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Instrument !
& 

Wavelengths
Dataset

Spatial !
(& spectral)!
resolution

Cadence!
[sec]

Formation 
temperature!

[log K]

SST/CRISP 
Hα

1 0.14”!
(0.085 Å)

9 3.3-4.2

Hinode/SOT 
Ca II H

2 0.2” 4.8 4-4.2

IRIS/SJI !
Mg II 2796 Å

2 0.4” 36.5 4-4.2

IRIS/SJI !
C II 1330 Å

2 0.33" 36.5 4.3

IRIS/SJI !
Si IV 1400 Å

2 0.33” 36.5 4.8

SDO/AIA !
He II 304 Å

1 & 2 1.2” 12 5

SDO/AIA !
Fe IX 171 Å

1 & 2 1.2” 12 5.9

SDO/AIA !
Fe XII 193 Å

1 1.2” 12 6.2

Dataset 1: 26/06/2010, 10:03-11:40 UT, 
centred on AR 11084 at [-875”,-319"] 	

Dataset 2: 29/11/2013, 22:30-23:30 UT, 
centred on AR 11903 at [944”,264”] 

Multi-wavelength observations
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Progressive cooling

Progressive cooling from coronal to chromospheric temperatures is observed. 
Thermal instability is at the origin of the intensity variability in these loops



Loop 1Loop 2

Progressive cooling

Loop 1 
@C1

Loop 2 
@C2

Loops 1, 2 !
@F

Very cool 
temperatures, 

preferentially at 
low heights

SST



Hα rain is clumpy and surrounded 
by wider and continuous EUV 
absorption features.

Large clumps 
and showers 
produce EUV 
variability: can 
lead to a quasi-
periodic intensity  
variation 

EUV variation associated with 
Hα rain emission



Loop 1Loop 2

Clumpy vs. continuous

The clumpy and 
sporadic character 

of the rain at 
coronal heights 

(C1&C2) becomes 
persistent & 

continuous at 
chromospheric 

(F1&F2) heights 



Cooling through TR lines

Progressive 
cooling from TR 
to chromospheric 
temperatures with 

a fast-slow two 
step behaviour



A multi-temperature phenomenon

Strong co-spatial emission in TR and chromospheric lines	

Differences in structure appear at the smallest scales: chromospheric to TR temperature 
transition must exist at scales below Iris resolution (0.33”)	

Strand-like structure extends to TR range



Multi-stranded structure

strand-like 
structure

6-8 strands are visible in the 
projected plane of the sky, 
extending from coronal to 
chromospheric heights

Multiple ripples next to large clumps: highly reminiscent of 
the MHD thermal mode (Van der Linden & Goossens 1991)



Multi-stranded structure: tip of the iceberg?

Significant difference in clump widths 
in AIA from TR to coronal 
temperatures (~0.5”) width of PCTR?	

!
Shape of width distribution is 
independent of temperature: sharp 
peak + long tail. Strong increase in 
clump numbers at lower temperatures 
but especially at higher resolution	


➡Tip of the iceberg scenario?	

!
Lengths distribution is more random: 
reflects other factors at play 
(longitudinal)



Discussion - conclusions

Thermal instability is the most general state of the plasma 	

- Viall & Klimchuk 2012: most loops are in a cooling state.	

- Coronal loops in active regions often present intensity variations (out of 

hydrostatic equilibrium, Aschwanden et al. 2001; Reale 2010). 	

➡Which fraction is in a state of thermal non-equilibrium?	


Is thermal instability generally complete? Does the instability often lead to 
catastrophic cooling (down to chromospheric temperatures)? Mikiç et al. 
(2013)	

Are common EUV intensity variations in AR loops a signature of thermal 
instability?

EUV intensity variations as a signature of catastrophic cooling

This study: 	

- Common EUV intensity variation in cooling loops are strongly correlated to 

coronal rain appearance (large clumps and showers) in TR and 
chromospheric lines (continuum absorption from H, He and He+: Heinzel & 
Anzer 2005, Labrosse+ 2010)	


- Intensity variation can appear quasi-periodic



Persistent red-shifts above sunspots, often associated to bright fan-shaped 
structures observed in EUV above the umbra, usually termed plumes (Brekke 
+ 1990; Brueckner 1981; Dere 1982; Kjeldseth-Moe+ 1988, Foukal+ 1974; 
Brosius & White 2004; Brosius 2005…)

The problem of persistent red-shifts above sunspots

This study: 	

Clumpy and sporadic character at coronal heights becomes persistent and 
continuous at low heights: offers explanation to this long standing problem	

Change of character is partly due to progressive cooling of the rain, but 
mostly to a funnel effect from the observed expansion of the magnetic field at 
low heights: From heights F to C (26”) the field expands by a factor of 2. 

