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Magnetic Flux Emergence

How does flux emerge? 
What does it look like?

Flux Emergence (Theory) - Cheung & Isobe (Living Reviews in Solar Physics, 2014) 
Life Cycle of Active Region Magnetic Fields - Cheung, van Driel-Gesztelyi, Martinez-Pillet & Thompson (Space Science Rev., 2016)



• What are the physical properties of subsurface magnetic structures 
that rise and eventually emerge onto the surface? 

• How do convective flows impact the morphology and physical 
character of emerging flux? 

• How does emerging flux transport the magnetic energy and 
helicity? 

• What is the role of emerging flux in free energy build-up and 
triggering of the transient events such as jets, flares and coronal 
mass ejections (CMEs)? 

• What are the fundamental physical mechanisms that drive eruptive 
events on the Sun and on other stellar objects?

Science questions



Extremely large volume of papers studying photospheric magnetic 
observations of flux emergence.  
!Ground-based instruments: Leka et al. (1996); Strous et al. (1996); Lites, 
Skumanich & Martinez Pillet (1998); Strous & Zwaan (1999); De Pontieu 
(2002); Kubo, Shimizu & Lites (2003); Watanabe et al. (2008, 2011); 
Guglielmino et al (2010); Yurchyshyn et al. (2010), Rutten et al. (2013); 
Ortiz et al. (2014, 2016), de la Cruz Rodriguez (2015) 
Balloons: Flare Genesis Experiment  Bernasconi et al. (2002); Georgoulis 
et al. 2003; Pariat et al (2004)  
SUNRISE Guglielmino et al. (2012)  
MDI Many many papers, e.g. Hagenaar et al. (2003) 
Hinode Centeno et al. (2007); Cheung et al. (2008); Okamoto et al. 
(2008); Magara (2008); Gonzalez & Bello Rubio (2009); Otsuji et al. (2009, 
2011); Ishikawa, Tsuneta & Jurčák (2010), Shimizu, Ichimoto & Suematsu 
(2012) 
SDO/HMI Centeno et al (2012): Liu & Schuck (2012); Toriumi, Hayashi & 
Yokoyama (2012, 2014); Tarr & Longcope (2012); Cheung & DeRosa 
(2012), Cheung et al. (2015)  

the active region. Schmieder et al. (2004) have shown that
the highest loops and the northern loops of the region were
best fitted with a lower parameter: ! ¼ 9:4 ; 10"3 Mm"1. This
shows that the hypothesis that the whole region has the same
twist is not perfectly true, which is not surprising, since ! is
strictly constant only along a field line. Schmieder et al. (1996)
had already pointed out the existence of a gradient in the
magnetic shear above an active region. But since the lines
computed with ! ffit well the central low loops, where our study
takes place, we keep this value of the twist for the following.

We wish to point out that the linear force-free field (LFFF)
approximation may not a priori give a good representation of
the magnetic field at low altitudes: in the photosphere and
chromosphere, pressure and gravity can substantially modify a

force-free field, since " #1. Linear magnetohydrostatic models
could have been computed, but we did not use them for two
reasons: first, Aulanier et al. (1998) have shown that these
models did not significantly affect the BP topologies; second,
we wanted to highlight purely magnetic effects. In this context,
nonlinear force-free field models should be used. But we chose
to restrict ourselves to the linear approximation because of the
strong efficiency of the Fourier transform method in dealing
with the very small-scale features that we are interested in, as
opposed to numerical finite-difference methods that are re-
quired to compute nonlinear models, which typically require
many more grid points than we used and have never been
tested at this high spatial resolution and with BP topologies
(see, e.g., Régnier et al. 2002 for an application to large-scale
coronal structures).

Fig. 2.—(a) Extrapolated field lines on a TRACE image (inverse color table) taken at 171 8 on 2000 January 25 at 18 :02 UT. The thick lines fit the TRACE loops
best. (b) Projection view of the extrapolated field lines. On the base plane, the thin solid (dashed) lines represent isocontours of the vertical component of the
magnetic field of 50, 300, 900, and 1800 G positive (negative) values.

Fig. 1.—(a) Observed horizontal field. The background image is the Bz magnetogram, as deduced from the FGE magnetogram. (b) Extrapolated horizontal field
on the vertical field magnetogram used as an input in the extrapolation. One notes the inclusion of the FGE magnetogram in the IVM magnetogram. In both panels
the arrows give the orientation of the horizontal field, and their length is proportional to the logarithm of the field amplitude. These arrows are only plotted in regions
where the total field is stronger than 200 G.
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Observational Studies of Emerging Flux



M.C.M. Cheung et al.

