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Abstracts — Wednesday, January 12

8:30am David Stevenson CalTech
Why Multicomponent Systems and their Phase Diagrams are Essential for Understanding Planets

Our home planet is layered: An iron-dominated core over a silicate and oxide dominated man-
tle. This sharp separation is a consequence of Earth’s low temperature relative to the critical
conditions for the intimate mixing of the two end-members. Jupiter is almost(but not quite)
in the opposite regime where the two dominant constituents (hydrogen and helium) may be
considered well mixed. This strong dichotomy (well mixed and fully separated) is the exception
and not the rule among planets and is even somewhat misleading when thinking about our own
planets. It is a mistake to imagine that we can understand planets by an obsession with end
members (e.g., iron, silicates, hydrogen, water) because the expected temperature and pressure
conditions often place us in a regime where the multicomponent aspect becomes essential. After
a brief recap concerning H-He (a system that is still imperfectly understood) I will make some
observations concerning iron-silicate and its importance of exoplanets (including a denial of the
common assumption that these planets should have a core and a mantle). Silicate-hydrogen
is also an important binary phase diagram that has major implications for the evolution of
so-called superEarths. Hydrogen-water is central to understanding so-called ice giants (e.g.,
Uranus). More generally, the usual designations that work at low pressure (e.g., polar or non-
polar) will break down at high pressure so that components such as methane and water may be
less antagonistic at high pressure . The issues before us are computationally difficult, almost
invariably involve fluid, not solid, phases (because planets must be hot) and often call out for
more experimental guidance, though doubtless there is also a place for simulation. They are not
details since they can profoundly affect planetary evolution, presence or absence of a magnetic
field, and composition of the atmosphere; in short just about everything you might care to
understand or measure.

9:30am Soledad Villar Johns Hopkins University
Scalars are Universal: Equivariant Machine Learning, Structured Like Classical Physics

There has been enormous progress in the last few years in designing neural networks that re-
spect the fundamental symmetries and coordinate freedoms of physical law. Some of these
frameworks make use of irreducible representations, some make use of high-order tensor ob-
jects, and some apply symmetry-enforcing constraints. Different physical laws obey different
combinations of fundamental symmetries, but a large fraction (possibly all) of classical physics
is equivariant to translation, rotation, reflection (parity), boost (relativity), and permutations.
Here we show that it is simple to parameterize universally approximating polynomial functions
that are equivariant under these symmetries, or under the Euclidean, Lorentz, and Poincaré
groups, at any dimensionality d. The key observation is that nonlinear O(d)-equivariant (and
related-group-equivariant) functions can be universally expressed in terms of a lightweight collec-
tion of scalars—scalar products and scalar contractions of the scalar, vector, and tensor inputs.
We complement our theory with numerical examples that show that the scalar-based method is
simple, efficient, and scalable.

Joint work with David W. Hogg, Kate Storey-Fisher, Weichi Yao and Ben Blum-Smith.



10:45am Russell J. Hemley University of Illinois, Chicago
New Findings in Planetary Materials under Extreme Conditions

Advances in static and dynamic compression techniques at small- to large-scale facilities are
making possible key measurements on materials at high P −T conditions needed both for plan-
etary interior models and to test fundamental theory. Notable examples include studies of
structures, equations of state, phase diagrams, and transport and electronic properties of ma-
terials dominated by the cosmically abundant elements H, O, and Fe. Studies of hydrogen and
hydrogen-rich systems have uncovered transformations from insulating to metallic (and super-
conducting) states up to several hundred GPa. Optical studies of ramp-compressed hydrogen
isotopes at the National Ignition Facility (NIF) pinpoint the high P-T transition to the conduct-
ing fluid, including in regimes that overlap static compression studies, and related experiments
have been conducted on hydrogen-helium mixtures. Recent synchrotron IR/THz and x-ray
measurements reveal new information on the quantum disordered phase of dense H2O ice near
100 GPa as well as the structure and superionic solid phases at higher temperatures relevant to
ice giant planets. Theoretical calculations predict the stability of a novel H3O phase at higher
P − T conditions, with implications for the enigmatic magnetic fields of these planets. Finally,
X-ray diffraction of dynamically compressed Fe to above 1 TPa on NIF document the stability
of the hexagonal-closed packed structure to these pressures and provide a direct determination
of its melting curve, a result that constrains the occurrence and longevity of magnetodynamos
in super-Earth exoplanets.