Large range of downflow speeds: subsonic & supersonic, 
in both chromospheric and TR lines (Kleint+ 2014)	

Interpreted either as siphon flows or condensation flows 
(Reale+ 1996,1997, Mok+ 2008)	

Clumpy nature of coronal rain posed a problem of 
interpretation

Discussion - conclusions



Full velocity vector from spectroscopic observations allows 
to infer the angle of fall of rain clumps with respect to the 
loop vertical (Antolin & Rouppe van der Voort 2012) 	


➡LOS projection effect can be eliminated to some extent

Global magnetic field tracer

This study: 	

Very long and thin rain clumps (>20 Mm long)	

Existence of a kink in the field, above which main 
expansion is observed

Interesting applications as global magnetic field tracers	

Jess+ (2013): existence of a kink in the field above 
sunspot umbra leading to a characteristic change with 
height of the dominant periods of running penumbral 
waves from the photosphere into the chromosphere
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Figure 11. Space-time diagram at different offsets from the Hα center (specified
in the bottom left corner of each panel) along a path of an on-disk case. Several
condensation traces are visible in absorption. By increasing the offset toward
the red wing from the line center the visible parts of the trajectories are shifted
toward lower heights, accounting for the curvature of the path.

Figure 12. Sketch showing the angles involved in the calculation of the
trajectories of the blobs. The orientation and position of the loop is drawn
according to the general geometry of the loops and bipolar regions observed
with Hinode/EIS (Figure 3) images and MDI magnetograms (see Section 2.2).
We take the (x, y, z) coordinate system as indicated in the figure, where the
origin is taken as the midpoint between the footpoints along the baseline
of a given loop, and where the line of sight is along the +z-axis. p and q
denote the baseline and semi-major axes of the loop. The angle δ corresponds
to the angle between the projection of p on the x−y plane and the y-axis
(counterclockwise with δ = 0◦ being the +y direction). Similarly, θ corresponds
to the angle between the projection of q and the y-axis. ϕ is the falling angle of
the blob with respect to p in the plane of the loop. We also define ψ and γ as
the angles between p and −z, and between q and −z, respectively (ψ = 0 or
γ = 0 denoting the −z direction).

set according to the general geometry of the loops observed with
Hinode/EIS (Figure 3) and the bipolar regions observed in the
MDI magnetograms (see Section 2.2). Let us take the (x, y, z)
coordinate system as indicated in the figure, where the origin is
taken as the midpoint between the footpoints along the baseline
of a given loop, and where the line of sight is along the +z-axis.
The angle δ corresponds to the angle between the projection of p
on the x−y plane and the y-axis (counterclockwise with δ = 0◦

being the +y direction). Similarly, θ corresponds to the angle
between the projection of q and the y-axis. ϕ is the falling angle
of the blob with respect to p in the plane of the loop. Let us also
take ψ and γ as the angles between p and −z, and between q and
−z, respectively (ψ = 0 or γ = 0 denoting the −z direction).
Then, for a redshifted blob the velocity vector can be written as

−→v =
(

vproj,x
vproj,y
vDop

)

= |v|

⎛

⎜⎜⎜⎝

cos ϕ sin γ sin θ − sin ϕ sin ψ sin δ

cos ϕ sin γ cos θ − sin ϕ sin ψ cos δ

sin ϕ cos ψ + cos ϕ cos γ

⎞

⎟⎟⎟⎠
. (2)

For a blueshifted blob, the last two terms in the x and y
components are positive and the z component is negative. Since
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FIG. 4.— The average inclination angles for the N (solid black line) and W+S+E (solid grey line) quadrants are plotted as a function of photospheric distance
from the umbral barycenter in the upper panel. The dashed black and grey lines correspond to the same inclination angles, only plotted as a function of
chromospheric distance from the umbral barycenter determined through magnetic field extrapolations. The observed dominant periodicity for the N sunspot
quadrant is displayed in the middle panel on a log–log scale as a function of the radial distance away from the umbral barycenter (solid black line). Within the
confines of the penumbra, there appear to be two distinct gradient slopes, as indicated by the blue and red lines of best fit. A solid grey line displays the acoustic
cut-off period determined from the magnetic field inclination angles present in this quadrant of the sunspot. The lower panel displays the same information, only
for the values averaged over the remaining three quadrants (W, S, and E). Vertical dashed lines indicate the inner- and outer-penumbral boundaries at ≈3.8 and
≈10.1Mm, respectively.

