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MSRI’s Core Funding Renewed by NSF

A word from Director Robert Bryant

For the past two years, we at MSRI have been engaged in pngdariand participat-
ing in the quinquennial Recompetition for National ScieRoeindation (NSF) funding
through the Mathematical Sciences Research Institutegqm(RFP-NSF08565). We
submitted our proposal in February 2009, to the Division @tivmatical Sciences
(DMS).

The proposal sought a five-year renewal of NSF funding to etigpe Institute’s fun-
damental mission to advance scientific research and coiibn among mathemati-
cians hosted through MSRI's programs and workshops. Theogsal made a strong
case for a substantial increase in funding over the levehefgast ten years of the
NSF Core Grant. It was written by the Directorate in congdigiawith the Institute’s
Recompetition Committee and with the invaluable advice@d® members and staket
holders in MSRI’s far-reaching scientific community. In Awg 2009, the NSF sent ug
the extremely positive panel reviews of our proposal.

Anne Brooks Pfister

As part of the next step in the NSF's Recompetition procedare
three-day Site Visit was held at MSRI in late September 200@. SF Math Circle Kicks Off Fall Meetings

NSF Site Visit Team —six DMS staff members plus six outsic@t ew Venue with Visit from School District
mathematicians — made arrangements to meet with memberg 0 .
uperintendent

MSRI’s Directorate and others closely involved in the goarce
and operation of MSRI. The Site .\ﬁs[t .Team -heard from membe,rﬁe San Francisco Math Circle (SFMC) began its first meeting a
of the Board of Trustees, the Scientific Advisory Committé, \sissjon High School by hosting the visit of San Franciscotei
Human Resources Advisory Committee, and the Educational Ady, oo pistrict Superintendent Carlos Garcia on SepteriBer
visory Committee, as well as organizers and members of M8 51 gy perintendent Garcia attended the math circle ntgetb-
that have been held at the Institute and MSRI PostdoctolaM~e serving a room brimming with the energy of 60 middle- and high
MSRI’s team, the Directorate and staff, produced a 400-paigé school students working collaboratively in groups to satvath

ing book of data and documentation that would help the Sisit Viproblems, and he enthusiastically joined their ranks byepiieg
Team get a broad overview of the daily workings of the Ingtituhis own SFMC T-shirt (left in the photo below, next to Mission
and provide insights into the many ways that the Institutsese High School Principal Eric Guthertz).

(continued onpage 4 The SFMC differs from typical math circles in its large sizaad
inclusion of teachers, undergrads and graduate studenés9/L3

meeting was run by Paul Zeitz
RN and Brandy Wiegers, the SFMC
Random Matrix Theory and Related Areas Director and Associate Director,
Focus on the Scientist: Percy Deift 3 and Kentaro Iwasaki, an SFMC
Director’s Word (continued) 4 leader and math teacher at Mis-
New CFO and Program Coordinator 4 sion. MSRI Associate Director
Inverse Problems and Applications 5 Dave Auckly was also present.
Focus on the Scientist: Liliana Borcea 10
Puzzles Column 11 gz The SFMC has generous support
Call for Proposals 11 ii from the Moody’s Foundation
Staff Roster 12 s and the S. D. Bechtel, Jr. Foun-

£ dation, besides MSRI.




Random Matrix Theory, Interacting Particle Systems

and Integrable Systems

Percy Deift

The current semester program on random matrix theory (RMT), e Over the last year, RMT behavior has been discovered and

interacting particle systems (IPS) and integrable systg8)sis a

sequel to the highly successful program on RMT and relateid$o

that was held at MSRI in 1999. The late 1990s was a partigularl

exciting time in RMT: general universality results for wary en-

sembles had been established and were fresh off the prabks, an

fundamental link had been established between Ulam'’s kirige

creasing subsequence problem in combinatorics and RMii¢cpar

ularly the Tracy—Widom distribution for the largest eigalue of a

matrix from the Gaussian Unitary Ensemble. In the 1950s \afign

had introduced RMT as a model for the scattering resonarfces 0 ¢
neutrons off a heavy nucleus, and in the 1970s Montgomery had

established a remarkable link between the statistics afé¢haes of

the Riemann zeta function on the critical line, on the onedhan
and RMT, on the other. Now, combinatorics and related aress w
in the game, and there was much anticipation of developments

come. In particular, there were key conjectures concerhity

the internal structure of RMT, such as universality conjees, as

well as applications.