11:30am Angel Bueno University of Granada
Spotlight: Deep Learning Architectures for Polyphonic Detection, Classification and Segmentation
of Signals from Streaming Seismic Data in Planetary Missions

11:45am Lauri Oksanen University of Helsinki
Inverse Problem for the Wave Equation on Lorentzian Manifolds

The inverse problem for the wave equation asks us to recover the speed of sound given restricted
information on solutions to the equation. It models remote sensing using acoustic waves. The
problem is well-understood when the speed of sound is independent of time, however, much less
is known on the geometric formulation of the problem where the canonical wave equation on a
Lorentzian manifold is considered. Inverse problems for several non-linear wave equations, for
example, the Einstein equations, can be solved in a very general Lorentzian context, and this
gives hope that the corresponding problems for the linear wave equation are solvable as well.

We have developed a method of solving inverse boundary value problems for wave equations
on Lorentzian manifolds, and shown that the Lorentzian metric in a fixed conformal class can be
recovered under certain curvature bounds. The set of Lorentzian metrics satisfying the curvature
bounds is open with respect to smooth enough perturbations of the metric, whereas all previous
results on this problem impose conditions on the metric that force it to be real analytic with
respect to a suitable time variable. Very recently we were able to weaken the curvature bounds
so that perturbations of the Minkowski metric are covered by our theory.

The talk is based on joint work with Spyros Alexakis and Ali Feizmohammadi.

4:00pm Samory K. Kpotufe Columbia University
From Theory to Clustering

Clustering is a basic problem in data analysis, consisting of partitioning data into meaningful
groups called clusters. Practical clustering procedures tend to meet two criteria: flexibility in



the shapes and number of clusters estimated, and efficient processing. While many practical
procedures might meet either of these criteria in different applications, general guarantees often
only hold for theoretical procedures that are hard if not impossible to implement. A main aim
is to address this gap.

We will discuss two recent approaches that compete with state-of-the-art procedures, while
at the same time relying on rigorous analysis of clustering. The first approach fits within
the framework of density-based clustering, a family of flexible clustering approaches. It builds
primarily on theoretical insights on nearest-neighbor graphs, a geometric data structure shown
to encode local information on the data density. The second approach speeds up kernel k-means,
a popular Hilbert space embedding and clustering method. This more efficient approach relies
on a new interpretation - and alternative use - of kernel-sketching as a geometry-preserving
random projection in Hilbert space.

Finally, we will present recent experimental results combining the benefits of both ap-
proaches in the IoT application domain.

The talk is based on various works with collaborators Sanjoy Dasgupta, Kamalika Chaudhuri,
Ulrike von Luxburg, Heinrich Jiang, Bharath Sriperumbudur, Kun Yang and Nick Feamster.

4:45pm John Biersteker MIT
Spotlight: Characterization of Icy Moon Interiors with Magnetic Induction and Bayesian Inference

5:00pm Daniel Thorngren Université de Montréal
Giant Exoplanet Population Physics

Extrasolar planet discoveries of the past years have dramatically expanded the set of giant
planets available for study, including to extreme conditions not found in the solar system.
Unfortunately, the data available for each planet is much more limited and less precise than
has been enjoyed for solar system giants. In this talk, I will discuss how we can leverage the
large sample size to better understand the interior structure, and evolution of giant exoplanets.
In particular, I will review my work on cool giant compositions and hot Jupiter heating and
evolution as well as related work by others. I will also discuss how this analysis can synergize
with atmospheric observations and the connections with our understanding of planet formation.
Finally, I’ll outline some future work which could help to push the field forward.