1998; Mathioudakis et al. 2003; Jess et al. 2007). In this case,
the background spectrum is assumed to be consistent with
pure photon noise (i.e. normally distributed in the limit of
large number statistics), and following a χ2 distribution with
two degrees of freedom. The longest-period intensity os-
cillations found, which superseded the 95% confidence cri-
teria, were ≈1200 s, significantly under the Nyquist pe-
riod of 2250 s. The upper-panel of Figure 3 reveals the
absolute Fourier power, which has been spatially and tem-
porarily averaged over each individual annulus, as a function
of period and distance from the umbral barycenter. Here,
long-period oscillations (displayed as darker colored lines)
appear to display higher oscillatory power; a direct result
of larger amplitudes accompanying the longer-period waves
(Didkovsky et al. 2011). Normalisation of the power spec-

tra, by the average power contained within the entire field-of-
view for each corresponding periodicity, reveals more mean-
ingful structural information (middle panel of Figure 3). In
this plot, the vertical axis gives a direct representation of how
much each periodicity displays power above its spatially- and
temporally-averaged background. Here, the shorter-period
waves (45 − 180 s) display their peak power at the um-
bral/penumbral edge, with their relative power approximately
three orders-of-magnitude higher than the background. As
distance from the umbral barycenter is increased, the peak
power is dominated by further increasing periodicities, with a
dominant period ≈640 s at the outer penumbral edge.
It is visually clear in Figure 3 that the dominant periodicity

increases significantly between the inner and outer penum-
bral edges. This effect has been attributed to the inclination
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Progressive cooling: difference in emission with height?	

Fast-slow two-step cooling: transition to optically thick 
states?	

Loop stays bright in AIA 171. Usual sequential EUV 
intensity from hot to cool is not observed

Multi-thermal character

High degree of co-spatiality in multi-wavelength emission (chromospheric and 
TR):	
 large density inhomogeneity within thermally unstable loops. Thin 
transition from chromospheric to TR temperatures: < 0.33ʹ′ʹ′. PCTR ~ 0.5”	

Thermal instability in low β plasmas is far more complex than the simple picture 
of a uniformly progressive cooling plasma with cool chromospheric cores 
surrounded by warmer diffuse material.	

How? Existence of tangential discontinuities in the field in which material can 
collapse (Low+ 2012a,b)

➡Not a necessary observational condition of thermally unstable loops

Discussion - conclusions



Average standard deviation and widths (and the ratio) 
decreases at increasing resolution and decreasing 
temperature (AIA->SJI->SOT->CRISP)	

Number of clumps increases at higher resolution and 
decreasing temperature	

Bulk of the distribution undetected? (< 0.2ʹ′ʹ′, also Scullion+ 
2014): agreement with numerical simulations (Fang+ 2013)

Elemental scales (1)

Lengths: much larger variable range. But generally clumpy at low temperatures. 
Big difference with prominences? Longitudinal effects: conduction, flows, 
instabilities…	

Agreement over several datasets (Antolin & Rouppe van der Voort 2012, 
Antolin+2012, Scullion+2014, Harra+2014). Similarity with widths of 
prominence threads.	


➡Existence of elemental strand-like structures? Does thermal instability play a 
main role in the morphology, especially defining the widths? Is such substructure 
also expected in thermally stable loop? What is the influence of temperature?

14 P. Antolin et al.

Table 1
Average values for both datasets

Instrument Dataset Width Length Blobs
& filter [arcsec] [arcsec] / min

CRISP - Hα 1 0.3 ± 0.093 3.85 ± 5.77 5.
SOT - Ca II H 2 0.61 ± 0.17 1.05 ± 0.51 9.7

SJI - 2796 2 0.8 ± 0.19 2.49 ± 1.97 2.6
SJI - 1330 2 0.7 ±0.15 1.75 ± 1.35 3.7
SJI - 1400 2 0.8 ±0.17 1.76 ± 1.26 4.6
AIA - 304 2 1.56 ±0.15 10.8 ± 6.5 2.2
AIA - 304 1 1.4 ±0.7 12.7 ± 9.2 1.2
AIA - 171 1 2.45 ±0.81 5.5 ± 5.2 1.2
AIA - 193 1 2.69 ±1.07 7.4 ± 4.6 1.2

