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INDIA’S FIRST SOLAR MISSION: ADITYA-L1

Payloads: 7 nos

REMOTE instruments-4 nos
a. Visible Emission Line Coronagraph (VELC): 
Continuum channel (1.05-1.5 Rs), 
Spectrograph (coronal red/green lines), 
spectropolarimetry (NIR Fe line, magnetic field 
measurements)

b. Solar Ultraviolet Imaging Telescope (SUIT): 
Full disk (200-400 nm) Study of prominences, 
solar irradiance

IN-SITU instruments-3 nos

 
 
 

  
  

                                         ENHANCED VELC FOR L1 MISSION!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!PAGE 11 
 
 

 

 
LINE-WIDTH STUDIES  
 
The line-width of optical thin emission lines have two components, thermal as well as non-thermal. The 
separation of these two components is very important to understand the physical and dynamical properties 
of the solar corona. The variation of these with height in the corona provide clues to the understanding of 
the processes involved to heat the plasma to million degrees.  
 
The intensity ratio of emission line of the same species yields the information about the temperature of the 
emitting plasma. Guhathakurta et al (1993, 1996) investigated the intensity ratio of 5303 Å [Fe XIV ] line to 
the 6374 Å [Fe X] line to study the variation of temperature of solar corona with the solar cycle phase. They 
have the intensity measurements near the limb and at certain points at the solar corona only and thus could 
not investigate the variation of temperature along the coronal loops. Raju and Singh (1987) computed the 
flux of these lines as a function of temperature and density. From the comparison of observed intensities as 
a function of height and computed values they found the coronal temperature to be around 1.5 MK at the 
epoch of 1980 eclipse. Kano and Tsuneta (1996) found the loop tops to be hotter as compared to the foot 
points. However, some of the coronal loops found to have cooler loop tops (Singh et al. 2004). The data 
available are limited to find the circumstances for such type of behavior for different coronal loops. It is 
very important to know the temperature variation in coronal loops to make realistic models and also for 
understand the heating processes in the solar corona. The data obtained with the proposed space 
coronagraph will provide necessary inputs.  
 
These results need to be verified by making large number of observations and in many lines simultaneously, 
where the proposed payload will play an important role. 

 
 

                              Multi-slit observing mode: Positions of the slit within FOV 



CME: 3-part structure

Considered standard morphology. Although only 30% of observed CMEs 
show all three parts!  (Webb & Hundhausen 1987)
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Figure 2. Time evolution of the radiation produced by a flare on 
August 28, 1966, which was associated with both a two-ribbon 
flare and a prominence eruption: (a) Hot ribbon intensity 
[Dodson and Hedeman, 1968], (b) thermal, soft X-ray emission 
[Zirin and Lackner, 1969], and (c) nonthermal, hard X-ray emis- 
sion [Arnoldy et al., 1968]. 

photosphere is weakly ionized, having less than 10 --4 charged car- 
riers per neutral particle, compared to the fully ionized corona. 
These models invoke the same process that occurs in laboratory 
MHD generators when a weakly ionized plasma flows across a 
stationary magnetic field. However, Melrose and McClymont 
[ 1987] have shown that the concept of a photospheric dynamo of 
this type is grossly inconsistent with the observed properties of 
the photosphere and the way it is coupled to the regions above 
and below it. 

A related flux injection model has been proposed by Chen 
[1989] which impulsively injects magnetic flux and power from 
the convection zone into the corona at CME onset. This model 

requires a rapid increase in the magnetic energy of the corona 
during the eruption, rather than a decrease as in the storage mod- 
els, and it does not address the reason why the convection zone 
should suddenly inject flux into the corona. An analysis by 
McClymont and Fisher [ 1989] finds that the flux injection model 
requires large-scale horizontal motions that are not consistent 
with those that are observed. Although the photosphere is only 
weakly ionized, it is still an excellent conductor, and field lines 
there are frozen to the plasma. Thus any sudden injection of flux 
from the convection zone to the corona must necessarily move 
the photospheric plasma. 

Models based on the storage of magnetic energy prior to CME 
onset also transfer energy from the convective zone to the corona, 
but this process occurs over a long time period of the order of 
hours to days prior to the CME. The photospheric motions are 
directly observed, while the buildup of current which results from 
them can be inferred from vector magnetograms and changes in 
field-aligned plasma structures (e.g., filaments and fibrils). 

How much energy is required to drive a CME can be discerned 
from Table 1, which shows the estimated energy output of a very 
fast CME of moderately large size (values are from Canfield et 

2. Energetics 
When CMEs were first clearly identified by Skylab in 1973, 

many researchers assumed that they were caused by the outward 
expansion of hot plasma produced by a large flare. We now 
know that this is not the case, for several reasons. First, less than 
20% of all CMEs are associated with large flares [Gosling, 1993]. 
Second, CMEs that are associated with flares often appear to 
start before the onset of the flare [Wagner et al., 1981; Simnett 
and Harrison, 1985]. Finally, the thermal pressure produced by a 
flare is too small to blow open the strong magnetic field of the 
corona. 