Abstracts — Thursday, January 13

8:30am Katie Bouman CalTech
Beyond the First Portrait of a Black Hole

As imaging requirements become more demanding, we must rely on increasingly sparse and/or
noisy measurements that fail to paint a complete picture. Computational imaging pipelines,
which replace optics with computation, have enabled image formation in situations that are
impossible for conventional optical imaging. For instance, the first black hole image, published in
2019, was only made possible through the development of computational imaging pipelines that
worked alongside an Earth-sized distributed telescope. However, remaining scientific questions
motivate us to improve this computational telescope to see black hole phenomena still invisible
to us and to meaningfully interpret the collected data. This talk will discuss how we are
leveraging and building upon recent advances in machine learning in order to achieve more



efficient uncertainty quantification of reconstructed images as well as to develop techniques that
allow us to extract the evolving structure of our own Milky Way’s black hole over the course of
a night, perhaps even in three dimensions.

9:30am Burkhard Militzer University of California, Berkeley
First-Principles Equation of State Calculations and Application to Jupiter and Saturn

This talk will discuss equation of state calculations and their applications. First, we will describe
a first-principles equation of state (FPEOS) database for matter at extreme conditions that we
put together by combining results from path integral Monte Carlo and density functional molec-
ular dynamics simulations of eleven elements and ten compounds [1]. For all these materials,
pressure and internal energy are provided over a wide density-temperature range from 0.5 to 50
g/cc and from 105 to 109 K. Results from 5000 first-principles simulations were combined. In
this talk, we focus on isobars, adiabats and shock Hugoniot curves of different silicates in the
regime of L and K shell ionization.

Second, we will discuss the importance of the equation of state of hydrogen-helium mixtures
for our understanding of giant planets. We will review the gravity measurements of the Jupiter
and Saturn by the Juno and Cassini spacecrafts. Interpreting the Juno measurements has been
a challenge because it is difficult to reconcile the unexpectedly small magnitudes of the gravity
moments J4 and J6 with conventional interior models that assume a compact core of ice and
rock. We show instead that the spacecraft measurements can be matched by assuming that
Jupiter’s cores has been substantially diluted with hydrogen and helium.

[1] B. Militzer, F. Gonzalez-Cataldo, S. Zhang, K. P. Driver, F. Soubiran, “First-principles equa-
tion of state database for warm dense matter computation.” Phys. Rev. E 103 (2021) 013203.
DOI: 10.1103/PhysRevE.103.013203 FPEOS webpage: http://militzer.berkeley.edu/FPEOS

10:45am Carlo Pierleoni University of L’Aquila
Phase Diagram and Optical Properties of Hydrogen Under Extreme Conditions

The knowledge of the equation of state and the physics of high pressure hydrogen, in particular
across the molecular dissociation and system metallization, is one of the key information to
develop accurate models for the interior of Giant gas planets of the Solar system and for re-
cently discovered exoplanets. We present a survey of the present understanding of the hydrogen
phase diagram under high pressure conditions and temperature range covering melting of the
crystal and the metallization both in the solid and in the fluid phase. We will highlight the
emerging picture from ab-initio Quantum Monte Carlo methods and discuss the comparison
with experiments in various conditions.

11:30am Anastasis Kratsios University of Basel
Spotlight: Universal Approximation Under Constraints is Possible with Probabilistic Transformers

11:45am Pedro Caro Basque Center for Applied Mathematics
Rotational Smoothing, a Phenomenon Arising in Inverse Problems

When solving inverse problems one of the key points is reducing, to the bare minimum, the
number of a priori assumptions about the unknown media. From a theoretical point of view,
these assumptions are usually dictated by the used methods and not necessarily inherent to
the problem. The most common type of assumptions are mathematically described in terms
of differentiability, integrability or regularity, and in practice it might be unrealistic to decide



if a particular unknown medium satisfies them. For this reason is very important to provide
robust theoretical methods that require minimal assumptions of this type. In many inverse
problems one can introduce an extra family of parameters that yields a smoothing phenomenon
that helps to reduce the assumptions of the method. This is the particular case of many inverse
problems that are solved with the method of complex geometrical optics, where the extra family
of parameters is the set of rotations. In these situations the phenomenon of rotational smoothing
arises naturally. The main purpose of the talk will be to discuss this smoothing phenomenon.

