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Collisionless, fully ionized plasma.
Multi-spacecraft in situ observations.
Time-series inside diffusion region.

Reconnection confirmed.

Collisional, partly ionized plasma.
Multi-telescope remote observations.
Stellar surface and atmosphere resolved,
      a few observations months apart.
Reconnection not confirmed.
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Convection plays a major part in many astrophysical processes, 
including energy transport, pulsation, dynamos and winds on 
evolved stars, in dust clouds and on brown dwarfs1,2. Most of our 
knowledge about stellar convection has come from studying the 
Sun: about two million convective cells with typical sizes of around 
2,000 kilometres across are present on the surface of the Sun3—a 
phenomenon known as granulation. But on the surfaces of giant 
and supergiant stars there should be only a few large (several tens 
of thousands of times larger than those on the Sun) convective 
cells3, owing to low surface gravity. Deriving the characteristic 
properties of convection (such as granule size and contrast) for 
the most evolved giant and supergiant stars is challenging because 
their photospheres are obscured by dust, which partially masks 
the convective patterns4. These properties can be inferred from 
geometric model fitting5–7, but this indirect method does not 
provide information about the physical origin of the convective 
cells5–7. Here we report interferometric images of the surface of the 
evolved giant star π1 Gruis, of spectral type8,9 S5,7. Our images show 
a nearly circular, dust-free atmosphere, which is very compact and 
only weakly affected by molecular opacity. We find that the stellar 
surface has a complex convective pattern with an average intensity 
contrast of 12 per cent, which increases towards shorter wavelengths. 
We derive a characteristic horizontal granule size of about 1.2 × 1011 
metres, which corresponds to 27 per cent of the diameter of the star. 

Our measurements fall along the scaling relations between granule 
size, effective temperature and surface gravity that are predicted by 
simulations of stellar surface convection10–12.

The giant star π 1 Gruis was observed with the four-telescope H-band 
beam combiner PIONIER13 mounted at the Very Large Telescope 
Interferometer (VLTI; Cerro Paranal, Chile) during the nights of 
2014 September 25 and 29. The observations (see also Methods  
section ‘Data’) cover three spectral channels across the near-infrared 
H band (central wavelengths,1.625 µ m, 1.678 µ m and 1.730 µ m; width 
of the filters, 0.0483 µ m, corresponding to a spectral resolution of 35). 
Owing to the excellent Fourier plane coverage acquired and to the good  
signal-to-noise ratio (Extended Data Fig. 1), we are able to reconstruct 
model-independent images in each spectral channel (Fig. 1). For this 
purpose, we use the image reconstruction software SQUEEZE14, which 
is based on a Markov chain Monte Carlo (MCMC) approach to the  
regularized maximum likelihood problem. To assess the reliability of the 
image we also use a different image reconstruction algorithm, MiRa15. 
The images from SQUEEZE and MiRa have very similar characteristics 
(Fig. 1; see also Methods section ‘Image reconstruction’). The dusty 
envelope that enshrouds the star is transparent in the wavelength range 
of our observations. The major molecular contributions in this wave-
length range are CO and CN; this molecular contribution is the weakest 
in the longest-wavelength filter, which can be considered as probing the 
continuum. The images show a stellar disk with the diameter weakly 
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Figure 1 | The stellar surface of π1 Gruis. 
a–c, Images of the stellar surface of π 1 Gruis 
reconstructed from the interferometric data 
using the SQUEEZE14 algorithm (upper panels) 
or the MiRa15 algorithm (lower panels). Images 
are shown in the spectral channels centred on 
1.625 µ m (a), 1.678 µ m (b) and 1.730 µ m (c). 
The angular resolution of the observations is 
λ/(2B) ≈  2 mas, where λ is the wavelength and 
B is the baseline, that is, the distance between 
two apertures, and is represented by the circle 
at the bottom right of the top panel in a. In each 
image, one pixel corresponds to 0.45 mas.
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Figure 1 | The stellar surface of π1 Gruis. 
a–c, Images of the stellar surface of π 1 Gruis 
reconstructed from the interferometric data 
using the SQUEEZE14 algorithm (upper panels) 
or the MiRa15 algorithm (lower panels). Images 
are shown in the spectral channels centred on 
1.625 µ m (a), 1.678 µ m (b) and 1.730 µ m (c). 
The angular resolution of the observations is 
λ/(2B) ≈  2 mas, where λ is the wavelength and 
B is the baseline, that is, the distance between 
two apertures, and is represented by the circle 
at the bottom right of the top panel in a. In each 
image, one pixel corresponds to 0.45 mas.
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Surface of giant star π1 

VLTI, Paranal, Chile 
(Paladini et al., 2018) 

Three wavelengths 

A&A 669, A155 (2023)
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Fig. 2. Time sequences of density, radial velocity, temperature, and silicate grain radius for a slice through the center of the large 1 M� model
st28gm06n052. The snapshots are about 8 and 14 months apart, respectively (see the counter at the top of the panels). The orange line in the bottom
panels indicates an isotherm of 1150 K.

temperature on the condensation process. Higher densities lead
to faster, more efficient grain growth, and the brightest areas
(largest grains) are found in the wakes of shock waves, which
compress the gas. The central dark zone indicates the region
where dust formation is prevented by high temperatures (see
panels in row 3). The over-plotted line in the grain-size panels
represents an isotherm at 1150 K, corresponding roughly to the
condensation temperature of the silicate grains.