verified in a set of laboratory experiments on turbulence in
nematic liquid crystals.

e There have been major advances in understanding beta-

ensembles of random matrices for general beta (altermgtive
log-gases at arbitrary temperatures). In particular, thiss

tics of the spectra of beta-ensembles have been linked in a
fundamental way to the statistics of the eigenvalues of-a dis
tinguished class of random Schrddinger operators.

ThePainlevé Projechas been launched. The Painlevé equa-
tions play a key role in RMT, but more generally they form
the core of modern special function theory. The goal of the
project is to foster the study of the properties of the Painle
functions, algebraic, analytical, asymptotic and nunagric
and to collate the information in handbooks, as was done for
the classical special functions in the 19th and 20th cesduri
(See the opinion piece in thotices of the AMS®ecember
2010, for more information.)

In the decade following 1999, the development of RMT has begnaddition to the structural developments outlined abdtiere
explosive and many key conjectures have been settled. Herema e peen many direct applications of RMT. To give one strik-

ing example: the bus delivery system in Cuernavaca, Mexies,

some examples, which reflect the work of many authors:

found to obey RMT statistics. The bus system in Cuernavaga (a

* Ulnivgrsality hals begr;] established Ifor .orrt]hogonﬁl. an: SYell as many other cities in Latin America) has certain binldis-
plectic ensembles with very general weights, both in this blf,nguishing features which are designed to avoid the bungchf
buses, as well as long waits between buses.

and at the edge.

e Universality has been established for Wigner and related
sembles, both in the bulk and at the edge. The asympt
behavior of Toeplitz determinants with Fisher—Hartwig-si
gularities, of the kind that arose in Onsager’s solutiorhef t
Ising model, have been established in the general case,
fying in particular the conjecture of Basor and Tracy.

e In recent work on random particle systems/random grow
models, the Asymmetric Simple Exclusion Process (ASH
has been shown to exhibit RMT behavior. This result is pz
ticularly striking as ASEP lies outside the class of detern
nantal point processes. Seminal work has also been d
on solutions with RMT-characteristics of the KPZ equatio
which is believed to provide a universal model for wid
classes of random growth processes.

e Free probability theory has emerged as a powerful tool
random matrix models, for example, in the recent proof
the Ring Theorem for a class of invariant non-normal mat
ensembles.

e RMT has emerged as a key tool in multivariate statistics
the case where the number of variables and the numbe
samples is comparable and large. For example, there
now major applications of RMT to population genetics v

rescaled radius

Distribution of the fluctuating local radius for growing shers
of liquid crystal turbulence. The distribution functionseown
with axes properly rescaled by experimentally measuregipar
eter values, so that no fitting is performed. The dashed atid/do
ted curves indicate the Tracy—Widom distribution for GUE an
GOE random matrices, respectively. Adapted from K. Takeuch
and M. SanoPhys. Rev. Letl.04, 230601 (2010), “Universg
fluctuations of growing interfaces: evidence in turbuleqaid
crystals.”

principal component analysis.