At the present time, the most generally accepted explanation 
for the cause of CMEs is that they are produced by a loss of sta- 
bility or equilibrium of the coronal magnetic field [cf. Low, 
1996]. The continual emergence of new flux from the convection 
zone and the shuffling of the footpoints of closed coronal field 
lines cause stresses to build up in the coronal field. Eventually, 
these stresses exceed a threshold beyond which a stable equilib- 
rium cannot be maintained, and the field erupts. The eruption 
releases the magnetic energy stored in the fields associated with 
coronal currents, so models based on this mechanism can be 
thought of as "storage models." 

However, from time to time, various researchers have consid- 
ered the possibility that the energy source which drives CMEs 
and flares lies within or below the photosphere. Sen and White 
[1972], Heyvaerts [1974], Hdnoux [1986], and Kan et al. [1983] 
have proposed electric dynamo models based on the fact that the 

Figure 3. Schematic diagram showing the relationship between 
various features associated with a CME. The shaded region la- 
beled "plasma pileup" refers to the outer circular arc seen in 
coronagraphs. 

Forbes 2000



CME precursor: Flux rope formation

The magnetic flux rope (MFR) fits beautifully into the 3-part 
structure of the CME (Filament-Cavity-Frontal loop). 

How does a flux rope form?

1. Shearing of foot points and Flux cancellation

2.  Emergence of a twisted flux rope 



CME precursor: Flux rope formation

1. Shearing and Flux cancellation [Chatterjee et. al. 2016]



My typical (data inspired) CME initiation model

• 512X128X192 uniform/non-uniform grid, Initial 
isothermal stratified atmosphere at 1MK 

• Forced kinematically at lower boundary by an EMF 
(= v×B) corresponding to sustained emergence of 
twisted torus into an ambient arcade 

• Arcade field at lower boundary: 20G;                      
Flux rope axis: 50 G 

• Thermal conduction along field lines 
• Semi relativistic Boris correction (Boris 1970)

vz0 = 1.8 km s�1
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SPECIAL = special/twist_inject



CMEs under helmet streamers

Use of arcade magnetic field is 
inspired by observations of CMEs forming under 
helmet streamers

14 P. F. Chen

(1995) describe the CME progenitor as a flux rope embedded under a coronal streamer, with a
filament being supported at the bottom, as shown by Figure 4. In such a paradigm, the high-
density streamer, i.e., the shaded area, evolves to the frontal loop of the CMEs, the prominence
corresponds to the bright core of the CME. In between, there exists a low density cavity, which
might be due to stronger magnetic field (Low and Hundhausen, 1995) or the plasma evacuation
related to the prominence condensation. Such a 3-part structure was frequently found in streamers
before eruption (Gibson et al., 2006b).

WIND

WIND

Prominence

sheet

Figure 4: The flux rope model for the CME progenitor, where the shaded area corresponds to the dome
of a helmet streamer surrounding a cavity in the middle, and a prominence is located at the bottom of
the flux rope. Note that the self-closed flux rope is the projection of a 3D helical flux rope (from Low and
Hundhausen, 1995).

From the theoretical point of view, there are several advantages to have a flux rope in the
CMEs progenitor as depicted in Figure 4:

(1) The simple but fundamental model for twisted field lines, which carry electric current and
therefore magnetic free energy, is a flux rope (Low and Berger, 2003).

(2) The magnetic flux rope system gracefully matches the three-part structure of CMEs, as
mentioned above.

(3) As long as the flux rope rises somehow, e.g., due to magnetic rearrangement or a certain
instability, a current sheet naturally forms near the separator or a hyperbolic flux tube below the
flux rope (Titov et al., 2002). The reconnection in the current sheet leads to the eruption of the
flux rope and the overlying magnetic loops, as well as a solar flare near the solar surface, i.e., it fits
the classical CSHKP model very well. Even without reconnection, the strongly-twisted flux rope
may also erupt due to its intrinsic instabilities (see Section 4.1 for details).

