by Spacecraft Con-junctions[END_REF].

The main di culty generated by the original parameters (case 1) is that they do not lead to the observed arrival times. Moreover, we have not enough coronal data to define these parameters with a reasonable uncertainty. In particular, the initial velocity involves a crude approximation or an empirical formula derived from a limited number of CMEs [START_REF] Schwenn | The association of coronal mass ejections with their e↵ects near the Earth[END_REF], or a blend of the two. Furthermore, for the coronal observations only one viewpoint was available. Finally, the combination of an observed arrival time that is much earlier than simulated, while at the same time, a much lower arrival veloc-ity compared to simulated, is atypical as generally late arrivals denote lower peak velocities.

We conclude that, like in the case of [START_REF] Scolini | Exploring the radial evolution of interplanetary coronal mass ejections using EUHFORIA[END_REF], the injected spheromaks need to be set initially well in pressure unbalance with the surrounding solar wind in order to better reproduce the observations at 1 au. This creates a peculiar evolution in the inner heliosphere. Even with this abnormal initial conditions, the MHD equations bring the evolution close to what is expected at larger distances, in particular at 1 au. We conclude that the increase of the magnetic flux mitigates the EUHFORIA assumptions related to a constant initial velocity of the spheromaks.

Finally, the low plasma density, present in ICME1 is well explained by an over-expansion occurring mostly in the inner heliosphere, while still partly present at 1 au. The same process is present in ICME3, while to a more moderate level. The observed ICME2 has a very reduced plasma density (by one order of magnitude). Since it is overtaken and compressed by ICME3, the even lower density of ICME2, than in ICME1, could not be explained by expansion. Rather, the most plausible possibility is that CME2 was coming from a coronal cavity with already low plasma density.

Fig. 1 .

 1 Fig. 1. Observations of the solar sources of the CMEs in AR 10030 and AR 10036 between 15 and 18 July 2002. (a, c) Data of HMI at 12:51 UT on 15 July 2002 and 12:47 UT on 18 July 2002, respectively. (b) Meudon spectroheliogram in H↵ at 9:30 UT on 16 July 2002. (d, e, f, g, h, i) Halo and partial CMEs observed by LASCO C2 on 15 and 18 July 2002. The red arrows indicate the projected direction of the CMEs.

Fig. 2 .

 2 Fig. 2. CMEs characteristics. (a,c) Height time plots where the three CMEs studied in this paper are marked with continuous thick lines. The colors codes the main CME direction (see left insert), while the type of lines codes the CME apparent angular extension (see right insert). (b,d) GOES X-rays flux in two channels with the solar source coordinates of the identified events. The two top panels are for the time range 14-16 July 2002, and the bottom panels for 17-19 July 2002.

Fig. 3 .

 3 Fig. 3. In situ measurements at L1 with ACE on 16-22 July 2002 for ICME1, ICME2 and ICME3. (a) Strength, (b) components, and (c) orientation angles of the magnetic field. Proton (d) density, (e) velocity and (f) temperature. The vertical dashed lines delimit sheaths and magnetic ejecta (MEs, blue for ICME1, red for ICME2, green for ICME3). The color coding of the data points in the top panel is for the North-South B z component (black is for northward orientation).

Fig. 4 .

 4 Fig. 4. EUHFORIA best results of the solar wind computed at L1 (blue curves) between 15 and 18 July 2002 compared to in situ measurements at L1 (red curves).

Fig. 5 .

 5 Fig. 5. EUHFORIA results for the cone model run with three ICMEs (red curve) compared to the OMNI data at L1 (blue curve). The cone model parameters are provided in Table2. The dark red and light red shaded areas show the maximum variation of EUHFORIA predictions at positions separated by = 5 and = 10 in longitude and/or latitude from Earth. From top to bottom: speed (v), proton number density (n p ), magnetic field magnitude (B) and magnetic field components in GSE coordinates (B x , B y , B z ). We note that OMNI data has a gap around 20 July 2002 at 12:00 UT. We refer the reader to Figure3for ACE observations.