Three workshops were scheduled for the Semester Prograni. @ M. Verbaarschot (2003Random matriceby M. L. Mehta
MSRI on RMT, IPS and IS. The first workshop, which took plag2004);An introduction to random matricdsy G. W. Anderson, A.
from September 13 to 17, focused on internal questions in RM3uionnet, and O. Zeitouni (20108kew-orthogonal polynomials
such as universality, and also on ideas and methods frogratike and random matrix theorlgy Saugata Ghosh (2009); and books on
systems, such as the Riemann—Hilbert Problem and the agsdcihe application of random matrix theory to a variety of fietdeh
steepest-descent method. The second workshop, the Camsecés wireless communications (A. M. Tulino and S. Verdu, 2G0w)
for Women Workshop, took place on September 20 and 21, andnultivariate statistics (Z. Bai, Y. Chen, and Y.-C. Lian®0®) —
addition to some of the themes in the first workshop, thereew@ot to mention numerous conference proceedings.

also talks on free probability and random graph theory. Tirel t : . .
. Key problems and conjectures remain unresolved. Prime ghesm
workshop is due to take place from December 6 through 10, an . . -
. ) are the behavior of random band matrices and the questioni-of u
will focus mostly on the connections between RMT and random_ . . o
versality for Last Passage Percolation-type models witlitrairy
growth processes. . o . i
independent waiting times. New universality classes haverged
Several textbooks on RMT have appeared since 2000: begides(Bearcey and beyond!) and new applications of RMT contioue t
by the author and Dimitri Gioev (2009, Courant Instituteg mven- appear with an astonishing regularity. We look forward ®s¢hm-

tion Random matrix theoryby P. J. Forrester, N. C. Snaith, anéhg decade in RMT with great anticipation.

Focus on the Scientist: Percy Deift

Jinho Baik and Gérard Ben Arous

Percy Deift is now the heir of a long tradition of classicatlan
spectral analysis at New York University’s Courant Inggtof
Mathematical Sciences. In the 1980s Percy became invoived i
the investigation of eigenvalue algorithms (with Luen-Gha,
Tara Nanda and Carlos Tomei), and later singular value algo-
rithms (with James Demmel, Luen-Chau Li and Carlos Tomei).
The focus of these investigations was the relationship &etw
such algorithms and Hamiltonian dynamical systems. The cul
mination of these investigations was the proof that the Q& an
Toda algorithms on fulh.xn real matrices are each a completely
integrable Hamiltonian system.

Among Deift’'s contributions is a systematic developmemt (i
collaboration with Xin Zhou) of the asymptotic analysis bét
Riemann—Hilbert problems in the early 1990s. This powerful
method has yielded strong precise asymptotic results ef int
grable systems. Even more remarkably, Deift and his num®&he domain of relevance of the Riemann—Hilbert technigques
ous collaborators pushed the influence of their newly dgelo developed by Percy and his collaborators now intersectsyman
tools far outside their original domain of classical ansly&ven more important domains of mathematics: integrable PDEs |(th
though the Riemann—Hilbert approach is rather difficultdeelp, long-time behavior of the Korteweg—de Vries equation ana-rjo
Percy and his collaborators have very rapidly made it refexad linear Schrodinger equations), perturbation theory oflinear
even indispensable to a very broad set of mathematicaliquest Schrodinger equations, integrable ODEs (Painlevé equsjti
Percy has preached by example and has himself successively@dom matrix theory (universality of the eigenvalue stats of
plied this Deift-Zhou method, as it is now known, to a wideg@nthe unitary and orthogonal invariant ensembles), combiret
of problems with the help of his students and collaborators. (as mentioned above: the limiting distribution of the ldngt the

The most widely acclaimed success has probably been the sI(())ques'[ Increasing subsequen_ce @i rando_m perml_Jtatlmh) an
naturally, orthogonal polynomials (asymptotic behavibgen-