Since the coronal magnetic field cannot be measured directly, the flux rope model can only seek
for indirect evidence from observations. Magnetograms showed that the magnetic field is already
twisted as it emerges out of the photosphere (Kurokawa, 1987; Lites, 2005). Through Yohkoh
satellite observations, Rust and Kumar (1996) found that the geometry of the sigmoidal coronal
loops before eruption is in accord with the flux rope model. Although the sigmoidal structure was
later confirmed to provide evidence for the flux rope model, their idea, i.e., the sigmoid is just

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2011-1

Low & Hundhausen 1995

Roussev et. al. 2003



Compressible MHD equations

D ln ⇢

Dt
= � ~rU

DU

Dt
= �

~rp

⇢
+ gz~̂z +

J ⇥B

⇢
+ ~F corr

L + ⇢�1Fvisc ,

@A

@t
= U ⇥B � ⌘µ0J

⇢cV T
D lnT

Dt
= � (� � 1)⇢cvT ~rU + ~r · ~qcond + ~r · (⇢T�t

~r lnT )

+⌘µ0J
2 + 2⇢⌫S2

ij + ⇢⇣shock (r·U)2 � ⇢2⇤(T )

~qcond = KspT
5/2b̂(b̂·rT ) ,

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Mass conservation

Navier-Stokes with 
semi-relativistic correction

Induction

Temperature

Field aligned Spitzer conductivity
HEATFLUX  =   heatflux

ENTROPY  =   temperature_idealgas



ASIDE ON BORIS CORRECTION
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It is worth noting that the expression of the inverted “enhanced inertia” matrix in (13) is more accurate
than eq. (52) of Rempel (2017). With this approximation the correction to the forces on the right-hand
side of (4) is given by

F corr
L =

β2
A

1 + β2
A

[
I− b̂b̂

1 + β2
A

][
U ·∇U +

∇p

ρ
− gzẑ − (∇×B)×B

µ0ρ

]
. (14)

In the pencil code, the Boris semi-relativistic correction can be switched on by setting the flag
lboris correction=T in the name list magnetic run pars in the file ?extttrun.in. According to Gombosi
et al. (2002), the characteristic speeds due to the Boris correction are modified in a non-trivial manner
which is expected to relax the time step constraint due to the fastest wave mode. The time step calculation
has been modified in the code by replacing the Alfven speed, vA with vA/(1+ v2A/c

2)1/2 in the calculation
of the Courant criteria. In runs R0–R2, where the magnetic field is only 5 G, the time step is governed
mainly by the time step imposed by the radiation ray module in the code. However, when we increase the
magnetic field strength to 50 G, thereby increasing the Alfvén speed, we find that the time step imposed
by the radiation ray and magnetic modules are comparable. For such large Alfvén speeds (∼ 7000 km
s−1), the Boris correction also allows our code to be numerically stable for long simulation times when we
set cmin = 3000 km s−1. The formulation of the Boris correction in the Pencil code has also been used by
Warnecke and Bingert (2019) for a 3D simulation set-up of the solar corona.

2.2 The hyperbolic heat transport equation

The anisotropic thermal conduction along magnetic field lines increases to very large values at the high
temperatures of the solar corona, constraining the time step severely if the conductivity is treated using
explicit numerical schemes. Some methods for circumventing this difficulty include either treating the
conduction term implicitly or by using a time sub-stepping scheme. The time sub-stepping scheme is
also available for use in the pencil code but we have not tested that for this work. The hyperbolic
diffusion equation also known as non-Fickian transport equation has been used earlier by several authors
in the dynamo community: in the context non-locality of the mean field electromotive force using the
telegraph equation approach (Brandenburg et al. 2004, Hubbard and Brandenburg 2009, Rheinhardt and
Brandenburg 2012, Brandenburg and Chatterjee 2018). Such schemes have also been used by Rempel (2017)
and Fan (2017) for treating the anisotropic Spitzer conductivity in the solar corona – the same purpose
as here. This formulation to treat the Spitzer heat conduction is available in the heatflux module of
the pencil code. There are three different formulations available again by different authors. Here, we
have used the formulation using the subroutine nonadvective nonfourier spitzer. Let qcond denote the
solution of the non-Fickian transport equation like (15) and qsp denote the expression of the conduction
flux according to the Spitzer model. It follows that

∂qcond
∂t

= −
qcond − qsp

τsp
+ β(dr·∇)6qcond , (15)

where

qsp = KspT
5/2b̂(b̂·∇T ) ,

and whenever,

χsp =
KspT 5/2

ρcV
> fspc0δx ,

we set the Spitzer diffusion coefficient, χsp to a fraction fsp of the electron free streaming limit c0δx. Here,
c0 is the actual speed of light, δx is the maximum grid size and, the Spitzer coefficient, Ksp, has a value
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a uniform and constant value of η0 = 108 cm2 s−1 unless specified (see table 1). The turbulent diffusion,
χt = 108 cm2 s−1 for z < 0 and goes to zero above that. Additionally, we use hyper-diffusion and up-
winding to reign in the high frequency wiggles. A density diffusion of 4× 108 cm2 s−1 is also included for
numerical stability.