Note. — Averages are calculated over all detected blobs in
both datasets. Row order is set according to increasing tempera-
ture. For dataset 1 the measurements are limited only to the rain
detected in loops 1 and 2. For dataset 2 the measurements are
limited to the loop shown in Fig. 8. While each measurement is
itself an average value over a large quantity (see section 2.3) and
therefore has its own standard deviation, the standard deviation
shown here for widths (lengths) is simply taken over the set of
blob widths (lengths). The last column provides the number of
blobs detected per minute for each dataset, which implies depen-
dence over the FOV over which this detection is carried. For the
SST, the detection is done over a small part of its FOV (roughly
5′′×17′′), which is much smaller than the FOV for the SDO data
of the same dataset (see Fig. 3). For Hinode the projected area
over which the the rain is detected is roughly twice that of SST.

the sense that runaway cooling due to the shape of the
optically thin loss function may occur locally in coronal
loops and continue uninterrupted down to chromospheric
temperatures, until heating from local sources overcome
the losses due to its own radiation. The completeness
of thermal instability is, however, not guaranteed and
depends strongly on the efficiency of the heating mech-
anisms and on thermal conduction. Mikić et al. (2013)
have shown that even changes in geometry play an im-
portant role in determining the aspect of this instability.
Furthermore, the spatial scales involved in the cooling
processes (for instance, the clumpiness and strand-like
structure of the rain) are directly related to the prop-
erties of the plasma and to the counter-acting heating
mechanisms, and may therefore reveal essential charac-
teristics of the heating processes.
Despite the close link between thermal instability and

coronal heating and therefore the importance of thermal
instability, we do not know how ubiquitous this instabil-
ity is in the corona and the details of its character (for
instance, whether it is complete or not). This is largely
due to the high complexity of the thermal instability in
strongly anisotropic plasmas such as the solar corona.
Recent observational studies over active regions indicate
a general tendency for cooling (Viall & Klimchuk 2012).
Although it is clear that not all the loops in an active
region are in a thermal non-equilibrium state and un-
dergo catastrophic cooling, it is important to estimate
what fraction of loops are.
The traditional picture of thermal instability implies

that coronal loops in a thermal non-equilibrium state
become progressively cooler, suggesting a time delay
between filters detecting emission at different temper-
atures. Such cooling progression throughout transition
region temperatures has previously been invoked to ex-
plain variations in EUV lightcurves (Foukal 1976, 1978;
Kamio et al. 2011; Kjeldseth-Moe & Brekke 1998; Landi

et al. 2009; O’Shea et al. 2007; Schrijver 2001; Tripathi
et al. 2009; Ugarte-Urra et al. 2009, 2006; Warren et al.
2007). However, the direct link to catastrophic cooling
has not been yet firmly established, since all of these
multi-wavelength observations do not include chromo-
spheric ranges. In this work we make the first steps in
this direction by linking commonly found intensity vari-
ations in EUV filters of SDO/AIA to the observational
imprint of catastrophic cooling, i.e. coronal rain observed
in chromospheric diagnostics.
We observe complete thermal instability with temper-

atures down to the chromospheric range. In Section 3
we show that EUV darkening is found to be associ-
ated to flows in AIA 304 and presents a continuous and
rather persistent character. Such AIA 304 flows are ob-
served along many of the loops within the active region
(dataset 1), part of which are captured towards the foot-
points in Hα by CRISP. The flows in AIA 304 appear
strongly correlated in space to the appearance of cool
chromospheric material in the loops observed in Hα,
which occurs in a more sporadical way. This suggests
that while the entire loop may be thermally unstable and
cooling, plasmas at transition region temperatures are
more widespread and common within the loop than plas-
mas at chromospheric temperatures. This is expected to
some extent due to the tendency of the plasma to keep
a uniform pressure distribution along the field (and the
fact that thermal instability entails a local loss of pres-
sure leading to small condensations).
Small EUV intensity perturbations are further strongly

correlated in time with the presence of Hα rain clumps.
Although sporadic, these clumps can come in series of
events and generate quasi-periodic EUV intensity vari-
ations on the order of a few minutes. In most cases,
these variations are found to be associated to groups of
chromospheric clumps which we have previously termed
‘showers’ (Paper 1), and span over a few arcseconds in
the transverse direction. Correlation between EUV dark-
ening and Hα has been extensively studied in the case
of prominences (Heinzel & Anzer 2006; Labrosse et al.
2010). For the EUV wavelengths of interest here, this
correlation is mainly due to continuum absorption from
neutral hydrogen, neutral helium and singly ionised he-
lium.