Fig. 3 Size distribution of 978
active regions (solid dots) and
9492 ephemeral regions (open
dots) identified from Kitt Peak
full-disk
magnetograms (reproduced from
Fig. 17, Chap. 8 of Harvey 1993).
The measured quantity n(A)
corresponds to the number of
bipolar regions with surface area
A at the time of maximum
development. For members in the
sample with area A > 3.5 square
degrees, the power-law shape of
the size distribution was found to
persist throughout Cycle 21
though the absolute appearance
rates differed by a factor of 8
between cycle minimum and
maximum

2014). To study where, when and how these loops appear is to get a glimpse of how the
subsurface reservoir of dynamo-generated magnetic field feeds the surface. Some properties
of the largest magnetic bipoles, the active regions are well-known. As a statistical ensem-
ble, they yield Hale’s Polarity Rule, Joy’s Law and the butterfly diagram. What about their
smaller counterparts? Are they simply smaller versions of the same phenomenon? Do they
share a common origin? In summary, are ephemeral regions active regions?

This is one of the important questions addressed by K.L. Harvey in her PhD thesis. Har-
vey (1993) used daily Kitt Peak full-disk magnetograms taken throughout the duration of
Cycle 21 (between 1975 through 1986) to examine the statistical properties of bipolar active
regions and ephemeral regions (see also Harvey and Zwaan 1993). Figure 3 shows the size
distribution histogram of magnetic bipoles corresponding to 978 active regions (solid dots)
and 9492 ephemeral regions (open dots) identified over the entire data set. Their sample of
bipolar regions included only ones that emerged and reached their maximum development
on the visible hemisphere (although they correct for this observational limitation). The size
distribution n(A) for the entire sample, defined as the number of regions with area A per
square degree per day, was found to follow a power-law. For active regions with A ! 3.5
square degrees, the absolute emergence rate varied in phase with the solar cycle with a mod-
ulation amplitude of 8 though the shape of the distribution remained unchanged. For smaller
active regions with 2.5 " A " 3.5 square degrees, the modulation amplitude is about 5.
For ephemeral regions with A " 2.5 square degrees, the modulation amplitude is further
diminished to a value of 2.

The emergence frequency is not the only property of magnetic bipoles that depends on
the area. The distribution of orientation (tilt angles) of magnetic bipoles was also found
to be size-dependent. Bipoles with A ! 2.5 square degrees had orientation distributions
that are mostly consistent with Hale’s polarity rule and Joy’s law. However the bias in the
preferred orientation diminishes with decreasing A and is virtually non-existent for A" 2.5
square degrees. Furthermore, the distribution of emergence latitudes follow the equatorward
propagating branches of the butterfly diagram but the latitudinal spread of the distributions
widen with decreasing A. Based on these findings, Harvey (1993) conclude that ephemeral

Author's personal copy

Active Regions & Ephemeral Regions M.C.M. Cheung et al.

Fig. 4 Appearance rate of bipolar regions as a function of magnetic flux (reproduced from Fig. 11 of Hage-
naar et al. 2003). The curves in the range Φ ! 1020 Mx indicate distributions of ephemeral regions identified
in SoHO/MDI magnetograms. The black and gray curves indicate distribution functions for data sets taken in
Oct 1997 and Aug 2000, respectively. The drop off in emergence rates at the leftmost end of the flux range is
attributed to limits in the detection sensitivity of the algorithm for the available data sets. The range of emer-
gence rates reported by Harvey (1993) covering solar minimum to maximum (in cycle 21) is indicated by
the diagonal light and dark gray bands in the right half of the plot. The light gray band indicates emergence
rates for the ephemeral regions and active regions identified in that study