2.1 Semirelativistic Boris correction to Lorentz force

In earlier works, MHD simulations have used Lorentz force limiters of the form (1 + v2A/c
2
s)

−1 as a multi-
plying factor for the Lorentz force for low plasma β atmospheres. However, Moradi and Cally (2013) found
that these traditional limiters reduce the outward Poynting flux of MHD waves considerably. Instead they
explore an alternative method of empirically modifying the density and the gravity from a solar like at-
mosphere which in turn modifies the acoustic cut-off frequency above the surface. The need for having
a semi-relativistic correction to the Lorentz force term in the velocity equation (4) comes from the fact
that in non-relativistic plasmas, the Alfvén velocity, vA = B/

√
µ0ρ can become comparable to the speed

of light, c. For example, in the solar corona above the active regions, the magnetic field can be as large as
190 G inside coronal flux rope (Chatterjee and Fan 2013) with a plasma density of ∼ 1.8× 10−17 g cm−3,
vA/c = 0.42. At these speeds of wave propagation, the plasma can no longer be non relativistic and we can-
not neglect the displacement current in the induction equation. While the treatment of electrodynamics is
relativistic, the velocity equation remains non-relativistic, making this a semi-relativistic correction. Boris
(1970) found that by retaining the displacement current, the wave speeds are upper bounded by the speed
of light. In order to accelerate the convergence of the explicitly numerical schemes by taking larger time
strides, he proposed artificially lowering the c. The Pencil Code solves for the non-conservative form of
the velocity equation, because of which, we follow the primitive variable formulation of the semi-relativistic
correction from Gombosi et al. (2002). Here, the velocity equation is modified in the following way

[
I+

v2A
c2

(
I− b̂b̂

)]
·∂U
∂t

= − (U ·∇)U − ∇p

ρ
+ gzẑ

+

[
(∇×B)

µ0ρ
+

(∇×E)×U

µ0ρc2

]
×B . (11)

The term multiplying the ∂U/∂t on the left-hand side of (11) can be thought of as an “enhanced inertia”
matrix (Rempel 2017) which makes motion perpendicular to the magnetic field increasingly difficult while
the motion parallel to the field lines remains purely hydrodynamic. The limit of validity of the semi-
relativistic correction is |U | ≪ c < vA. We follow Rempel (2017) and use c2 = max(c2s, 25|U |2max) as the
artificially limited speed of light, with cs denoting the speed of sound. However, we do not let c fall below
a value of cmin = 300 km s−1 above the photosphere, whereas, in the convective layer c still has the value
3 × 1010 cm s−1. For the value of cmin used, we find that the local Alfvén speed > cmin at about 8000
grid points out of a total of 131072 grid points. These grid points typically located at the top of the box,
where the plasma density is lowest, are where the Boris correction applies strongly. Now, let us consider
the relative importance of the last two terms (inside square brackets) in (11):

|(∇×E)×U |
c2|∇×B| ∼ |U |2

c2
≪ 1 . (12)

It follows that the last term in (11) consisting of the Electric field, E, can be neglected. Note that the
viscosity terms have not been modified while implementing the Boris correction. Now, the inverse of the
“enhanced inertia” term, after denoting β2

A = v2A/c
2, can be approximated as

[
I+ β2

A

(
I− b̂b̂

)]−1
=

1

1 + β2
A

[
I+

β2
A

1 + β2
A

b̂b̂

]
= I− β2

A

1 + β2
A

[
I− b̂b̂

1 + β2
A

]
. (13)

Gombosi et. al. 2002

The need for having a semi-relativistic correction to the Lorentz force term in the velocity equation comes 

from the  fact that in non-relativistic plasmas, the Alfven velocity can become comparable to the speed of light, c.

Non-trivial displacement current. Circumvents the time step constraint due to large Alfven speed.  

&magnetic_run_pars 
  lweyl_gauge=T 
  lbb_as_aux=F 
  lboris_correction=T, 
  cmin=5.0 ! [5.0 Mm/s] 
 / 

p%clight2=spread(max(cmin**2,25*maxval(p%u2),maxval(p%cs2)),1,nx)

Enhanced inertia matrix

Chatterjee, 2019, GAFD, Pencil code special issue



Storage and release model of CMEs

Slow Emergence of a twisted flux rope 
similar to continually heating a pressure 

cooker 

Valve modelled by ambient coronal 
magnetic field

Vapor pressure of steam  build up of 
magnetic helicity in corona



Tether cutting and formation of soft X-ray sigmoid

Slow Build-up phase

Hot current channel 
forms and field lines 
passing through the hot 
channel are sigmoidal in 
shape and show up in 
soft X-rays

Hinode 

Tim
e



Pre-eruption coronal cavity: Lollipop on a stick!