tion of the long standing conjecture by Ulam about the Iong%sral orthagonal polynomials)
increasing subsequence of a random permutation (obtaiited W '
Jinho Baik and Kurt Johansson in 1999). This has establisliicy Deift's numerous honors include the George PdlyaeRriz
a bridge between the Tracy—Widom fluctuations for the large$ SIAM (1998), Guggenheim Fellowship (1999), an invited ad
eigenvalue of random matrices and a large class of combinab@ss at the ICM (Berlin, 1998), a plenary lecture at the ICM
rial problems and limit theorems for particle systems tladtih (Madrid, 2006), a plenary lecture at the ICMP (Rio de Janeiro
the Kardar—Parisi-Zhang universality class of statistitechan- 2006), and the Gibbs Lecture (2009). Percy has been a member
ics. This universality class is wide and contains many irtgpur of the US National Academy of Sciences since 2009, and axfello

growth processes and interface fluctuations in statigpiegsics. of the American Academy of Arts and Sciences since 2003.
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Notes from the Director

(continued from page 1)

A
V. I illicirn Berte

the mathematics community. They learned how MSRI haj
worked to increase diversity (including participationrfro
underrepresented groups and women) among participan
and members, that the scientific programming at MSR
is consistently of the highest degree, that it hosts leadin
mathematicians from around the world to meet and col{ §
laborate at the Institute (in numbers that nearly overwhelnj =
the physical capacity of the building), and of the mentoring
program between senior mathematicians and postdocs th
enriches their work and careers.

Thus, it's a pleasure to congratulate George Papanicolabo,
We felt that the Site Visit went very well and that the SiteiVisganes on our Scientific Advisory Committee, on his havingrbe
Team had been presented a thorough account of the Instiate’ 5y arded this past June the first William Bentner Prize in Agapl
tivities and the effectiveness of our programs. In late DEDEr \1athematics, with its impressive diploma (above). Thetigitafor
2009, the team sent us their report, along with a requestufer fiis prize mentioned his “outstanding contributions in heaat-
ther information regarding a few issues, which we were happyics Jinking theory to applied problems in various areastidiig

provide. imaging analysis.”

In mid-March of this year, the Institute Management Teamhef tRicardo Cortez (top right), cochair of our Human Resourcds A
DMS at the NSF let us know that our proposal was being recofilsory Committee, received the 2010 SACNAS Distinguished U
mended to Congress for renewal of another five-year peri@ aergraduate Institution Mentor Award this August. He wasdti
funding level significantly greater than the Institute hesaived in for his work with minority undergraduates, including hiadership
the past. Knowing the exact level of anticipated NSF fundorg in helping found MSRI-UP, our summer undergraduate program

the next five years allowed us to submit a more fine-tuned hudgﬂuch has been going Strong and gett|ng Stronger since 2007.

and this revision was approved by the NSF in late August. . ]
It's also a pleasure to congratulate Jean Bourgain, of thttlibe

| want to acknowledge and thank my staff, especially Hélefwr Advanced Study, who is visiting MSRI regularly this yess
Barcelo, and our Board of Trustees for their many contringi a member of our Complementary Program, on his being awarded
and hard work to make our proposal successful. the Shaw Prize in the Mathematical Sciences this Septenober f

The strength of MSRI and its success in serving the mathemha'?‘-(‘:]roumjbr(—j"’lklng work in mathematical analysis.

ics community rests on the generous help that we receive itonFinally, if you have not yet done so, please come visit our wely
leaders. We are enormously grateful for their donationmoétand site, launched in October. We are excited about the new dapab
expertise and are always pleased when their contributianeea- ties of the web site to foster new modes of communication betw
ognized by others. MSRI, its members, mathematicians, and the general public.

New Staff Members

MSRI is excited to have two new staff members in key positio
Jennifer Sacramento is now our Program Coordinator, andi®h
Carter (far right) is our Chief Financial and Administrai@fficer.

Phyllis is responsible for coordination and managementnaicial,
human resources and administrative operations at MSRIb8hgs
to MSRI over 25 years of experience as a senior level managetta
for-profit and nonprofit organizations. Most recently, stesWZFO of
Playworks, Inc., a national nonprofit focused on youth etlanand
health. At Playworks, she led the Finance and IT departnheotigh
a national expansion from 5 to 11 cities across the US. Rhydls an
MBA from Washington University Olin School of Business ini&a
Louis and lives in Oakland. She loves travel, volunteeringdauth education and hiking Bay Area peaks.