The terms ‘local dynamo’ and ‘surface dynamo’ are often used (sometimes interchange-
ably) in the literature as labels for the physical system responsible for generating the cycle-
independent portion of the observed magnetic field. These terms carry the connotation that
there is a clear segregation between the global cyclic dynamo and the mechanism generating
small-scale magnetic flux. As numerical experiments of convective dynamos may suggest,
segregation may well be an oversimplification. For instance, Rempel (2014) used the ra-
diative MHD code MURaM to carry out a number of small-scale dynamo experiments in
a Cartesian domain. The convective flows in the model are driven by radiative cooling at
the surface as computed by solving the radiative transfer equation with realistic opacities
and equation of state (the net vertical energy flux carried by convective motions below the
surface and by radiation above corresponds to one solar luminosity). The Cartesian domain
has a bottom boundary located at a few Mm below the surface and is open to inflows and
outflows. Rempel (2014) examined the dependence of the surface magnetic flux densities on
the choice of the bottom boundary condition. In the case where magnetic flux is prevented
from entering the domain through upflows crossing the bottom boundary, the convective
dynamo still operates but maintains unsigned flux at a level below what is reported from ob-
servations (∼ 85 G). One possible resolution to this incompatibility with observed values of
the unsigned flux is to allow inflows from the bottom boundary to advect magnetic flux into
the domain. Rempel (2014) tested this scenario by enforcing that the r.m.s. field strength
Brms (as a function of depth) scale with the equipartition field strength (Beq = (4πϱ)1/2vrms)
corresponding to the r.m.s. speed vrms of convective flows. This setup led to surface field
strengths in agreement with observations. If this case were representative of the solar inte-
rior, it would implicate feeding of flux from the deeper layers to the shallower layers as an
important contributor to the surface magnetic flux budget. It would suggest that the convec-
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K. Harvey (1993, PhD thesis) - Kitt Peak 
Size distribution of Bipolar Regions

Hagenaar et al. (2003) - MDI 
Occurence rate of bipolar regions



Ephemeral Regions in High Resolution

2005 Cheung seminar @ LMSAL: “This is what you’ll see with Hinode/SOT. “

1,600 km 
resolution

800 km 
resolution

~100 km 
resolution

0.5 km upflow
1.0 km downflow

From Cheung 
(2006, PhD thesis) 
See also Cheung 
et al  (2007, 2008), 
Martinez-Sykora et 
al. 2008, 2009) 
Tortosa-Andreu & 
Moreno-Insertis 
(2009)



From Cheung et 
al. (2008): SOT/
NFI observations 
of dark lanes in 
emerg ing f lux 
regions. See also 
Strous & Zwaan 
(1999).



Inversion Layer Flux Emergence Workshop (FEW) 2011 @ Space Sciences Lab 
Inaugural workshop 2007 @ St. Andrews (V. Archontis) 
2017 workshop in Budapest (T. Török)



From Cheung & Isobe, Living Rev. Solar Phys., 2014 

MHD Studies of Emerging Flux



Magnetic Buoyancy (Parker 1955)

Spruit et al. (1987)

Consider a blob of plasma threaded by B, which 
exhibits magnetic pressure B2/8π. When the blob is in 
pressure balance with its surroundings,  

pin + B2/8π = pext. 

If the plasma blob has the same temperature or 
specific entropy as the surrounding (i.e. Tin = Text, or 
sin = sext), then it will have a density deficit, and 
hence will rise like an air bubble. 



The solar convection zone is 
highly stratified.

0.1 g/cm3

0.0000001 g/cm3

Depth = 200,000 km

Surface



The solar convection zone is 
highly stratified.

0.1 g/cm3

0.0000001 g/cm3

Depth = 200,000 km

Surface

Toriumi & Yokoyama (2011) 



(a) Horizontal tube 
expanding as it rises  
B∝𝜚

Scaling Relation Between B and 𝜚

( b ) C r e s t o f t u b e 
expanding predominantly 
in the horizontal directions  
B∝𝜚1/2

From Cheung & Isobe, Living Rev. Solar Phys., 2014 



Mass discharge

Schematic 
scenario in 2D

Top: Dark blue indicates high density 
Bottom: Red indicates downflow

From Cheung, Rempel, Title & Schüssler (2010). See also Rempel & Cheung (2014). 
Same mechanism as suggested by Kubo, Low & Lites (2010).

Courtesy: Stein



The Astrophysical Journal Letters, 739:L38 (5pp), 2011 October 1 Nelson et al.