Fig. 7 .

 7 Fig. 7. Ambient solar wind from EUHFORIA: radial dependence of the mean solar wind parameters extracted at virtual spacecraft located along the Sun-Earth line (red dots). These values have been obtained by considering solar wind streams between speeds of 350 and 450 km s 1 , i.e. consistent with the solar wind speed preceding ICME1 as visible in Figure 4. (a) proton number density n p , (b) plasma speed v, (c): proton thermal pressure P p , (d): magnetic pressure P mag , (e): magnetic field B, (f): plasma temperature T p , (g): total pressure P tot , (h): proton . The red shaded areas show the maximum variation of EUHFORIA predictions as a function of the heliocentric distance. The results from the fitting of the mean values are indicated as dashed red lines. Observed average values from ACE in the 24 hours prior to the arrival of ICME1 are shown as blue diamonds.

Fig. 8 .

 8 Fig. 8. Overview of EUHFORIA results of the three ICMEs modeled with the LFF spheromak model for case 1: scaled plasma number density (top panels) and radial velocity (bottom panels). The four left panels show ICME1 on 18 July 2002 at 07:59 UT, the four right panels show the three ICMEs on 19 July 2002 at 23:59 UT. At both times, both an equatorial x-y plane (left) and a meridional distance-z (or x-z) plane (right) are shown. The full movies are included as supplementary material.

Fig. 11 .

 11 Fig. 11. EUHFORIA results at 0.316 au for modelling the three ICMEs with spheromaks. The graphic convention is the same as in Figure10.

  

  

  

  

Table 2 .

 2 The resulting relation used to derive the initial speed for EUHFORIA simulation case 1 from LASCO C3 observations is v rad = 0.68 v ps . Such a hybrid method was Parameters of the three ICMEs at 0.1 au used in the cone and spheromak simulations with EUHFORIA. For the cone model, the speeds are taken from LASCO C3 observations at the closest height to ⇠20 R , as listed in the CDAW CME catalog. Insertion times are then extrapolated to 21.5 R assuming a constant speed. For both the cone and LFF spheromak models, the CME mass density ⇢ CME and plasma temperature T CME are taken to be uniform inside the CME, similar toPomoell & Poedts (2018). For the spheromak model, case 1 parameters are derived using the methodology explained in Section 3.3 based on LASCO C3 observations at ⇠20 R . Case 2 uses adapted parameters which have been optimised to get results at 1 au closer to in situ observations, as explained in Section 3.3.

	CME model	CME # Insertion time	Speed Latitude Longitude Half width Tilt Helicity Toroidal flux
		[UT]	[km s 1 ]	[ ]	[ ] [ ]	[ ]	sign	[10 14 Wb]
	Cone	CME1 15 July 23:20	1100	14	1 45	-	-	-
		CME2 18 July 11:10	970	20	15 45	-	-	-
		CME3 18 July 20:50	2070	10	40 45	-	-	-
	Spheromak (Case 1) CME1 15 July 23:20	750	14	1 45	90	+1	0.6
		CME2 18 July 11:10	650	20	15 45	90	+1	0.6
		CME3 18 July 20:50	1400	10	40 45	90	+1	0.6
	Spheromak (Case 2) CME1 15 July 23:20	700	19	1 30	180 +1	0.75
		CME2 18 July 11:10	935	19	20 45	180 +1	1
		CME3 18 July 21:00	1205	19	20 45	180	1	1

Table 3 .

 3 Characteristic peak values of the magnetic field strength B, the thermal plasma pressure P th , the magnetic pressure P mag of ICME1 at di↵erent distances from the Sun for the two studied cases.

	Case Distance B strength	P th	P mag
		[au]	[nT]	[10 8 Pa] [10 8 Pa]
	case 1	0.126	1000	3	60
		0.316	200	1	2.5
		0.716	30	0.08	0.04
		1.016	10	0.02	0.01
	case 2	0.126	1000	10	50
		0.316	150	1	1
		0.716	25	0.1	0.05
		1.016	10	0.02	0.01
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