Marsha Borg

Jennifer comes to us from The Gubbio Project, a homelesshlelfer in San Francisco, where she served as Executivet®irnd
Board member. Jennifer has been putting her experiencectlent use in providing hospitality and support to all theiters of
MSRI and the Greater Bay Area.




Inverse Problems and Applications

Liliana Borcea, Maarten de Hoop, Peter Kuchment and GuntherUhlmann

In inverse problems one probes a medium, or an obstacle, vistthe early diagnosis of breast cancer.

a particular type of field and measures the response. Frose t
measurements one aims to determine the medium propertiésa

geometrical structure. Typically, the physical phenonmeisanod-
eled by partial differential equations and the medium prige
by variable, and possibly singular, coefficients. The imt&pon of

fields is usually restricted to a bounded domain with bouyxdar
part of the human body, the solid earth, the atmosphere, ran

;E}IT is an example of a very diffuse inverse problem. The cuge

go instantaneously everywhere in the medium (as opposeexfo
ample, to X rays where electromagnetic energy propagates al
straight lines). Conductivities can be anisotropic, tisatdepend
not only on position but also on direction. An example is nheisc

%:?‘sue in the human body.

plane, etc. Experiments can be carried out on the boundady, €alderén’s problem has been extensively studied in the3ast

the goal is thus to infer information on the coefficients ie to-
main’s interior from the associated boundary measuremdrite

years, and there have been intricate solutions to many @fpits
pearances, concerning the regularity of the conductivity the

key questions addressed in inverse problems concern tlggeinextent of the data. Still, there remain fundamental quastimre-

identifiability of the coefficients, the stability, and eiqi recon-
struction, under assumptions of complete or partial boyndata.

The mathematical techniques needed to study inverse pnslaes
diverse, and include those from the analysis of partiakdéftial
equations, microlocal analysis, abstract and applied baitranal-
ysis, complex analysis, integral geometry, differentedigetry, al-
gebraic geometry, control theory, optimization, stoclcastalysis,
and discrete mathematics.

Calderén’s problem

Calderdn’s inverse problem, which forms the mathematicah#
dation of electrical impedance tomography (EIT), is a fundatal

example of an inverse problem. In it, one wishes to deterrtiine

possible) an unknown conductivity distribution inside aibded

solved, such as the unigueness modulo change of varialrlggsfo
anisotropic conductivity case, and partial boundary datdimen-
sion three.

Cloaking

Electrostatics. In studying Calderén’s problem, conductivities
were found that cannot be distinguished from a constantwmnd
tivity by making electrostatics measurements at the boynda

a given domain. The idea is to use the fact that the equatien de
scribing the potential in the case of electrostatics isriave un-

der changes of coordinates. In dimension three, condtiesvi
can be identified as Riemannian metrics, and one can forenulat
Calderon’s problem as determining the Riemannian metria of
manifold with boundary by measuring the Dirichlet-to-Neanm
map at the boundary of the manifold. Indeed, the problem, be-

domain modeling—for example the earth, a human thorax, or a

manufactured part— based from voltage and (static) curmesa-
surements made on the boundary. The initial motivationtppse
this problem came from geophysical prospecting. In the $946-
fore his distinguished career as a mathematician, Caldeagnan
engineer working for the Argentinian state oil company,iifaen-
tos Petroliferos Fiscales. Apparently, at that time Caiddrad

ing of geometric nature, is invariant under changes of doatds
or transformations that leave the boundary fixed, which sgka
way to develop an approach to make objects invisible.

already formulated the problem that now bears his name, idut d

not publicize his work until 30 years later.