5.2. Multi-thermal character

The progressive cooling picture from thermal instabil-
ity also suggests a difference in emission with height. In
this picture, emission in Hα and at cooler wavelengths
is preferentially detected at low coronal heights. In the
middle panel of Fig. 17 we plot the averages of height
versus temperature for all detected clumps in datasets
1 and 2. The temperatures taken for the SJI and SOT
filters are those of maximum formation for the dominant
ions of each filter. Those for CRISP correspond to the
measured temperatures, shown in Fig. 6. Although not
strongly correlated, the plot suggests a slight temper-
ature decrease with height. Particularly, the very low
temperatures below 5000 K, even down to 2000 K or so,
for the Hα clumps detected with CRISP at the lower part
of the loops provides support to the cooling picture.
Through co-observation between IRIS and Hin-

ode/SOT we are able to follow for the first time the rapid
progression in the runaway cooling in thermally unsta-

Discussion - conclusions



Main role: resolution or temperature?	

➡ Spatial resolution	


Strand-like structure extends into TR range	

Still, thermal instability can play a major role in 
defining the morphology	

How?

MHD thermal mode (Field 1965, Van der Linden & 
Goossens 1991): small but non-zero perpendicular 
thermal conduction. Static MHD wave would move 
with the flow. Introduces density enhancements around 
clumps: further condensations in neighbouring loops?	

Other effect: large gas pressure variation across clumps 
introduces non-local enhancement of azimuthal 
magnetic field. Can affect plasma up- and downstream

Elemental scales (2)

significant width change, significant improvement in 
resolution, no drastic temperature change

insignificant width change, same resolution, !
drastic temperature change
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Density eigenmodes for a cold loop
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Role of thermal instability in loop substructure. How?	

Other effect: large gas pressure variation across clumps introduces non-local 
enhancement of azimuthal magnetic field (~Bennett pinch effect). Can affect 
plasma up- and downstream due to flux freezing and high magnetic field tension.

May imply a relation between clumps’ widths and the magnetic field at small 
scales: interesting MHD seismology applications	

Can it explain clumpy structure in longitudinal direction?	

Can it explain the lower downfall velocities? (higher magnetic pressure up-and 
downstream). 

Elemental scales (3)
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Figure 5. Contour plots showing log10|B| (magnitude of the magnetic field strength; left) and log10|v| (magnitude of the velocity; right) for the fiducial run at 0.95 Gyr.
The arrows in the velocity plot show the direction of the velocity unit vector.
(A color version of this figure is available in the online journal.)

Figure 6. Mass (dM/d log10 T ; left) and volume (dV/d log10 T ; right) fractions occupied by plasma of a given temperature T for the fiducial run (MWC) at different
times. The normalization is such that the total mass/volume under the curve is unity. The initial cooling time is ≃0.1 Gyr and the simulations begin to saturate after
≃0.8 Gyr. The hottest plasma in the box becomes hotter with time.
(A color version of this figure is available in the online journal.)

hottest plasma becomes hotter with time and the conductivity
is a strong function of temperature (Equation (11)), it becomes
difficult to run the simulations for long times.

4.2. Simulations with Isotropic Thermal Conduction

To assess the importance of including anisotropic thermal
conduction, we carried out simulations identical to the fiducial
run in every way except that the conductivity is isotropic at
the Spitzer value (MWIC in Table 2). Figure 7 shows the
temperature contour plots at 0.475 Gyr (left panel) and 0.95 Gyr
(right panel). In the linear state the modes are isotropic and
on relatively large scales, irrespective of the magnetic field
direction. By contrast, with anisotropic conduction, the cold
plasma is filamentary even in the linear state (Figure 4).2

2 The Field length perpendicular to the magnetic field is much smaller in the
simulation with anisotropic conduction than in the simulation with isotropic
conduction. This is why there is much more small-scale structure, and more
cold “filaments,” in Figure 4 than in Figure 7. In addition, because we initialize
power primarily at ≈0.8 kpc (Section 2.3), the amplitude of the initial
perturbations that can actually grow (! the Field length) is larger in the
simulation with anisotropic conduction. These perturbations thus evolve
somewhat more rapidly.