Prominence cavity SDO/AIA [negative images] on 
13 June 2010 on NW limb (Regnier et. al. 2011)A&A 533, L1 (2011)

(a)

Prominence
Material

(b)

Barbs

U−shape

Cavity

(c)

Barbs

Edge of
Cavity

Cavity

(d)

Cavity
Edge of

Barbs

Fig. 1. Off-limb close-up on the cavity structure as observed by
SDO/AIA at 304 Å (left) and at 171 Å (right) at 03:24:12 UT (nega-
tive images).

the polar crown filament/cavity (Sect. 2) and then the evolution
of the plasma during the eruption in two different wavelengths
(Sect. 3). In Sect. 4, we propose a definition for a polar crown
cavity and discuss the implications of our study on eruptive fila-
ment models.

2. Multithermal observations of the cavity

The event was observed on 13 June 2010 between 00:00 and
12:00 UT on the north-west limb. We focus only on the data
provided by the SDO/AIA instrument using the full spatial res-
olution and a reduced time cadence of three minutes (instead of
the nominal 12 s). The SDO/AIA data are processed at level 1
(test series), which includes removal of bad pixels and spikes.
The time series were corrected for pointing and jitter effects. The
image calibration corresponds to a first approximation but does
not influence our study.

An overview of the structures observed by SDO/AIA is given
in Fig. 1 at different temperatures: (a) HeII at 304 Å at about
50 000 K, (b) FeIX at 171 Å at about 0.6 MK, (c) FeXII at 193 Å
at about 1.6 MK (with a hot contribution of FeXXIV at 2 MK),
and (d) FeXIV at 211 Å at about 2 MK. The single temperature
associated with each channel corresponds to the main peak of
emission in the temperature response functions provided by the
SDO/AIA team (Lemen et al. 2011). The study of the SDO/AIA
channel thermal response performed by O’Dwyer et al. (2010)
shows the properties of the different SDO/AIA broadband chan-
nels in different regions of the Sun (active region, quiet Sun, and
coronal hole). The prominence and cavity material is supposed
to be at or near the temperatures mentioned above. The observed
structures are

(i) cool and hot plasma off the limb, which are parts of a polar
crown filament (see Figs. 1a,b). The plasma is confined in
an area with a characteristic height of 100 Mm and width
of 80 Mm (at the start of the time series);

(ii) a dark cavity seen as a complete ellispe in the 193 Å and
211 Å channels (see Figs. 1c,d);

(iii) elongated barbs seen as dark material in the hot channels
and connecting the photosphere/chromosphere regions to
the cavity (and/or the bottom of the cavity) to supply or
evacuate mass from the filament. We do not discuss the dy-
namics of the barbs and their implications in the eruption
process in this letter.

Figures 1a and b show the co-spatiality of the polar-crown ma-
terial in both the 304 Å and 171 Å channels. These snapshots
highlight

– the upward (U-shaped) bending of magnetic field lines at the
bottom of the inner cavity; and

– the accumulation of prominence material along these field
lines suggesting that a magnetohydrostatic equilibrium is in
place with the magnetic field curvature acting against the
gravity.

The latter assumption is also supported by the fact that the cavity
has been stable for several hours before the eruption. Even if the
location is similar, the U-shaped field lines in both channels are
not filled by the corresponding plasma in the same manner: in the
171 Å channel the length along the U-shaped field lines filled by
the coronal plasma appears longer than in the 304 Å channel.

It is important to remember here that the observed struc-
ture is integrated along the line-of-sight. Therefore limited three-
dimensional depth information can be derived on the polar
crown filament solely from this SDO/AIA dataset.

3. Evolution of the cavity

To study the dynamics of the eruption, we first looked at several
snapshots of the cavity to describe the motions and structures
of the polar crown filament. We have restricted the dynamical
study to the 304 Å and 171 Å channels in which the U-shaped
structures are clearly seen and also for which there is a minimum
of confusion with the background emission (see Figs. 1c,d).

Figure 2 outlines a series of images at four characteristic
times of the cavity evolution: (a) at 00:03 UT when the cavity
is stable at a height of 100 Mm above the surface (projection
on the plane of the sky), (b) at 03:24 UT in the early phase of
the eruption, (c) at 06:51 UT towards the end of cavity eruption
within the SDO/AIA field-of-view, and (d) at 09:00 UT, a cou-
ple of hours after the cavity has moved into the higher part of
the corona, and the plasma and magnetic field lines are still in
the process of reorganisation and relaxation.

The polar crown material is divided into two parts,
namely P1 and P2, which are not distinguishable at first (Fig. 2a)
but can be differentiated in the following frames (Figs. 2b,c by
the solid line parallel to the limb). P1 corresponds to the main
part of the eruptive cavity. In Fig. 2b, the plasma contained in
U-shaped fied lines starts to move upwards (as indicated by the
left arrow), whilst the plasma on the right-hand side exhibits up-
wards flows along field lines (right arrow). P2 remains stable. In
Fig. 2c, the plasma in P1 is detached and thus ejected into the
high corona. P2 starts to rise.