In medical imaging applications, EIT strives to recovereingl

conductivity of tissues by boundary measurements. For pigm
in the model experiment shown in the figure above, the conductnvisibility

ity data can be processed to give the approximate recotistngn
the right (courtesy J. Kaipio, Finnish Center of Excelleircén-
verse Problems). One widely studied potential applicatibBI T

The preceding drawing shows a surface (representing a atéirif
the higher-dimensional case) where the “neck” is pinchedhé
limit, the manifold has a pocket about which the boundary-mea
surements do not give any information. If the collapsing he t
manifold is done in an appropriate way, in the limit, we obtai
(singular) Riemannian manifold which is indistinguistelblom a
flat surface. This can be considered as a conductivity, fng
the pinched points, that appears to all boundary measutsriien
same as a constant conductivity.

Invisibility has been a subject of human fascination
for millennia, from the Greek legend of Perseus versus M&dus
to the more recenThe Invisible Manand Harry Potter. Since
2005 there has been a wave of serious theoretical propostis i



physics literature for cloaking devices — structures thatild not The oldest medical imaging application is the now standardy
only render an object invisible (light rays) but also und&ible computed tomographfusually called CT-scan). The goal here is
to finite-frequency electromagnetic waves. A proposal llaatre- to reconstruct tissue density in the interior of a domaimfrab-
ceived particular attention, because in principle it cavaklany servations of the degree of attenuation of thin beams of X§,ray
object of any shape and size, is that of Pendry and cowotkepmassing through the domain. Mathematically, here oneestrig

It has been referred to in the physics literaturdragsformation recover a function of two or three variables from its intég@er
optics Essentially the same idea was formulated earlier in electfall” straight lines, which is called the Radon transfornt.wlas
statics terms: a singular transformafias used to blow up a pointin the 1950s and 1960s that the first X-ray CT scanners for med-
to a sphere, forming the boundary of the cloaked region. Puital imaging were developed, for which eventually A. Corinac
ing forward a constant conductivity using this transforimragives and G. Hounsfield received in 1979 the Nobel prize in medicine
an anisotropic conductivity, whose currents have the hehdv Even though the CT scan is by now a well established technique
lustrated in the next figure. No current flows in the (innerll bahe more recent technological developments yielding tthige-

of radius 1, making this region effectively invisible to balary dimensional probing (that is, beyond the slice-by-slicecpdure)
measurements. All the electrostatics measurements matteeorposes new mathematical challenges concerning the reaotistr
boundary of the ball of radius 2 are the same as the case of-hoofaensity.

geneous conductivity.

In emission tomographyne aims to detect the internal distribu-

tion of radiation sources in a nontransparent body. Thesptis
injected with a small dose of radioactive substance anditbeiis-
tribution is monitored by a scanner. The inverse problene laéso
leads to the inversion of a Radon type transform, but now with
rather complicated functional weight in the integrand. dpo the

basic questions — uniqueness of reconstruction from sutehechal
inversion —have been resolved recently, some importanhenat

Other constructions using transformations have been pezhave Matical issues concerning this modality remain open.
mentionelectromagnetic wormholesThe idea is to trick electro-

magnetic waves to think they are going through a handle.dsn We mention a few very recent techniques in medical imagiogpes
electromagnetic wormhole one can create a secret conndmio Of which are still subjects of thorough mathematical andreeey-

the “output”. The wormhole itself is invisible. two beams of ultrasound at two slightly different high frequies

on the region of interest. The two fields interact nonling#rkre,

to create a force at the (low) difference frequency, deldetan

the boundary. The inverse problem is related to the forchylmid
methods, one aims to combine phenomena of different pHysea
tures (for example, electromagnetism and ultrasound)éoomme
their individual deficiencies and combine their advantagedong

as they are coupled. Examples inclutiermo/photo-acoustic to-
mography where one heats up the tissue with a brief electromag-
The blueprint of electromagnetic parameters used for ahgaknetic pulse and uses ultrasound transducers to “listerietoesult-
have not been found in nature. Indeed, there is a very aatdéae dng acoustic wave. (The figure shows the photo-acoustic énudig

of research irmetamaterialdo construct cloaking devices. In a
widely reported experimehthis has been accomplished at micro-
wave frequencies. As stated 8tiencethe theoretical ideas for
cloaking based on mathematical transformations have pegtiu
and will produce a long shadow.