Figure 3. Analyzing a rising loop. (a) Two-dimensional cuts in longitude at successive times (tracking in longitude at the local rotation rate of the loop) showing
toroidal magnetic field over radius and latitude. The rising magnetic loop A is seen in the cross section starting at 0.81 R⊙ at t = tb and rising to 0.91 R⊙ after roughly
15 days. Proto-loop B is also seen rising starting at 8.6 days, but the top of loop B never rises above 0.88 R⊙. (b) Three-dimensional visualization of magnetic field
lines in the core of a wreath which produces four loops (two shown here, one of which is loop A) at tb + 14.6 days. Perspective is looking down along the rotation
axis toward the equatorial plane. Coloring indicates field magnitude. Dashed lines indicate radial position. Dotted line shows the cutting plane used in the leftmost
panel above. (c) Radial location of the top of a buoyant loop as a function of time since tb, along with movement attributable to magnetic buoyancy (red lines) or to
advection by convective upflows (blue lines).
(A color version of this figure is available in the online journal.)

magnetic dissipation and the nonlinear, nonlocal nature of tur-
bulent magnetic induction, which makes reliable SGS modeling
difficult. However, we believe that the essential large-scale dy-
namics exhibited in this simulation are robust and are largely
insensitive to the SGS model. Indeed convective dynamo sim-
ulations with differing prescriptions for SGS diffusion exhibit
similar large-scale magnetic structures (B10; B11; Ghizaru et al.
2010; Racine et al. 2011).

Here we will discuss buoyant magnetic structures which
coherently rise above 0.90 R⊙ while remaining connected to
the large-scale toroidal wreaths. Using these criteria, we have
identified nine buoyant magnetic loops, indicated by hash marks
in Figure 2(b). Eight loops are seen in the northern hemisphere
and one in the southern hemisphere. We expect that the apparent
asymmetry is simply the result of having studied only two
magnetic cycles.

3. BUOYANT MAGNETIC LOOPS

Buoyant magnetic loops arise from the cores of toroidal
magnetic wreaths near the base of the simulated domain. These
wreaths have significant ⟨Bφ⟩ components that peak around 5 kG
while also having strong non-axisymmetric fields. Figure 1(b)
shows a typical Bφ configuration involving a negative polarity
wreath in the northern hemisphere spanning 95◦ in longitude and
a positive polarity wreath in the southern hemisphere extending
over 270◦ in longitude. As demonstrated in cases D3 (B10) and
D5 (B11), these magnetic wreaths are highly nonuniform and
display significant internal variation as well as a high degree of

connectivity with the rest of the domain. In case S3 portions of
the wreaths can have coherent cores in which Bφ can regularly
exceed 25 kG and have peak values as high as 54 kG. In these
cores, bundles of magnetic field lines show very little local
connectivity with the rest of the domain or even the other
portions of the wreath. A single wreath of a given polarity may
not form a coherent core at all or may have more than one core,
and a single core may produce multiple buoyant loops. Of the
nine buoyant loops investigated here to rise past 0.90 R⊙, one
coherent core produces four buoyant loops, another produces
three, and two more cores each yield a single buoyant loop.

Some of the coherent wreath cores can become buoyant
magnetic loop progenitors or proto-loops. In these proto-loops
the strong Lorentz forces result in highly suppressed convective
motions. If we examine extended regions in the cores of wreaths
with a local ratio of magnetic to kinetic energy above a fiducial
value of 100, we identify at least 35 proto-loops at the times
where the nine buoyant loops arise. Thus the large majority of
proto-loops do not evolve into mature buoyant loops, generally
due to unfavorable interactions with convective flows. When
magnetic field strengths exceed 35 kG the proto-loops become
significantly underdense as magnetic pressure displaces fluid,
causing buoyant acceleration. With some rise a proto-loop can
enter a region of less suppressed giant cell convection. These
flows will advect portions of the proto-loop downward at cell
edges and upward in the core of the giant cells. The rise of the
top of a magnetic loop is shown in the cross section by sampling
Bφ roughly every two days in Figure 3(a). Not all proto-loops

3

Nelson 
et al. 

(2011, 
2013)



Fan & Fang (2014): Super-equipartition magnetic flux ropes generated by a global 
distributed dynamo at solar rotation with luminosity carried by enthalpy flux and 
thermal conduction. See F. Chen’s talk (405.01) for dynamo-driven AR emergence.



Toriumi, Cheung & Katsukawa 
(2015): Compared light bridge 
formed in MHD simulation 
(Cheung et al. 2010) with 
observed light bridge. Found 
general agreement in 
photospheric observables.



