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 A fluid view of MHD
Magnetohydrodynamics (MHD) captures the 
following physical principles: 

• Mass conservation, 

• Momentum conservation, 

• Energy conservation, 

• Faraday’s law of induction. (next slide)



Faraday’s Induction Equation

Fluid expansion / compression Stretching flow along 
magnetic field lines 

intensifies B
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Constitutive Relations
p = p(ϱ,ε), s = s(ϱ,ε), 
T = T(ϱ,ε) (only in LTE)Equation of State

cE = -vxB + η∇xB  Ohm’s Law

𝞂, Q = ∇·(𝜅∇T), ηDiffusion coefficients

Q = -∇·(Frad)Radiative properties

Constitutive relations are statements about the material properties 
of the medium (in this case, plasma). The choice of different 

constitutive relations spawns a diversity of MHD models.



A Diversity of MHD Models
Cheung & Isobe (2014) 
Liv Rev Sol Phys



Science questions
• What are the appropriate constitutive relations in different parts of 

the solar atmosphere? Let’s generalize this to: 

• What are the constitutive relations for different plasma regimes? 

• Are there specific conditions that determine the onset of 
reconnection? 

• Can we put constraints on reconnection theory? Is there evidence 
for tearing mode instabilities in current sheets leading to 
hierarchical plasmoid formation (Shibata & Tanuma 2001)?  

• How is the released magnetic energy channeled into other forms, 
and what are the observational consequences?



Science questions
• Are solar flares and eruptions triggered by small-scale 

disturbances? 

• What does the chromospheric magnetic field look like 
before an eruption/flare? 

• How important are ion-neutral, and more generally, multi-
fluid effects? 

• How does MHD wave mode conversion occur along 
magnetic channels and at the boundaries of magnetic 
domains?



Magnetic Field Diagnostics of Emerging Flux
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); 
Schlichenmaier et al. (2010), Yurchyshyn et al. 
(2010), Rutten et al. (2013), Lim et al. (2016),  
Bal loons: F lare Genes is Exper iment  
Bernasconi et al. (2002); Pariat et al (2004) 
SUNRISE Guglielmino et al. (2012)  
MDI Many many many papers  
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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Ishikawa, Tsuneta & 
Jurčák (2010)Continuum

Linear Pol.

Circular Pol.

•130s cadence raster scans 
using Hinode/SP 

•S t o k e s I n v e r s i o n 
( S I R G A U S ) w i t h a n 
gaussian profile flux tube 
embedded in the model 
atmosphere.  

•Sequence of inversions 
shows a small loop rising 
through the first one or two 
pressure scale heights of 
the atmosphere. 

•O n l y p o s s i b l e w i t h 
extremely stable seeing 
and sensit ivity (space 
mission, A/O). 

•See also Gonzalez & Bellot 
Rubio (2009).  



Supersonic downflows in a flux 
cancellation site (Cheung et al. 
2008) from Hinode/SP. Perhaps a 
signature of reconnection down 
flows.



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



As reported by Cheung et al. (2007b) the rising of small-scale
flux tubes, given sufficient twist, is also able to create distur-
bances in the granulation pattern. For instance, a tube with a flux
of 1019Mx and a twist parameter of k ¼ 0:5 remains sufficiently
coherent during its rise through granular convection that its hor-
izontal expansion at the photospheric base modifies the local
granulation pattern and leads to the transient appearance of
dark upflows. A general disturbance of the granulation pattern
in our simulated EFR can also be seen in Figure 9. In the in-
tensity image on the right, we can see that within the EFR, the
granular structures tend to be larger and more elongated than
the ‘‘typical’’ quiet-Sun granule.

In addition to larger granules, transient darkenings are found
in our simulated EFR. Figure 16 shows snapshots of the vertical
component of the magnetic field (Bz, sampled at !500 ¼ 0:1) and
the continuum intensity distribution near a darkening within the
EFR. The darkening is predominantly associated with upflowing
plasma (values of vz up to 1 km s"1), whereas the flanking bright
grains at the ends of the darkening are associated with the foot-
points of the rising flux bundle. In our EFR simulation, however,
there also exist transient darkenings (of comparable spatial extent
and lifetime) that are predominantly associated with downflows
having speeds of about 0.5Y1 km s"1. In addition, even those

darkenings that are initially associated with upflows eventually
(within 5Y10 minutes) become associated with downflows. This
transition reflects that fact that although low-entropy material
can overshoot into the photosphere, it eventually overturns and
forms new downflow lanes in the granulation pattern (mass con-
servation entails thatmost upflowing plasmamust overturnwithin
a few pressure scale heights).