Medical imaging

Many techniques of medical imaging exist today, and manyhav
motivated extensive mathematical analyses. In medicadjiimga
one naturally exploits different modalities to resolve aga of
physiological parameters. However, they also differ inrtken-
sitivity, resolution and safety.

Wikipedia / L. Wang

1J. B. Pendry, D. Schurig and D. R. Smith, “Controlling elentagnetic fields”Science312 (June 23, 2006), 1780-1782. A related idea is given in U. hait,
“Optical conformal mapping”sScience312 (23 June, 2006), 1777-1780.

2A. Greenleaf, M. Lassas and G. Uhlmann, “On nonuniquenasSdtrierén’s inverse problemMath. Res. Lett10:5-6 (2003), 685—-693.

3 D. Schurig, J. Mock, B. Justice, S. Cummer, J. Pendry, Ar@tad D. Smith, “Metamaterial electromagnetic cloak at miave frequencies'Scienced14(2006),
977-980.



a melanoma.) The idea is to exploit the high contrast from-el
tromagnetic absorption and high resolution from the udtuzasl.

Many mathematical issues here are unresolved. Topics ef
rent interest, each of which involves demanding mathemsaitic

clude fully 3D X-ray CT, elastography, fluorescent tomodmap
electron microscope tomography, magnetic resonanceoghast
phy, and various hybrid methods.

Geophysical inverse problems

Inverse problems in geophysics aim to image and constraircso
locations and mechanisms, and material properties ancetilegy
and sedimentary processes in the earth’s crust, as weleageth
chemistry, mineral physics, and geodynamics on a planstaig.
Though there are various important new results pertairongot
tential fields, such as in gravity gradiometry and geomagsietve
focus here on the category of waves (seismic, ground-peivegr
radar) and diffuse (electromagnetic) waves. Also, in ggejus,
hybrid modalities have been considered and studied, ifcpéat,
the electroseismic effect. Here, we discuss various aspectain-
ing to solid earth geophysics, including applications imdlfocar-
bon exploration and production. We just mention the many (¢
velopments which have taken place, for example, in hydiolo
inversion concerning contamination problems such as ihit@rg
a pollution source, and remote sensing from space.

A full description of seismic waves is given by a system ostta
gravitational equations including the effects of the rotaif the
earth. On short time scales these are typically approxiinayea
system of (anisotropic) linear partial differential eqoas describ-
ing elastic waves. Through arguments of polarization dpkiog,
in many applications, these equations are further apprabechby
scalar or acoustic wave equations. The coefficients of thadél
differential equations naturally vary on a wide range ofegaand
in particular regions may contain fluctuations describedsén-
ous random processes; they capture the material propenties
crostructure, and the above mentioned processes. Seism&Esw
can be excited by various natural (earthquakes, microsgigm
tremor, ambient noise) and controlled (marine, land) seaird@he
wave field is observed in large (dense) arrays of sensors @sic

USArray) at the earth’s surface (or streamer and oceanrbatto

crossline direction (km)
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Left — top: a horizontal section of a reconstruction usingyki
scattered compressional waves showing salt tectonicsein
North Sea; bottom: a horizontal section of a reconstruatid
phase transitions in Earth’s transition zone near Hawaiigu
SSprecursors (earthquake data); the depths of these are|used
to infer the presence and location of plumes. Middle — top:

a horizontal section of a reconstruction (showing sediargnt
layers) using singly scattered elastic wavgBdP and qPqSV
reflections) in anisotropic models in the North Sea; middie:
wave packet, used, for example, in data compression and
ularization and partial reconstruction; bottom: combisedsi-
tivities using a single (finite-frequency) data sample ifiee
tion tomography and inverse scattering, in the presencatu-
tics. Right — top, middle: horizontal and vertical secti@is
reconstruction based on the geodesic X-ray transform uRing
waves and USArray data; bottom: a section of an image show-
ing the subducting Cocos plate, the’ layer, post-perovskite
phase transition and the core-mantle boundary.