In Fig. 2d, only the plasma in P2 remains at this height in
the corona, whilst P1 continues its way out of the corona. The
plasma in P2 is flowing down towards the low corona follow-
ing the field lines in both channels (see arrows). From this time
series, it is important to notice that the plasma in both EUV chan-
nels are located at the same place below the polar crown cavity,

L1, page 2 of 4

304  171  

193  211  

The Astrophysical Journal, 758:60 (14pp), 2012 October 10 Fan

Figure 8. (a) The 3D field lines and the iso-surface of J/B at a value of 1/(10 dr) with dr being the smallest radial grid size, viewed above the limb along the line
of sight that is tilted by 40◦ clockwise from the east–west direction (or the direction of the axis of the flux rope). Also shown are modeled images of the emission
measure (b), line-of-sight-averaged temperature (c), and SDO/AIA intensities at 171 Å (d), 193 Å (e), and 211 Å (f) channels, by integrating through the simulation
domain along the same line of sight.

Figure 9. Prominence cavity observed by SDO/AIA on 2012 June 12 at about 23:01 UT on the northwest limb. See also Figure 1 of Régnier et al. (2011) which shows
sharper inverse-color images of the same cavity at a later time on 2012 June 13 at about 03:36 UT.
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Pre-eruption coronal cavity: Bunny ears

Null patterns in Stokes L/I in a Polar crown cavity
(Bak-Steślicka et. al. 2013) 

L =
p

Q2 + U2 / sin2 ✓
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Supporting a prominence

1. Mass supply: pressure gradient due to 
formation of hot  current channel

already out of equilibrium as it evolved from a separate zero
plasmaβ global magnetofriction model (Mackay & van
Ballegooijen 2006). Our MHD simulations on the other hand
also model the transition from quasi-equilibrium to the
development of instabilities of the flux rope.

2. The Numerical Model

For the simulations, we solve the following semi-relativistic
MHD equations (Gombosi et al. 2002; Rempel 2017) in
spherical geometry:

r
r

¶
¶

= -� · ( ) ( )v
t

, 1

!

r
r r

p

r

r
p

¶
¶

=-� - � + + � ´ ´

+
+

- � + �

- - � ´ ´
⎤
⎦⎥

( ) · ( ) ( )

[ ˆ ˆ] · [( · )

( ) ( )

v
vv g B B

bb v v

g B B

t
p

v c
v c

p

1
4

1
1

4
, 2

A
2 2

A
2 2

¶
¶

= � ´ ´( ) ( )B
v B

t
, 3

� =· ( )B 0, 4

¶
¶

= -� - � - � + +· ( ) · · ( )v v q
e
t

e p Q H , 5rad

r
m

= ( )p
RT

, 6

where

g
=

-
( )e

p
1

, 7

pr
= ( )v

B

4
, 8A

and the last term on the right-hand side of the momentum
equation (Equation (2)) is the semi-relativistic correction (see
Equations (53) and (54) in Rempel 2017). In the above,
symbols have their usual meanings, where v is the velocity
field; B is the magnetic field; ρ, p, and T are, respectively ,the
plasma density, pressure, and temperature; e is the internal
energy density; c is the (reduced) speed of light (see more
discussion later); ! is the unit tensor; =b̂ B B is the unit
vector in the magnetic field direction; R, μ, and γ, are,
respectively, the gas constant, the mean molecular weight, and
the adiabatic index of the perfect gas; and = - :( )g rGM r2

is the gravitational acceleration, with r being the radial distance
to the center of the Sun. We assume a fully ionized hydrogen
gas with the adiabatic index g = 5 3. We solve the internal
energy equation, taking into account the non-adiabatic effects
of an empirical coronal heating H (to heat the corona and
accelerate the solar wind), optically thin radiative cooling Qrad,
and electron heat conduction-� · q. The conduction heat flux
q is given by

= + -( ) ( )q q qf f1 , 9s S s H

which combines the collisional form of Spitzer,

k= - �ˆ ˆ · ( )q bbT T , 10s 0
5 2

with k = - - - -10 erg s cm K0
6 1 1 7 2, and the collisionless form

given by Hollweg (1978),

a= ( )q vp
3
4

, 11H

where a = 1.05, using an r-dependent weighting function

=
+ ( )

( )f
r r
1

1
, 12s

H
2

where = :r R5H , such that the heat flux transitions smoothly
from the collisional form in the lower corona to the
collisionless form at large distances (with > :r R5 ). This
formulation for q is the same as that used in van der Holst et al.
(2014). The optically thin radiative cooling is given by