In the bottom right quadrant of the images, a new dust
cloud (bright area in grain-size plots) is forming in the wake
of an outward-propagating shock wave, which compresses the
gas (blue arc in the radial velocity plots and brighter orange in
the density plots). Initially appearing as a small bright region in
the grain radius plot (bottom row, left panel), the cloud quickly
grows in size, with its inner edge defined by the condensa-
tion temperature (middle panel), before being driven outward
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3D star-in-a-box CO5BOLD 
radiation hydrodynamics 
code, Uppsala univ.
(Freytag and Höfner, 2023) 

Three times, 𝛥t ≈ few months
Outflow velocity (blue) ≈ 10 km/s

M* = MSun
L* =7030 Lsun
R* = 355 Rsun
Teff = 2806 K 

-3000      Rsun   +3000No hot corona: No Parker wind
Sometimes stellar radiation on dust
Sometimes not… 



Tgas (K)

n (g/cm3)

1D Darwin (AGB) 3D CO5BOLD (RSG)

Ionisation from full radiation problem
(MULTI code, Carlsson, 1986; 1992) 

(Höfner et al., A&A 2022)
Tgas = 2100 K, ne/n ≈10-5, 
no H ionisation.

(Freytag and Höfner, A&A 2023)
Tgas = 3800 K, ne/n ≈ 3・10-4, 
some H ionisation

r r

TBalm= 3000 K TBalm = 3000 K



Increased ionisation in narrow regions.

Shock in CO5BOLD model:
Assume higher Tgas (realistic, when narrow)
    *Assume LTE (=> too high ionisation)
    *Assume NLTE, analytic approx., only H,
      collisions n=1 ó n=2, level, then TBalm  

         (=> too low ionisation) 
      (see Hartmann and Avrett, 1984)

Degree of 
ionisation

10-4

10-1

Tgas (K)4000 8000

TBalm = 3000 K



When: 
Slow reconnection?
Fast reconnection?

Propagation of Alfvén waves?
Joule heating?

What about the magnetic field?

B ≈ 1 G (Observations, incl. Betelgeuse;
see Mathias et al., 2018; Wade et al., 2025; 
Suzuki et al., 2025)
Free B energy needed.



0123456789();: 

by demanding electron- ion collision time (τei) longer 
than reconnection time: τei > ρs/(0.1VA) or, equivalently, 
S > (5βM/m)λ, where 0.1VA is a typical reconnection 
inflow and ρs is a typical local kinetic current sheet half 
thickness. This condition can be extended to the multiple 
X- line regime by replacing local reconnection time with 
its global counterpart τei > L/VA, which leads to S > (β/2)
(M/m)λ2. Furthermore, since ions collide M m/  times 
less frequently than electrons at comparable energies, 
similar conditions apply to ions. Approximate threshold 
conditions for both electron and ion anisotropy are plot-
ted in the updated phase diagram. Also shown are the 
corresponding conditions for electron runaway5 when 
the reconnection electric field increases above ED.

In order to test our understanding of multiple X- line 
regimes, new research efforts are needed, including 
observations, simulations and laboratory experiments, 
each with sufficient resolution to validate fundamen-
tal ideas. The statistical properties of these phases are 
particularly important in determining the energetic 
consequences of magnetic reconnection, such as the 
nonthermal acceleration of electrons. Competing sta-
tistical models have been developed for power- law dis-
tributions of plasmoid size or flux61,62,93–100 with different 
power- law indexes. Observationally, there is ample 
direct in situ evidence for the existence of multiple X- line 

regime in Earth’s magnetosphere101–103 and indirect evi-
dence from remote- sensing solar observations104,105. 
However, the limited statistical studies of these obser-
vations as well as from the laboratory (see below) sug-
gest exponential distributions96,106–111. It is unclear why 
this qualitative discrepancy exists, but multi- spacecraft 
missions with in situ measurements, such as the current 
Magnetospheric Multiscale (MMS) mission32, with many 
more satellites are required to better observe multiscale 
reconnection phenomena. Opportunities in labora-
tory experiments, observations and computation are 
described in BOX 3 and BOX 4, respectively.