From Cheung & Isobe, Living Rev. Solar Phys., 2014 



Buoyancy Instabilities



Matsumoto et al. (1993) 



SDO/AIA

Energization of the Corona



A Simple Model by Longcope & Welsch (2000)
• “Current shunting” model for twisted 

active region emergence 

• Idealized emerging  active region has net 
twist 

• Matched to force-free coronal field 

• At the interface (photosphere), a 
horizontally diverging current drives a 
torque, which sends a torsional Alfvén 
wave down the tube. 

• Over an Alfvén crossing time ~ 1 day (100 
Mm @ 1 km/s), the tube unwinds while 
the coronal field is twisted up. 



MHD Simulations of twisted flux emergence into the corona (see Fan 2009; Leake, Linton & Török 
2013) support the Longcope & Welsch (2000) model. 
As flux emergences into the coronal, field lines lengthen, creating torsional gradients. 
Energy & helicity injection occurs on photospheric timescales < flare/CME time scales  
⇒ store & release model for solar eruptive events

Leake, Linton & Török 
(2013)

α, field line torsion



From Cheung & Isobe, Living Rev. Solar Phys., 2014 



Fan (2009): Distribution of vorticity 
(vert ica l component ) at the 
photosphere from a simulation of 
the emergence of a twisted flux 
rope. The two ‘spots’ have the 
same sign of rotation.

Manchester et al. (2004): Lorentz-force driven shear flows 

See also Sturrock et al. (2015), Sturrock & hood (2016)



Moreno-Insertis et al. (2008): 
3D jet simulation from flux emergence into a coronal hole

Yokoyama & Shibata (1996): 
2D MHD simulation of current 
sheet formation, leading to 
plasmoid ejections

Interaction with Pre-existing Field

Nishizuka et al. (2008): 
Alfvén wave generation in jet simulation



From Cheung & Isobe, Living Rev. Solar Phys., 2014 

MHD Studies of Emerging Flux



Data-driven Magnetic Modeling
For the sake of discussion: 

• Data-inspired Models: Simplified setups to mimic observed 
scenarios 

• Data-constrained Models: Time-independent models satisfying 
observations at an instant in time. Includes models that may 
start with a data-constrained initial condition but driven by 
idealized boundary conditions. 

• Data-Driven Models: Time-dependent models evolved in 
response to evolving boundary conditions



IRIS

Data-driven Modeling

Cheung & DeRosa (2012), Cheung & the IRIS team (2015)



Doppler shift maps  
using the Si IV 1394 
line (log T = 4.8) 
obse rved by IR IS 
shows helical motion 
in all four jets. 
!

S i m i l a r p a t t e r n 
reported by Pike & 
Mason (1998) using a 
TR line observed by 
SoHO/CDS.

– 11 –

(a) Jet 1 (b) Jet 2

(c) Jet 3 (d) Jet 4

Fig. 5.— Total intensity and mean Doppler velocity of the four jets as computed from IRIS

observations of the Si iv 1394 line. In all four jets, there is a tendency for northern edge to

be blueshifted while the southern edge is redshifted. This spatial pattern suggests all four

jets are helical with the same (negative) sign of kinetic helicity.



Red: Blos < 0	

Blue: Blos > 0	


Green: Bt

Parasitic (+) 
pore inside a 
supergranule 

with  
- network flux



– 19 –

Fig. 7.— SDO/HMI vector magnetograms of the parasitic pore and its surroundings. Left :

Vertical component of ~

B (greyscale saturated at ±200 Mx cm�2). Middle: Horizontal com-

ponents of current-free (i.e. potential) part of ~

B. Right : Horizontal components of the

current-carrying part of ~

B. A strong, persistent patch of current-carry field is found on the

west side of the pore. Comparison with the B
z

distribution shows this current-carrying patch

is coincident with an emerging flux region (just northwest of the parasitic pore). Contours

for B
z

= 500 and 1000 Mx cm�2 are shown on all panels to indicate the position of the pore.

Current-free |B| Current-carrying |B|HMI Bz

Emerging 
flux



Arrows: 
Chromospheric 
vector 
‘magnetogram’ Volume 

rendering of 
current-density

Magnetofriction model of homologous helical 
jets driven by HMI vector magnetograms 

(Cheung & the IRIS team, 2015).

For MHD models of helical jets, see Pariat et al. (2009, 2010, 2016), Fang et al. (2014), Lee 
et al. (2015), Wyper & DeVore (2016). Jet-like reconfigurations of the magnetic field occur 
after accumulation of one turn (consistent with Pariat’s MHD simulations). 