= L( ) ( )Q N T , 13rad
2

where r=N m p is the proton number density assuming a fully
ionized hydrogen gas, with mp being the proton mass, and the
radiative loss function L( )T is as given in Athay (1986),
modified to suppress cooling for - ´T 7 104 K and kept
constant for > ´T 3.8 106 K, as shown in Figure 1. We
suppress cooling for - ´T 7 104 K so that the smallest
pressure scale height of the coolest plasma that can form does
not go below two grid points given our simulation resolution.
We set the cooling to be constant for > ´T 3.8 106 K so that
it follows more closely the radiative loss given by CHIANTI 7
with coronal abundances (Landi et al. 2012) in the high
temperature range near 107 K. We use a simple form of the
empirical coronal heating function, which only varies with
height following an exponential decay:

= - -:
:[ ( ) ] ( )H

F
L

R

r
r R Lexp , 14

H
H

2

2

where the input energy flux density is = ´F 9.74
- -10 ergs cm s5 2 1 and the decay length is = ´L 1.948H

1010 cm.
The above MHD equations are solved using the “Magnetic

Flux Eruption” (MFE) code that has been used in several past

Figure 1. Radiative loss function as given in Athay (1986, blue curve), and the
modified actual function used, where the radiative loss is suppressed for
- ´T 7 104 K and is set constant for T above ´3.8 106 K.
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2. Formation: Prominence condensation due to thermal instability
Parker (1953), Field (1965)
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Condensed plasma falls
 into preexisting dips
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Supporting a prominence
5

ets denoting horizontal averaging. The region of plasma
condensation has an inverse-S shape and the maximum
density is 116 times the ambient or DEmax = 116. The
total mass, at this stage, inside a volume bounded by the
DE = 10 surface is 1.2⇥ 1013 kg. Panel (b) of Figure 6
shows a part of the filament erupting at a speed of 50 km
s�1 along with the twisted flux rope depicted in panel (d)
of Figure 5. The eruption speed is lower than observed,
likely because of the large viscosity and thermal di↵usion
used in this numerical simulation makes the conversion
of the magnetic energy released to kinetic energy ine�-
cient. The other possibility is the presence of a very weak
pre-existing magnetic field incapable of confining the flux
rope [33, 34] long enough to build su�cient non-potential
magnetic free energy in the system before its eruption.
The magnetic free energy is a measure of the maximum
energy available to drive eruptions. The larger the free
energy, the faster may be the ejecta speeds. This may
explain the absence of more energetic flares of class M
and X in the simulated �-spot.

This numerical simulation started from a very prim-
itive configuration, making no assumptions about the
properties of sub-surface flux tubes, demonstrates the
formation of a �-sunspot from the collision of two or
more young flux emerging regions developing in close
vicinity. It is very similar to what is often seen in the
solar photospheric magnetograms e.g., the widely stud-
ied active region with NOAA number 11158. However
the two neighbouring regions in the vicinity occur not by
mere chance, but emerge almost simultaneously as they
are part of the same initial subsurface structure. The
collision leads to repeated flaring which according to us
causes the pair to lock together throughout the evolution
even though a major part of the component �-spots orig-
inate from topologically di↵erent flux tubes in the sub-
surface. This result validates the observational finding of
[35] and [3] for �-sunspots from solar cycle 22. Another
striking common feature of several observed �-sunspots
e.g. NOAA AR 11158, 10488 [36] and 10808 [37] and our
simulation is the Yin-Yang structure of the interpene-
trating positive and negative Bz in the late evolutionary
phase (inset of Figure 6 (b)). Even though the treat-
ment of the solar atmosphere is very simplified here, we
believe it captures the essential physics of magnetic flux
emergence and evolution into a flaring �-sunspot. There
is scope for improvement, for instance by including self
consistent Ohmic heating of the corona, ionization, and
detailed radiative transfer; this will be our future work.
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improving the clarity of this paper. The research lead-
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FIG. 6. Evolution of a dense filament over the �-sunspot.
(a) DE = 21 surface shaded by vertical velocity at the time
indicated. (b) The DE = 6 surface but 20 mins later when
both the filament and the flux rope are erupting. The vertical
planes are shaded by the vertical velocity to highlight the
path of the erupting filament. The cloud in pink at the top
has DE = 3.2. The inset in both panels show the surface,
DE = 21, and line (cyan) contours with DE = 6 at z =
2.3 Mm superimposed on the top view of the photospheric
magnetogram.
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2. Formation: Field lines 
dip under the weight of the 
plasma. Depends on 
magnetic tension vs gravity