Nonlinearly, the orientation of the cold plasma in simulations
with isotropic conduction is unrelated to—or even somewhat
perpendicular to (see the dotted line in Figure 8)—the local
magnetic field direction, unlike in simulations with anisotropic
conduction, where the filaments develop along the magnetic
field (Figure 4). Although the morphology of the cold gas is
different in the two cases, the evolution of the phase structure is
qualitatively similar; there is significant mass in the cold phase,
but the volume is dominated by the hot phase. The differences
between Figures 4 and 7 emphasize the critical importance of
including anisotropic thermal conduction when studying the
thermal physics of galaxy cluster plasmas.

4.3. Convergence of Two-dimensional Simulations

As described previously, in multi-dimensional simulations,
the Field length must be resolved both along and perpendicular
to the direction of the magnetic field in order for the numerical
results to converge. Figure 9 shows temperature contour plots
at 0.95 Gyr for runs including perpendicular conduction, with
2048 and 512 grid points, respectively. The temperature contour
plots are reasonably similar, and are similar to the results for
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Figure 3. Temperature profiles for one-dimensional simulations with conduction
at t = 1.43 Gyr for different resolutions: HWCll (256), HWCl (512), HWC
(1024), and HWCh (2048). Convergence is achieved for > 512 grid points.

majority of the cold filaments are oriented along the direc-
tion of the local magnetic field even in the nonlinear regime.
Some of the filaments at 0.95 Gyr are quite small and relatively
isotropic because of small and nearly isotropic conduction in
the cold phase. However, at later times (e.g., 1.425 Gyr) the
small filaments coalesce to form large ones. The nonlinear de-
velopment of the thermal instability proceeds in two phases:
in the first phase nonlinear filaments aligned along field lines
condense from the hot ICM, becoming shorter in time because
of a smaller conductivity in the cold phase; in the second stage
these cold filaments with large velocities (primarily along them-
selves) merge to form longer filaments. This is clearly seen in
Figure 11 as an increase in L∥/L⊥ after an initial dip at ∼1 Gyr.

Figure 4 shows that the direction of the magnetic field is
only moderately perturbed from its initial direction even in the
fully nonlinear regime. However, the magnetic field strength
increases by a factor of !3–8 in the cold filaments (see the left
panel of Figure 5), to the point where the magnetic pressure
is important in the filaments. The regions over which the
field is enhanced are coincident with, but significantly longer
than, the location of the cold filaments. The field enhancement
occurs via flux freezing as the cooling plasma is compressed
perpendicular to the initial field direction in the nonlinear state

of the thermal instability; analogous compression along the field
lines is suppressed because of thermal conduction. In the hot
diffuse gas between the filaments, the magnetic field decreases
by a factor ≃2–3 from its initial value of ≈ 5 µG. Note that
for a realistic cooling function, the density contrast between the
filaments and the diffuse medium will be larger than is found in
our simulations, and so the magnetic field compression in the
filaments will also be stronger.

The right panel of Figure 5 shows that the velocities driven
by the thermal instability can reach 30–100 km s−1, comparable
to the sound speed in the cold filaments, but much less than the
sound speed in the hot phase. Such high velocities can disrupt
the tendency of buoyancy instabilities in the hot phase of the
ICM to reorient the magnetic field (e.g., Sharma et al. 2009b;
Parrish et al. 2010). The high velocities are spatially coincident
with the magnetic field enhancements and the cold filaments.
The velocity vectors generally point toward the cold filaments in
the hot phase, showing that mass from the hot thermally unstable
medium is condensing into the cold phase. This flow of mass
is, however, transient. The thermal instability reaches a steady
state in which cooling from the dense, cool ICM is balanced by
conductive heating from the hot ICM, which is in turn heated
(artificially) by our external heat source H (t) in Equation (4).
Once this steady state is established, mass flow between the
phases is significantly reduced. Although mass flow across the
phases is reduced, the cold filaments retain large velocities along
themselves and the volume-averaged velocity is ∼20 km s−1

