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The 3-D SUN 
Field evolution

MDI/SOHO



Large-scale field (HMI/SDO)



Secular changes in solar 
magnetism

Solanki et al. 2004, Nature

Also in stratigraphy, glaciation, tree rings



Babcock-Leighton
Meridional Circulation!
Solar Dynamo

Differential Rotation

Activity in stars!
Brandenburg et al. 1998, ApJ



The Study of Convection

Convection is one of the least understood aspects of stellar models



Intermediate scales

MDI, SOHO!
Hanasoge & Sreenivasan (Sol. Phys., 2014)



Emerging Flux



Seismic waves
• Excited by near-surface 

granulation!
• Sources are band-limited spatio-

temporally stochastic processes!
• Waves are linear MDI



Seismic Measurements
• Finite samples of stochastic process, 

correlations!
• Wavespeeds can be isotropic, symmetry 

breaking and anisotropic (Hanasoge et al. 2012, PRL)!
• Waves have finite sizes 



PDE-constrained 
optimisation
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Lions 1979; Tarantola 1984; Jameson 1985!
Hanasoge et al. 2011, ApJ
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Sensitivities
• Finite-frequency, first-Born terms!

• Spatially delocalised sensitivities of waves

to a solar model, and they take into account the details
of the measurement procedure. The sensitivity kernels
depend on the background solar model, the filtering and
fitting of the data, and the position on the solar disk
(through the line of sight).

In x 3 we have shown how to compute the two-dimen-
sional sensitivity of travel-time perturbations to source and
damping inhomogeneities for surface gravity waves. This
example is important, as it shows that kernels can be
obtained, using our recipe, once the physics of the model is

Fig. 10.—Graphical discussion of the single-source picture for computing kernels for the one-way travel time !"þð1; 2Þ. The left panel is the conventional
single-source picture, in which a causal source is exploded at 1 and the scattered wave is observed at 2. The scattering point is denoted by r. Perturbations
located on curves with constant r$ 1k kþ 2$ rk k contribute to the scattered field with the same geometrical delay in travel time, and as a result ellipse-shaped
features are seen in the travel-time kernel. A single source at 1 does not, however, produce all of the waves that are relevant to computing correct travel-time
kernels. The right panel shows an example of a component to the wave field that is missed in the single-source picture. An anticausal source at 2 causes an
incoming wave toward 2, which is then scattered at r and arrives at 1. For r near 1, this gives a signal that is first observed at 1 and then later at 2, i.e., looks like
a wave moving from 1 to 2. Perturbations located on curves with constant r$ 1k k$ 2$ rk k, i.e., hyperbolas, contribute to the scattered field with the same
geometrical delay in travel time (Woodward 1992). Were the single-source picture extended to include an anticausal source at 2, hyperbola-shaped features
would be seen in the travel-time kernels. Note, however, that hyperbolas naturally appear in the distributed-source kernels Ka;#

þ (Figs. 7a and 7b). The hyper-
bolas with r$ 1k k$ 2$ rk k > 0 are not seen, as they do not affect the positive-time branch of the cross-correlation (the scattered wave arrives at 1 after the
unperturbed wave arrives at 2).

Fig. 9.—Comparison between single and distributed source kernels for damping rate. Left: distributed source kernel for damping, K#
þ (also shown in Fig.

7b). Right: Single-source kernel K#;ss
þ discussed in x 3.5 and computed using eqs. (D5) and (D6). For the single-source kernel the source is located at 1, with

coordinates ($5, 0)Mm. The observation point 2 is located at (0, 5)Mm.
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Adjoint Iterative Inversions

Choice of pixels!
Source encoding!

Conjugate gradient + L-BFGS

Full Waveform Inversion!
Hanasoge & Tromp (2014, ApJ), Hanasoge (2014, ApJ, in review)