The upcoming FLARE (Facility for Laboratory 
Reconnection Experiments)5 device represents a major 
opportunity in the next decade for the first labora-
tory accesses of the predicted multiple X- line phases 
with an extensive set of in situ diagnostics. The first 
plasma operation112 has already successfully demon-
strated the feasibility of the design based on the exist-
ing Magnetic Reconnection Experiment (MRX)113, in 
which much experimental work has been performed 
on single X- line reconnection phases29,35 (FIG. 2, top). 
The parameter space expected to be accessible by the 
FLARE is illustrated in FIG. 3a, in comparison with that 
of the presently existing experiments, including MRX 
and Terrestrial Reconnection Experiment (TREX)114. 
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Fig. 3 | Phase diagram of magnetic reconnection. a | Phase diagram in the 
parameter space of normalized plasma size λ and Lundquist number S.  
In addition to two traditional single X- line phases (collisional and 
collisionless), there are three multiple X- line phases based on plasmoid 
instability of reconnecting current sheet when either or both of λ and S are 
sufficiently large. These three multiple X- line phases are classified based on 
the plasma collisionality on relevant scales, either collisionless or collisional 
across all scales, or collisional on larger scales but collisionless on smaller 
scales within the same current sheet (termed hybrid). Sc is the critical 
Lundquist number above which the magnetohydrodynamic current sheet is 
unstable to form plasmoids. Other than these five phases, a regime in which 
reconnection occurs only by electron dynamics due to small plasma sizes, as 
well as regions in which electron and ion pressure anisotropy could be 
dynamically important during reconnection time, are added. Also shown are 
parameter space already demonstrated by currently existing laboratory 

experiments and parameter space expected to be accessible by the 
upcoming experiment, Facility for Laboratory Reconnection Experiments 
(FLARE), for detailed experimental explorations of the newly predicted 
multiple X- line phases directly relevant to heliophysical, astrophysical and 
laboratory fusion plasmas. b | An example application of the reconnection 
phase diagram to the 1D, semi- empirical C7 model of the lower solar 
atmosphere137 assuming a reconnecting field strength of 100 G. hC7 is  
the height from the Sun’s photosphere according to the C7 model. The 
condition L = Lin ≡ VA/νin (νin is the ion- neutral collision rate) is shown by a thick 
black line and separates the regimes of decoupled (upper half) and strongly 
coupled (lower half) plasma and neutral gas dynamics. Upper grey bars show 
the resolution and field of view for example ground- based telescopes 
(DKIST, Daniel K. Inouye Solar Telescope) and satellites (SDO, Solar Dynamics 
Observatory and IRIS, Interface Region Imaging Spectrograph). The right 
panel shows the average ionization fraction χ ≡ ρi/(ρi + ρn).
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Ji et al. (Review, 2022)
Avrett and Loeser (Chromosphere model, 2008)

S = VA・L/η  (Lundquist number)
λ = L / 𝛒s (𝛒s = ion sound radius)
Lin = VA / νin (ion-neutral collision length)

・

Toy model of the solar chromosphere.

Make toy models of a cool star atmosphere?
* With highly ionized shock.
* Without shock.



Some parameters:
n = 1017 (m-3) ; T =3800 (K) (CO5BOLD simulation)
B = 10-4 (T) (observations)
ne / ntot ≈  3・10-4 ;  β ≈ 1

VA ≈ 4・105 ; V*
A ≈ 7・103 m/s (only H+;  total mass, H)

fcoll_ion_neutr ≈ 5・102 ; fcoll_e_ion ≈ 5・103 (1/s) 
Lcoll_ion_neutr ≈ 15 ; Lcoll_e_ion ≈ 70 (m) 
c/⍵pi ≈ 40 (m) (only H+) ; 𝛒s ≈ 1 (m)
ηtot = η∥ + η⟂ AMB ≈ 104 + 2・108 ≈ 2・108 (m2/s) (+waves?)
Lcurrent = 1 to 100 RSUN ≈ 109 to 1011 (m) (assumed)
S* = V*

A ・ L/ ηtot ≈ 3・104 to 3・106 ; (S*)-0.5  ≈ 10-2 to 10-3

ΔSP = L・ (S*)-0.5 ≈ 107 to 108 (m)
trec ≈ L/V*

A ≈ 105 to 107 (s) ≈ day to year

(Plasmoids, 3D, Turbulence…)



Plasma physics + Cool stars = True?

Toy model of cool star atmosphere + reconnection?
  (Fast reconnection? 
  No electron-ion collisions in the current sheet?)
  (Shi et al., 2026)

Alfvén waves and damping.
  Solar chromosphere
  Stellar wind driving mechanism 
   (Harper et al, 2022, Suzuki et al., 2025)

Joule heating
  Solar chromosphere
  Earth´s ionosphere