4:00pm Chris Pickard University of Cambridge
Mapping the Complex Chemistry of Dense Matter

First principles methods for the prediction of structures and chemistry at high pressures have
delivered a powerful tool for the computational exploration of dense matter. While early studies
focused on the exotic properties of relatively simple systems, typically the elements and binary
compounds, much of the matter in the Universe is likely to be found in more complex mixtures
[1]. At the same time, the promise of discovering materials with extreme properties relies on
the ability of screen a wide variety of compounds [2]. I will reflect on why ab initio random
structure searching (AIRSS) is particularly suited to these challenges, and the importance of
visualising the vast datasets we are now generating [3].
[1] Conway, Lewis J., Chris J. Pickard, and Andreas Hermann. “Rules of formation of H-C-
N-O compounds at high pressure and the fates of planetary ices.” Proceedings of the National
Academy of Sciences 118, no. 19 (2021).
[2] Shipley, Alice M., Michael J. Hutcheon, Richard J. Needs, and Chris J. Pickard. “High-
throughput discovery of high-temperature conventional superconductors.” Phys. Rev. B 104,
054501 (2021).
[3] Shires, Ben W.B., and Chris J. Pickard. “Visualising energy landscapes through manifold
learning.” Phys. Rev. X 11, 041026 (2021).

5:00am Hope Jasperson Rice University
Spotlight: Deep Consensus Learning with Sparse Arrays for Joint Prediction of Source Locations
and Wave Speed from High-Rate Seismicity Data

5:15pm Matti Lassas University of Helsinki
Inverse Problems for Nonlinear Wave Equations and Einstein’s Equations

In this talk, we give an overview on how inverse problems can be used solved using non-linear
interaction of the solutions. This method can be used for several different inverse problems for
nonlinear partial differential equations. In this approach one does not consider the non-linearity
as a troublesome perturbation term, but as an effect that aids in solving the problem. Using it,
one can solve inverse problems for nonlinear equations for which the corresponding problem for
linear equations is still unsolved.

To study the nonlinear inverse problem, we define the concept of observation time functions
which corresponds to the observations of light arriving from many distant point sources.

We consider inverse problems for nonlinear hyperbolic equations. As an example, we consider
the non-linear wave equation □gu + au2 = f on a Lorentzian manifold (M, g). We study the
question, do the observations of the solutions u|V on an open subset V ⊂ M , that correspond to
sources f supported in V , determine the metric g in a larger domain W ⊂ M , containing V . The
domain W can be the maximal domain to where the information sent from V can propagate and
return back to V . In addition, we consider inverse problems for the coupled Einstein equations
and matter field equations.



The results have been obtained in collaboration with Ali Feizmohammadi, Yaroslav Kurylev,
Lauri Oksanen, Gunther Uhlmann, and Yiran Wang.



Abstracts — Friday, January 14

8:30am Jonathan Fortney University of California, Santa Cruz
Constraints on Giant Planet Structure Inside and Outside the Solar System: Investigating a Range
of Future Prospects

The past five years have seen Juno, the Cassini Grand Finale, and the continued study of giant
exoplanets revolutionize our understanding of giant planets as a class. In this talk I will discuss
recent and ongoing work on some next steps. The first concerns how a low-periapse orbiter at
Uranus or Neptune has promise, but also inherent limitations, concerning Juno/Cassini style
advances for these “ice giant” planets. The second topic is how atmospheric abundances have an
important role in shedding light on interior processes. In the solar system, the helium abundance
in Saturn’s atmosphere is a probe of Saturn and Jupiter’s deep interior due to ongoing helium
phase separation. In the exoplanet realm, we show that the ammonia abundance in warm
(< 1000 K) transiting and directly imaged exoplanets serves as a unique probe of the specific
entropy of giant planet deep atmospheres (and interiors), which will help us refine models of
thermal evolution in the era of the James Webb Space Telescope.

9:30am Ivan Dokmanić University of Basel
Learning Graphs, Manifolds and Bundles by Playing Trumpets and Pooling Walks

A low-dimensional manifold is probably the most successful data model after the venerable
linear subspace. Popular data visualization tools like tSNE operate under the manifold as-
sumption; patches of natural images are topologically a Klein bottle; invariant manifolds give
low-dimensional representations of dynamical systems; key inverse problems like travel-time to-
mography are equivalent to manifold learning. I will present ongoing research in my group which
combines graph theory, complex networks, and differential geometry to build machine learn-
ing tools for data on manifolds and graphs—their discrete counterparts. Modeling manifold-
supported probability measures with injective flows (which we call Trumpets) gives priors and
algorithms for inverse problems. Conditional Trumpets model data on fiber bundles and enable
efficient Bayesian inference. Insights from statistical physics and complex networks inspire a
state-of-the-art link prediction algorithm which is transmogrified into a tool to learn manifolds
under extreme noise. Applications to inference and inverse problems abound.