HMI vector magnetogram sequence of NOAA AR 11158 
Credit: Keiji Hayashi (HMI)



CGEM Magnetofriction model of AR 11158 over 5+ days (Fisher et al. 2015, Sp. Weather, 13).  
Driven by electric field inversions (Kazachenko et al. 2014) from HMI vector magnetogram.



Theory Scientific 
Computation

Physics & 
Diagnostics

Observation 
+ Experiment

From scene-setting talk on  
Data-Driven Modeling at SHINE 2015



What does one see in AIA EUV images?



From aia_get_response.pro in SSW

Problem Statement 
!

y = Kx 
rows of K = Temp resp  

of AIA channel 
!

y = AIA counts 
!

x = Dm, 
cols. of D = basis funcs 

!

m = emission measure  
(EM) in temperature bins



Choose a `simple’ DEM solution. 
1) It tends not to overfit (consistent with the principle of parsimony,  i.e. 

Ockham’s Razor). 
2) It ensures positivity of the solution (if solutions exist). 
3) It is an L1-norm minimization problem, so we can use standard 

techniques from compressed sensing (c.f. Candes & Tao 2006). 
  BTW the L1-norm of a vector x = 𝝨 |xi| 
4) Speed: O(104) solutions / sec with single IDL thread. 
!

Cheung et al. (2015), http://tinyurl.com/aiadem

Sparse Differential Emission Measure Inversion

42

𝛘2 minimization methods: 
Parameterization: e.g. Guennou et al (2012a,b), xrt_dem_iterative2.pro (M. Weber in SSW, see also Cheng et al 2012) 
Regularization: e.g. Hannah & Kontar (2012), Plowman et al. (2013) 
See Aschwanden et al. (2015, Sol Phys, 290, 2, 2733) for comparison between previously existing methods. 

http://tinyurl.com/aiadem
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94

131

171

193

211

335

Crossmarks are observed counts

94

131

171

193

211

335

Sparse inversion
𝛘-squared 

minimization

Subspace of allowed solutions in our method

vs.

44





2D histograms

XRT AIA DEM -> Mock XRT



Side benefit: Image Denoising

y (AIA 131 Level 1.5) Dx# (from inversion)



48Jing et al., Nature Scientific Reports, 6, 24319 (2016) 

Big Bear Solar 
Observatory 
1.6m New 
Solar 
Telescope 
H𝛂+1.0Å

• GOES SXR flux shows 
a small enhancement 
before the impulsive 
phase of this M-class 
flare. 

• This enhancement 
o c c u r s w h e n H𝛂 
b r i g h t e n i n g s 
propagate along the 
polar i ty invers ion 
line.



49Jing et al., Nature Scientific Reports, 6, 24319 (2016) 

Big Bear Solar 
Observatory 
1.6m New 
Solar 
Telescope 
H𝛂+1.0Å

• GOES SXR flux shows 
a small enhancement 
before the impulsive 
phase of this M-class 
flare. 

• This enhancement 
o c c u r s w h e n H𝛂 
b r i g h t e n i n g s 
propagate along the 
polar i ty invers ion 
line.

Jing et al., Nature Scientific Reports, 6, 24319 (2016) 



50

• AIA DEMs show 10 MK 
plasma in loops parallel 
to the PIL during the 
precursor phase, which 
i s o b s e r v a t i o n a l 
ev idence for tether 
cutting reconnection. 

• Plasma cools in flare 
loops before the onset 
of catastrophic cooling 
by thermal instability.



51

• AIA DEMs show 10 MK 
plasma in loops parallel 
to the PIL during the 
precursor phase, which 
i s o b s e r v a t i o n a l 
ev idence for tether 
cutting reconnection. 