Estimated mass inside the 
iso-surface ~ 1.2 X 1013 kg
PC et. al. 2016

Typical Observed CME 
mass ~ 1011  to 4X1013 kg

3. Destruction: Evaporation, Rayleigh Taylor 
Instability,  Coronal Rain



Tether cutting: Fast Release phase

Two-Ribbon  flare with 
foot points moving 
apart with time
Gibson, 2018 (LRSP)
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Fig. 11 Partially-erupting sigmoids/filaments. a BBSO Hα observations of flare ribbons surrounding a
filament unaffected by the eruption and b Yohkoh SXT (inverse color scale) observations of a sigmoid
with overlying cusped field lines. c Footpoints of reconnected field lines during partial flux rope eruption,
and d field lines surviving the eruption, including cusped field lines (yellow/orange) overlying the remains
of a BPSS (purple) and dipped field (brown). Note that the Yohkoh/BBSO observations of the eruption
shown here are of the same region, but two days prior to the non-erupting sigmoid shown in Fig. 10. Images
reproduced with permission from [top] Gibson et al. (2002), copyright by AAS, and [bottom] from Tripathi
et al. (2009), copyright by ESO

the BPSS naturally survives the eruption because it lies below the filament (see, e.g.,
Fig. 10c, d), and Green and Kliem 2009 for further discussion.)

3.3 Cavities and flux surfaces

An examination of Fig. 6 demonstrates how—regardless of model—the prominence
material is likely to fill only a fraction of the volume represented by its encompassing
magnetic skeleton. When viewed along the prominence axis, this larger magnetic
volume may become clearly detectable as a dark, elliptical cavity surrounding the
prominence that extends along the line of sight (Engvold 1989; Tandberg-Hanssen
1995) (Fig. 12a). The cavity provides the silhouette of the “invisible man” (Gibson
2014) from which we can infer the full extent of the prominence magnetic skeleton.

123

Post-Flare loops
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Figure 28: Diagram of the magnetic configuration including an erupting flux rope and a current sheet
between the flux rope and the reconnected flare loop used for the setup of the analytical solution by Lin
and Forbes (2000).

which was interpreted as the result of magnetic field line stretching pushed by the erupting flux
rope (Chen et al., 2002, 2005c).

The CME cavity, which is observed above the solar limb, should have disk counterpart. The-
oretically, Chen and Fang (2005) proposed that whereas the CME frontal loop corresponds to
the EIT wave front on the solar disk, the CME cavity corresponds to the extended dimmings,
which follow the EIT wave fronts. With the gap of the fields of view between the SOHO/LASCO
coronagraph and SOHO/EIT, Thompson et al. (2000) speculated that the angular span of EUV
extended dimmings is roughly the same as the corresponding CME. With the overlapping fields of
view of Mauna Loa Solar Observatory (MLSO)/MK4 coronagraph and SOHO/EIT, Chen (2009a)
verified that EIT wave front, which borders the extended dimmings, is the EUV counterpart of
the CME frontal loop, while EUV extended dimmings are the disk counterpart of the CME cavity.
Such a result is understandable since both EIT wave fronts and CME frontal loops are charac-
terized by density enhancement, whereas both EUV extended dimmings and the CME cavity are
characterized by density depletion.

It is noted that, even before CME eruption, a coronal cavity may be visible surrounding the
torpid prominence (e.g., Vaiana et al., 1973; Hudson et al., 1999), as a part of the helmet streamer
(Illing and Hundhausen, 1986). Consensus has not been achieved regarding the relationship be-
tween the pre-eruption streamer cavity and the CME cavity. While it was claimed that the streamer
cavity simply swells and erupts to become the CME cavity (Illing and Hundhausen, 1986; Gibson
et al., 2006b), an alternative explanation is that the CME cavity results from successive stretching
of the closed magnetic field lines from the inner field to the outside (Delannée and Aulanier, 1999;
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Homologous eruptions: Full MHD simulation

1. Sequence of four homologous eruptions 
initiated due to helical kink instability.  

2. Flux rope reforms after every eruption 

3. Second in the series is cannibalistic 

PC & Fan 2013



         CME speeds : 
650 km/s, 1400 km/s, 1800 km/s

Slowest CME acceleration ~ 1.6 km s-2

Height at which CME acceleration initiated ~ 
1.035 Rs

PC & Fan 2013

Height time curves for erupting flux ropes

�d lnBpot

d ln r
⇡ 1.0, 1.05, 1.1 < ncrit = 1.5
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At the point of initiation all CMEs stable to TI
The twist of the field lines near the axis

 ~ 2.1 winds between the anchored footpoints. 



Energetics of homologous eruptions

1. More magnetic free 
energy (MFE) available for 
conversion to kinetic 
energy (KE) for successive 
CMEs 

2. Each CME releases the 
free energy only partially 

PC & Fan 2013



Partial eruption: sigmoid-under-cusp

Purple:Newly formed 
Sigmoid field lines 
under the cusp

Red: Post Flare loops are 
reconnected field-lines  
formed at the bottom of an 
intense current sheet and 
are very hot ~10MK



Structure of CME far from the sun

Gibson & Low (1998) 
Flux rope

Chatterjee & Fan 2013 model

Spheromak