3.2.6. Transient Kilogauss Horizontal Fields

Measurements of horizontal photospheric fields outside of sun-
spot penumbrae have thus far resulted in sub-kG field strengths.
For instance, ground-based observations of the quiet Sun with the
Advanced Stokes Polarimeter (ASP) revealed internetwork hori-
zontal fields with field strengths up to 600 G (Lites et al. 1996).
Similarly, ASP observations of EFRs by Lites et al. (1998) and
Kubo et al. (2003) led the authors to conclude that flux emerges
initially as horizontal structures with sub-kG field strengths, and
that only after the emerged fields become vertical do super-kG
fields exist.
Recent observations of ubiquitous horizontal fields pervading

the photospheric surface (Harvey et al. 2007; Orozco Suárez
et al. 2007; Lites et al. 2008) have revealed average horizontal
fields on the order of tens of gauss. The lack of a dependence of

Fig. 16.—Example of a transient darkening in the simulated emerging flux region (run A; k ¼ 0:1). The top and bottom panels, respectively, show the vertical field
component (sampled at !500 ¼ 0:1) and the emergent continuum intensity at 500 nm. The transient darkening corresponds to the crest of a granular-scale!-loop emerging
at the photosphere (yellow contours indicate magnetic upflows with I / Ih i < 0:7, Bhorj j > 100 G, and vz ¼ 0:5 km s"1). The footpoints of the loop correspond to the
opposite-polarity flux concentrations at the ends of the darkening (the green and red contours, respectively, enclose positive and negative flux regions with Bzj j # 700 G).
Although these footpoints are located in downflows, they are relatively bright (I /hIi ¼ 1:4 Y1.6).

CHEUNG ET AL.1384 Vol. 687

From Cheung et al. (2008): Radiative MHD simulation of emerging flux reproduces dark 
lanes. Basically, upflow regions with low entropy. 



Flux emergence in the photosphere

• Stokes I: dark Doppler signatures of small-scale magnetic loops. 
• Stokes Q & U: elongated features in the body of the loop. 
• Stokes V: most of the signal is concentrated at the footprints of the loops.

Slide credit: J. De La Cruz Rodriguez  



Magnetic bubbles in the photosphere
SST/CRISP - 6302, full-Stokes

Ortiz et al. (2014)

SST/CRISP - Ca II 8542

Slide credit: J. De La Cruz Rodriguez  



Magnetic bubbles in the chromosphere
SST/CRISP - 8542

Ortiz et al. (2014); de la Cruz Rodríguez et al. (2015)

From Ortiz et al. (2014): 
• The emergence is not visible at line center in Ca II 8542, during our series. 
• Canopy of fibrils above the emerging flux in the chromosphere. 
• Line positions along the wing show similar dark features as in the Fe I lines. 
• Observed delay in 8542 relative to Fe I 6302. 
• No signal in Stokes Q & U, very weak Stokes V signal. 
• See Martinez-Sykora et al. (2008, 2009) for Bifrost models [this bullet point 

added by M. Cheung]. 
Slide credit: J. De La Cruz Rodriguez  



De la Cruz Rodriguez et al. (2015): non-LTE Stokes inversion of 
SST Ca II 8542 Å observations of an emerging magnetic bubble.

log tau = 0.0

log tau = -1.0

log tau = -1.9

log tau = -3.0

log tau = -4.4

Above: Sequence of temperature maps at 1 min cadence



log tau = -4.4

log tau = -3.0

log tau = -1.9

Above: Sequence of Bz maps at 1 min cadence

Below: Sequence of Doppler velocity maps at 1 min cadence



Ortiz et al. 2016



Guglielmino et al. (2010) - chromospheric surge in EFR observed with SST 

line core



Leenaarts et al. (2013), IRIS ITN 37

Ca II 854.2 (yellow)



IRIS raster scan of an EFR: 
Mg II k and Mg II triplet 

Scanning from the wing 
to the k3 (core), one 
sees the transition from 
reversed granulation to 
arch filaments / fibrils.
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IRIS raster scan of an EFR: 
Mg II k and Mg II triplet 

Scanning from the wing 
to the k3 (core), one 
sees the transition from 
reversed granulation to 
arch filaments / fibrils.

Scanning to the Mg II 
t r i p l e t , o n e s e e s 
different structure in the 
c h r o m o s p h e r e 
(seemingly lower lying 
loops).



IRIS Mg II rasters of an EFR @ 330s cadence 
Mg II triplet lines are a diagnostics for low chromospheric heating 

(Pereira et al. 2015) 

Blue wing Near k2v Near k2r Mg II triplet



Wouldn’t it be 
fantastic to put 
magnetic field 
vectors on these 
images?  



