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Laboratory unraveling of matter
accretion in young stars
Guilhem Revet,1,2 Sophia N. Chen,1,2 Rosaria Bonito,3,4 Benjamin Khiar,5 Evgeny Filippov,6,7

Costanza Argiroffi, 4 Drew P. Higginson,2,8 Salvatore Orlando,3 Jérôme Béard,9 Marius Blecher,10

Marco Borghesi,11 Konstantin Burdonov, 1 Dimitri Khaghani, 12 Kealan Naughton,11 Henri Pépin,13

Oliver Portugall, 9 Raphael Riquier,2,14 Rafael Rodriguez,15 Sergei N. Ryazantsev,7

Igor Yu. Skobelev,6,7 Alexander Soloviev,1 Oswald Willi,10 Sergey Pikuz,6,7

Andrea Ciardi,5 Julien Fuchs1,2*

Accretion dynamics in the formation of young stars is still a matter of debate because of limitations in observations and
modeling. Through scaled laboratory experiments of collimated plasma accretion onto a solid in the presence of a
magnetic field, we open a first window on this phenomenon by tracking, with spatial and temporal resolution, the
dynamics of the system and simultaneously measuring multiband emissions. We observe in these experiments that
matter, upon impact, is ejected laterally from the solid surface and then refocused by the magnetic field toward the
incoming stream. This ejected matter forms a plasma shell that envelops the shocked core, reducing escaped x-ra
emission. This finding demonstrates one possible structure reconciling current discrepancies between mass accretion
rates derived from x-ray and optical observations, respectively.
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INTRODUCTION
The accretion of matter is a process that plays a central role in v
astrophysical systems across the mass spectrum (1,2). It determines the
exchange of mass, energy, and angular momentum between the ac
object and its surroundings and, eventually, the formation of plan
systems around stars. In the context of young stars, during the early
of formation and evolution toward the main sequence phase, the
mass of the forming star is therefore determined by the accretion pr
Hence, the analysis of accreting young stars and the structure by
matter settles on the star is of wide interest in the context of star
planet formation in general.

In our present understanding, referred to as the magnetosp
accretion model, matter (temperature, 2000 K; electron plasma dens
1011to 1013cm� 3) is accreted onto young stars through magnetizedB=
0.01 to 0.1 T) accretion columns that connect the surrounding materi
[from the envelope in the early phases or the edge of the disk i
classical T Tauri stage (3)] to the star’s surface (4, 5). Guided along the
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lines of the magnetic field that connects the surrounding material to th
star, matter falls at free-fall velocity, that is, with a speed of the ord
500 km/s, and impacts onto the stellar chromosphere. A shock for
the interaction between the accretion stream and the chromosphere, a
the postshock plasma is heated to a few million degrees [for exa
Argiroffi et al.(6)], with a preshock velocity of the order of 500 km
and a postshock reduced speed of about 100 km/s. Therefore,
emission of ultraviolet (UV) radiation and x-rays is expected to origina
from this hot plasma. Investigating the shock structure and the
energy emission from the central star and its components (corona, a
cretion shocks, and jets) is crucial because this emission can inf
important aspects of the star-disk system: It can alter the physica
chemical structures of the disk around the young star, with effects a
the disk’s lifetime (7), and by itself, it can be used as a diagnostic to
study the properties of the accreting material and the shock ph
Hence, analyzing the emission from these stars, in the x-ray band i
ticular, has been thought to allow insight into the accretion phenome
(8, 9) as well as into mass accretion rates [for example, Kastneret al.
(10), Stelzer and Schmitt (11), and Curranet al.(12)].

Mass accretion rates are inferred in several ways. This can be do
for instance, through the analysis of optical observations [for exa
Herczeg and Hillenbrand (13)], that is, by deducing the star accreti
luminosity from its optical emission line’s luminosities through an
empirical relation, after which the mass accretion rate can be ded
from the accretion luminosity (14). More recently, the mass accreti
rate of classical T Tauri stars (CTTSs) has been derived from the
x-ray emission [for example, Argiroffiet al.(6), Schmittet al.(15), and
Güntheret al.(16)]. For all methods, it is assumed that (i) the stre
impacts the stellar surface with free-fall velocity from a distance
to a few (typically five) times the radius of the star and (ii) the imp
region is in stationary conditions, namely, the velocity, density,
temperature of the shock-heated plasma do not change in time

Present issues with inferring mass accretion rates from
observations of young stars
However, observations from CTTSs, where the accretion proc
significant, show that there are significant discrepancies [for examp
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S C I E N C E A D V A N C E S| R E S E A R C H A R T I C L E
Curranet al.(12) and Argiroffiet al.and (17)] between the observe
x-ray luminosity and the predictions based on the UV-visible ba
from the same object. However, we should note that of the two mea
ments, those based on UV emission provide the most direct estim
the mass accretion rate and, hence, are the most accurate. Theref
discrepancy between the x-ray and UV measurements generally su
that the main problem lies in the x-ray analysis method. In some sys
the discrepancy is moderate (that is, below a factor of 4; for example
3-600, TW Hya), whereas in others, the discrepancy is large (up t
orders of magnitude; for example, RU Lup, T Tau), but in all case
observed x-ray luminosity is lower than expected. On the basis of
netohydrodynamic (MHD) models [for example, Saccoet al.(5), Matsa-
koset al.(18), Colomboet al.(19), Saccoet al.(20), Costaet al.(21),
Orlandoet al.(24), and Orlandoet al.(25)], limited to two spatial
dimensions so far, absorption of x-rays by an optically thick enve
of plasma surrounding the shocked plasma (5, 22–24) is one of the
several scenarios (25) that have been evoked to explain this discr
ancy and the lower-than-expected observed x-ray luminosity. How
a direct observation of such an envelope is well beyond present-d
servation capabilities.