10:45am Roberto Car Princeton University
Machine Learning Based Ab-initio Molecular Dynamics

Computational cost severely limits the range of ab initio molecular dynamics simulations. Ma-
chine learning techniques are rapidly changing this state of affairs. Deep neural networks, that
learn the interatomic potential energy surface from ab-initio data, make possible simulations
with quantum mechanical accuracy at the cost of empirical force fields. These approaches can
model not only atomistic dynamics but also the dielectric response properties measured in ex-
periments. I will discuss, in particular, the deep potential method developed at Princeton. In
combination with incremental learning techniques, this approach makes possible to construct,
with minimal learning cost, reactive potentials that are accurate over a vast range of thermody-
namic conditions, such as the pressure and temperature regimes underlying molecular and ionic
phases of water. Topics of interest for high pressure physics will be discussed.



11:30am Jinpeng Lu University of Helsinki
Spotlight: Quantitative Unique Continuation for Wave Equations, Seismicity and the Kinematic
Inverse Rupture Problem

11:45am Joonas Ilmavirta University of Jyväskylä
Spectral Rigidity of Radial Planets

I will discuss from the mathematical point of view whether the spectrum of free oscillations
uniquely determines the structure of a radial planet. I will cover general formulations, typical
tools, and types of theorems. The most recent results of planetary relevance show that under
some reasonable conditions a radial velocity profile is uniquely determined by the spectrum in
a certain linearized sense.

2:00pm Tristan Guillot Observatoire de la Côte d’Azur
Unveiling Jupiter’s Interior with Juno

Jupiter shaped our Solar System but its internal structure and composition remain mysterious.
The Juno spacecraft, in orbit since 2016, has enabled extremely accurate measurements of its
gravity and magnetic fields. It has also probed the planet’s deep atmosphere thanks to its
microwave radiometer. I will review the advances that have been possible thanks to these
measurements, including the determination of the depth of Jupiter’s zonal flows, the detection
of secular variations of its magnetic field, the presence of compositional gradients in the deep
atmosphere. Interior models possible with these constraints indicate that Jupiter’s envelope is
inhomogeneous and that its core is most likely partially diluted. I will show how constraints on
its internal structure and composition rest on our knowledge of the behavior of matter at very
high pressures and require extensive calculations, to cope both with a vast parameter space and
a difficult minimization problem. Measurements of the planet’s oscillations, already possible for
Saturn, should further improve our knowledge of the planetary interior and composition.

2:45pm Hieu Huu Nguyen University of Basel
Spotlight: Implicit Neural Representation and Lens Rigidity, Unveiling Planetary Interiors

3:00pm Michael Puthawala Rice University
Spotlight: Universal Joint Approximation of Manifolds and Densities by Simple Injective Flows
with Applications in Uncertainty Quantification

3:15pm Santiago Segarra Rice University
Principled Simplicial Neural Networks for Trajectory Prediction

We consider the construction of neural network architectures for data on simplicial complexes.
In studying maps on the chain complex of a simplicial complex, we define three desirable proper-
ties of a simplicial neural network architecture: namely, permutation equivariance, orientation
equivariance, and simplicial awareness. The first two properties respectively account for the fact
that the node indexing and the simplex orientations are arbitrary. The last property encodes
the desirable feature that the output of the neural network depends on the entire simplicial
complex and not on a subset of its dimensions. Based on these properties, we propose a simple
convolutional architecture, rooted in tools from algebraic topology, for the problem of trajec-
tory prediction, and show that it obeys all three of these properties when an odd, nonlinear
activation function is used. We then demonstrate the effectiveness of this architecture in ex-
trapolating trajectories on synthetic and real datasets, with particular emphasis on the gains in
generalizability to unseen trajectories.