 28

NASA Heliophysics Grand Challenges Research (HGCR):  
Physics and Diagnostics of the Drivers of Solar Eruptions

LMSSC- X130149P    
 

8 

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
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Integral Field
Spectropolarimetry
(e.g. DKIST, EST)

Radiative MHD simulation of AR formation* (M. Rempel)

It would be an amazing achievement to map the 
chromospheric field to see reconnection in action.

*work done for NASA’s Heliophysics Grand Challenges Research project (LMSAL/NCAR/SAO/BAERI/U Oslo)

Bz @ 1.5 Mm Bz @ 3.8 Mm

Log mass density Log internal energy density
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Data-Driven Simulations



IRIS
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(a) Jet 1 (b) Jet 2

(c) Jet 3 (d) Jet 4

Figure 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 the upper edge of the edge to be blueshifted while the lower edge is redshifted. This spatial pattern suggests
all four jets are helical with the same (negative) sign of kinetic helicity.

Doppler shift maps 
using the Si IV 
1394 line (log T ~ 
4.9) observed by 
IRIS shows helical 
motion in all four 
jets (Cheung et al, 
in prep).



Red: Blos < 0
Blue: Blos > 0

Green: Bt



In a nutshell, the data and model support the 
mechanism proposed by Pariat et al. (2009, 2010) 

for homologous jets.

Magnetofriction model (∇h•Eh  = -U*Jz, U = 1.1 km/s) of homologous 
helical jets driven by HMI vector magnetograms (Cheung et al, 2015).



• Above: Using MHD quantities sampled at z=0 in a MURaM 
simulation, computed photospheric electric field to impose 
bottom boundary condition of a data-driven magnetofriction 
(MF) model (c.f. Cheung & DeRosa 2012, ApJ; Cheung et al. 
2015, ApJ; Fisher et al. 2015 Space Weather). 

• Data-driven fully-compressible MHD model under development 
(M. Rempel,. Chen, M. Cheung, FM. Kazachenko, G. Fisher).

Data-Driven Simulations



High Performance Computing  
for  

Observational Solar Physics



ESA Solar Orbiter Implementation: Programmed space-
qualified FPGAs to solve the polarized radiative transfer 
equations

Onboard inversion cuts 
telemetry requirements 
by factor of 6. 

dI
d⌧c

= K (I � S)

The Polarimetric & Helioseismic (PHI) instrument takes 2048x2048 pixel 
images: @ 4 Stokes parameters @ 6 wavelengths. Onboard inversion 
gives 4 physical quantities (vector magnetic field + doppler velocity). 
Data rate cut by 6 before lossless compression is applied The overall 
compression factor is 33 (JPB Carrascosa, 2015, doctoral thesis, U. 
Granada). 



Problem: Can we use DNNs to do 
Stokes Polarimetric Inversions? 

Differences from the Differential 
Emission Measure (DEM) problem: 
• Forward problem is nonlinear 
• #Outputs < #Inputs

Stokes Polarimetric Inversion with DNNs

Carroll & Staude (2001); Socas-Navarro (2005); Asensio Ramos (ongoing)



Trained neural network for determining 
the inclination angle (red toward observer, 
blue is toward solar interior) of the 
magnetic field in (around) a sunspot.

Training set Testing set
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Some Concluding Remarks
• Many compelling science questions can be addressed 

given reliable maps of the chromospheric B field: 

• Even at a spatial sampling much lower than the EST / 
DKIST diffraction limit (e.g. IFU @ ~ 0.5 to 1 arcsec). 

• Take advantage of the 4m aperture as a light bucket 
to get high polarimetric sensitivity at high cadence 
(say, 30s). 

• Consider using (photospheric magnetogram) data-
driven models of EFRs to guide spectropolarimetric 
inversion / interpretation.



Some Concluding Remarks
• Example of a science topic that could be interesting for multiple 

communities? Magnetic Reconnection. 

• The chromosphere is our (solar + helio + astro-physicists) best 
shot for magnetic imaging of reconnection regions. 

• Better than the corona (lost some complexity already, low 
densities, optically thin), and  

• Better than the photosphere (B is not space-filling). 

• Much better than the magnetosphere (densities too low for 
imaging). 

• Much better than other astrophysical objects (time-scales, line-
of-sight confusion).



Some Concluding Remarks
• Take advantage of advances in high-performance computing and 

machine learning techniques to: 

• Improve the throughput and efficiency of data processing pipelines 
(e.g. phase diversity or speckle reconstruction, Stokes inversion, 
Monte Carlo estimate of uncertainties), 

• Sift through huge data volume to identify regions of interest (c.f. 
http://www.lmsal.com/hek) 

• Cultivate the solar physics community to have strong HPC and machine 
learning skills: 

• use industry-standard, open source frameworks, 

• attract good students and postdocs, let them move easily into other 
fields / industry if needed. Make boundary between solar physics and 
other STEM fields more porous. 

http://www.lmsal.com/hek