(see the right panel of Figure 11 discussed later).
Nonlinearly, the plasma exists in two phases, with very little

plasma at the intermediate temperatures. Figure 6 shows the
mass (left panel) and volume (right panel) distribution of plasma
at different times for the fiducial run. The plasma is at ≈107 K
initially but evolves into a two-phase structure. The phase
structure evolves rapidly at early times (before ∼1 Gyr), but
the evolution is slower at later times. The mass and volume
occupied by the plasma at intermediate temperatures decrease
in time. The “mass dropout rate,” (i.e., the rate at which plasma
cools below a given temperature) at 107 K is large initially, but
once a two-phase medium is established, the mass and volume
of the hot and cold phases are roughly constant in time, with very
little mass dropout. While there is significant mass in the cold
filaments, most of the volume is occupied by the hot phase (see
fm and fV in Table 2). The hottest plasma in the domain slowly
becomes hotter with time in the two-dimensional simulations;
by contrast, in one dimension the plasma reaches a steady state
at 1.43 Gyr (Figure 2). It takes longer to reach a quasi-steady
state in two dimensions because it is easier for hot isothermal
regions to become thermally isolated from the cold plasma
(because of the small perpendicular conductivity). Since the
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Figure 4. Contour plots of log10 temperature (in keV) for the fiducial run (MWC) at linear (0.475 Gyr; left) and nonlinear (0.95 Gyr, center; 1.425 Gyr, right) stages
of the instability. The arrows show the magnetic field direction.
(A color version of this figure is available in the online journal.)
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Large clumps and showers produce detectable 
EUV darkening: we can estimate densities from 
continuum absorption (Landi & Reale 2013)

Problem of low downward speeds:

Densities

AIA: log Tabs ~ 4.4-4.6 for EUV width of 700 km 	

➡ ne ~1.8−7.1×1010 cm-3. 	

SST: T ~ 5500 K and a width of 400 km	

➡ strong inhomogeneity. If constant pressure inside 

clump then core densities ~ 2.5 × 1011 cm-3

vobs~100 km/s. Assume <geff>=0.174 km s-2 (Antolin & Verwichte 2011) 	

-> vfinal~150 km/s. 	

Bernouilli equation: increase of magnetic pressure downstream of 2.8-3.6 G would 
suffice to decelerate clump for downflows with average density 3−5×109 cm-3 and 
pressures 0.3 − 0.5 dyn cm-2: consistent with estimated gas pressure from clump 	
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Thermal instability 
not complete

Thermal instability 
complete

most mass remains at 
coronal temps

general cooling but most 
remains at TR temps most mass is 

chromospheric
neighbouring strands do 
not generally cool down 

at same time

bulk of rain distribution at TR 
(larger and longer clumps)

most clumps are 
undetected

Dataset 1: <density>= 1.4×1011 cm-3, <width>=0.4”, <length>=3.8”	

➡ <downward mass flux per loop> = 1.23 × 109 g s-1	


Dataset 2: <mass flux> = 5.22 × 109 g s-1	


Agreement with Antolin & Rouppe van der Voort (2012), similar for 
prominences (Liu+ 2012) and comparable to estimated upload from spicules 
(Beckers 1972) -> important role in chromosphere-corona mass cycle	

Tip-of-the-iceberg scenario? 	

Assuming that most of the rain is detected: <density in loop> = 6.2-7.3 × 108 cm-3	


-> 5 times lower than expected. Where’s the rest?

Role in chromosphere-corona mass cycle

Rain is TR in 
terms of filling 

factor but 
mostly 

chromospheric 
in terms of 

mass!
✔
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Thank you!



Conclusions
• Multi-temperature phenomenon: chromospheric & TR emission. Short time lags 

observed between TR and chromospheric lines (catastrophic cooling)!
• Multi-strand nature: Significant increase of number at higher resolution. Tip of the 

iceberg scenario? !
• Effect of temperature or resolution? Widths: 0.2”-0.3”(<104 K),  0.6”-0.7”(104-5 K), 

local effect on magnetic field? Strand-like structure in coronal lines?!
• Possible influence of thermal mode at smallest scales. !
• Less uniformity for lengths: many other agents at play (flows, thermal conduction, 

waves…)!
• Mostly single emission peaks: optically thin? !
• Non-thermal broadening < 10 km/s, small tail up to 25 km/s. Prominence-like 

material: extra component ~ 30-40 km/s. No height dependence. Slightly lower to 
previous results with coarser instruments. LOS effects? !

• k/h ratio: 1.2 (prominence), 1.2-1.6 (coronal rain): moderately optically thick? 
Height dependent. Probably due to pressure changes within loop: probe of internal 
loop conditions. Turbulence? 