• Plasma cools in flare 
loops before the onset 
of catastrophic cooling 
by thermal instability.
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Application to a 
limb flare to track 

chromospheric 
evaporation

M7.7 limb flare 
• Patsourakos, Vourlidas & 

Stenborg, 2013, ApJ, 764, 
125 

• Wei Liu, Chen & Petrosian, 
2013, ApJ, 767, 168 

• Rui Liu, 2013, MNRAS, 434, 
1309  

• Krücker & Battaglia , 2014, 
ApJ, 780, 107 

• Sun, Cheng & Ding, 2014, 
ApJ, 786, 73 

• Krücker et al., 2015, ApJ, 
802, 19
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Dashed contours: Total EM =1029 cm-5

Solid contours: Total EM =1030 cm-5Chromospheric evaporation

Downward mass pumping from reconnection outflow
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better understanding of a key subdomain of the Sun-Earth system, namely the convection zone of 
the Sun up to the corona. It is in this region that the dominance of gas pressure over magnetic 
pressure is reversed and where the magnetic field becomes the dominant player in driving solar 
eruptions. The proposed deliverables will help researchers quantify the physical conditions in 
this important subdomain. The investigation is also relevant to the third goal of the LWS: 
“Human Exploration and Development: LWS provides data and scientific understanding 
required for advanced warning of energetic particle events that affect the safety of humans”. The 
science and tools resulting from this project will advance our understanding of the driver(s) of 
solar eruptions and assist the community with forecasting eruptions.  
 
This proposal draws heritage from the 2007 LWS TR&T Focus Science Team targeting the topic 
“Solar Active Regions”. Three PIs (DeRosa, McIntosh and De Pontieu) from that Focus Science 
Team are Co-Is on this proposal. Techniques on synthetic diagnostics, MHD simulations as well 
as magnetofrictional simulations were developed as part of the efforts funded by TR&T. As part 
of this project, we will use data from NASA’s SDO, Interface Region Imaging Spectrograph 
(IRIS), Hinode, STEREO missions, and NSF’s CoMP and DST/IBIS instruments. The goals of 
this proposal are directly aligned with the science goals of these missions and instruments. 

3.  PROJECT ELEMENTS 

 
We now lay out the tasks of the project. For the work schedule, please refer to Section 4. For 
milestones for each task, please refer to Table 1 in Section 4. 
 

Figure 1: Schematic representation of science investigation Tasks S1-S7. Radiative MHD 
simulations with MURaM and Bifrost (S1 & S2) will produce 3D models of erupting ARs. The 
model output will be used for synthesis of observables in the atmosphere. The availability of 
the 3D models and synthetic observables provide the basis for remaining science tasks. 

A collaboration between LMSAL (PI: Cheung), HAO, BAERI, SAO &  U Oslo, 
supported by NASA Grant NNX14AI14G



NOAA AR 12017: 
one X-class (“Best Observed X-
flare”), 3 M-class, and about two 
dozen C-class flares 
!

Sunquake: Judge et al. (2014) 
Filament Eruption before X-flare: 
Kleint et al. (2015) 
IRIS Fe XXI FUV spectra: Young et 
al. (2015) 
Chromospheric Evaporation: Li et 
al. (2015)

Lower right panel only: 
Greyscale: 
Blos from HMI 
Green: 6MK EM 
Yellow/Red: 10 MK EM 

Other panels: 
EM in various log T bins 



Data-inspired Radiative MHD Simulation (      400.01)
Top down view

\



Synthetic GOES X-ray Light Curves

C4 flare if measured by detectors on GOES 15. The free magnetic 
energy dropped by ~5x1030 erg (~10%) over 5 minutes. 
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T-dependence of flows at flare footpoints

Downflows for T ≲ 2MK, Upflows for T ≳ 2MK 
Milligan & Dennis (2009) - Analysis of EIS observations of 
a C1.1 flare.  See also Del Zanna et al. (2006); Liu, 
Petrosian & Mariska (2009).



Hard x-rays ≥ 25 keV 
  6 ≤ Soft x-rays ≤ 12 keV  

Using using thermal bremsstrahlung, 
the model yields power law-like shapes 
for the X-ray spectrum.  
!

The multi-thermal nature of the 
magnetic structure gives rise to the 
apparent non-thermal behavior.  
!

Above-the-loop-top harder X-ray 
sources (> 25 keV) are located above 
softer loop sources.
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Summary
• The convection zone and atmosphere are highly stratified.  
• Flux emergence requires decoupling the mass from the magnetic field to 

allow it to enter more tenuous regions: turbulent convection and 
magnetic buoyancy instabilities.  

• SDO/HMI enables data-driven models of active regions (under-exploited 
capability) 

• SDO/AIA enables tracking of thermal history of coronal plasma (under-
exploited capability) 

• Synthetic observables in data-inspired flare simulation qualitatively match 
observations of flares. This gives important lessons for other 
astrophysical objects. 

• Theory + Observation / Experiment + Scientific Computation
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