Laboratory experiments to resolve the accretion dynamics
in scaled conditions
An alternative approach to the investigation of astrophysically rele
plasma dynamics is through scaled laboratory experiments (26–28).
With respect to the issue of accretion dynamics, as mentioned abov
requires mimicking in the laboratory accretion streams embedd
magnetic fields. Although laser-produced high-strength magnetic fiel
have been developed for some time (29, 30), coupling quasi-static, ex
ternally applied (that is, not self-generated) magnetic fields with lase
produced plasmas has only recently become possible (31–34). To model
in the laboratory the accretion columns guided along the lines o
magnetic field that connects the surrounding material to the star, w
exploit here an experimental platform we have recently devel
(26, 35) that ensures the homogeneity of the externally app
magnetic field over a very large volume (cubic centimeters). A
be shown below, this is a key factor in allowing the present obs
tions because it ensures that a homogeneous magnetic field (and
high strength) exists over the scale of the accretion column impac
lateral expansion on the mimicked star surface.

Our experimental results obtained with this approach and with
setup (Figs. 1C and 2) provide the first direct evidence for the form
of a shell of dense ionized plasma enveloping the core postshock r
which is well consistent with three-dimensional (3D) MHD simulatio
of the laboratory experiment (Fig.1B) and with 2D MHD-scaled astro
physical simulations (Fig. 1D). Furthermore, when postprocessing t
astrophysical simulation (Fig. 3), this shell is observed to induce ab
tion of x-rays arising from the ionized central core, thus supporting
scenario of x-ray flux lowering by local medium surrounding
shocked region (23).

Setup of the laboratory experiment and scalability to the
astrophysical configuration
To investigate the accretion dynamics of CTTSs in the laboratory, an
as shown in Fig. 1A, we create a collimated narrow (diameter, 1
plasma stream by imposing a high-strength (Bz = 20 T) external and
uniform poloidal magnetic field onto an expanding plasma, abl
by a high-power laser (duration, 1 ns; 1013W/cm2) (26,36). The stream
[vstream= 750 km/s; 2 × 1018 cm� 3, plasma electron density; plasm
Revetet al., Sci. Adv.2017;3 :e1700982 1 November 2017
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electron temperature, 0.1 MK (37)] propagates parallel to the lines
the large-scale external magnetic field, as in the present picture o
accretion in CTTSs, impacting onto an obstacle mimicking the h
density region of the star chromosphere (see Materials and Meth
The uniqueness of this laboratory experiment is not only in coup
laser-produced plasma with an externally applied, high-strengt
magnetic field but also in being fully 3D and in allowing simultane
optical and x-ray emission measurements (see Fig. 1A). This
differs in several notable ways from previous experiments foc
on investigating radiative accretion shocks, where magnetic
are totally absent (while the presence of the magnetic field is c
in reproducing CTTSs observations in a realistic way), and in whic
use of“shock tubes” (38, 39) affects the dynamics of the constrain
plasma.

As detailed in the Materials and Methods, we have verified tha
tween the two systems in which the accretion shock is not radia
dominated (38), dimensionless scaling parameters (40) are similar
and that the absence of relevant gravity in the laboratory does not pre
clude similarity because its effects will be significant only at late
(see below). Regarding thebparameter (the ratio of the plasma press
ant
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Fig. 1. Laboratory investigationofmagnetizedaccretiondynamics andcomparison
with scaled astrophysical simulation o f the same phenomenon highlighting the
formation of a shocked core and of a surrounding shell. (A) Arrangement of the
laboratory experiment and of the diagnostics. (B) Snapshot of the modeling of the labo-
ratoryexperimentby theGORGONcode(shown is themassdensity inkg/m3). (C)Measured
maps, at different times (as indicated), of laboratory plasma electron density, embedd
in a homogeneous and steady 20-T magnetic field. The contours displayed on the f
two panels highlight the core (contour at 1019cm� 3) and the shell (contour at 3 ×
1018cm� 3). Here, the obstacle is a CF2 target, whereas the stream is generated from
a laser-irradiated PVC (C2H3Cl)n target. (D) Simulated plasma density (left-half panels
and temperature (right-half panels) maps, also at different times, and extracted from a
2D astrophysical simulation (using the PLUTOcode). In all panels, the initial magnetic
field is uniform and oriented along thezaxis; the white (resp. black) lines in (A) an
(C) (resp. B) represent the magnetic field lines. In all, the obstacle/chromospher
located at the bottom, atz = 0, andt = 0 corresponds to the moment when the
stream hits the obstacle/chromosphere.
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