th
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reg-

bles in the marine setting). The locations of sources angivers

form the acquisition geometry and control the illuminatizfrthe Surface-waves tomography. In surface-wave tomography, one
subsurface. From these measurements one can in principéeexlocalizes the upper structure of the earth and views it asvéd)
or recover spectral data (normal modes), transient phasdglis- slab or half space. The typical strategy follows a high-fiery,
tinguish dispersive surface waves (upon describing thelgtdce semiclassical analysis in which the medium variations édinec-
locally by a bent slab in a half space). In certain cases, ane §0n normal to the surface of the slab are rapid as comparéeto
construct the Neumann-to-Dirichlet map on an open set fiten variations in the transverse directions. In this case, tbblpm can
measurements in the given acquisition geometry. In any, thse be described in terms of propagation along the slab’s seitiad

mappings from the mentioned coefficients to the data is neal
and the study of their properties is one of the main subjecis-i
verse problems. The linearized problems lead to the inttoiu
of imaging operators and are often studied via normal opesat

to locally one-dimensional spectral problems reflecting riate-
rial properties underneath any point on the surface. Inriherse
problem, propagation over the surface yields pointwisgueacy-
dependent phase velocities which are then studied, anddamte

nected, in the mentioned spectral problems.

In many seismic applications, observations typically hawvée
mapped to data such as travel times, finite-frequency ttavek,
wave form polarized phases, the Neumann-to-Dirichlet nedp,
Examples of images and reconstructions are given in théaide

Travel omography: body-wave phases. The classical inverse
problem in seismology is travel tomography. The first ineers
formulation and reconstruction is due to Herglotz and Wegth



Here, travel times are viewed as the boundary distanceiamot tures the singularities and varies on the finest scales.

a Riemannian manifold (the earth) with boundary. The maleri

properties are assumed to vary smoothly. Thus the polanimat The inverse problem of determining the reference / backytasi
of elastic waves can be decoupled. Uniqueness results weregssentially “reflection” tomography or “velocity” invecsi which
tially established for the isotropic case and simple mettieat is, is strongly nonlinear; however, it is commonly dealt witfingslo-
in the absence of caustics. In the anisotropic case, onénebtgal optimization strategies (no proofs of convergenceg ifilierse
uniqueness of reconstruction up to a change of variablésstttze problem of determining the contrast is inverse scattery aatu-
identity near the boundary. In dimension two the anisotrapise rally, ignores multiple scattering. Roughly speakingyénare two
for simple metrics has been fully analyzed through a conmeto  directions to realize reconstructions: The reverse-tipgr@ach,
Calderén’s problem. In dimension three, also, the casengplsi and the reverse-depth (or downward continuation) apprwlsich
metrics has been understood. Local uniqueness has bedén eg@ be formulated in curvilinear coordinates leading tortbton
lished in the presence of caustics using the scatteringiarelas of pseudodepth).

the data. . o - )
The linearization is identified as the Born or the Kirchhqfpeox-

In global seismic applications, one typically considergériza- imation and defines a single scattering operator mappingdhe
tion, that is, the geodesic X-ray transform. The known it§éy ot 10 the data on the boundary. The Kirchhoff approxiarati

feSP'tS for this transform are very gim_ilar to those for tlwl_'m- distinguishes itself by honoring the boundary conditionsoas
earized case. The lack of injectivity in the presence of BesiS g rfaces of discontinuity. The calculus of Fourier intégper-

(focusing and defocusing) underlies the unconstrainedolthier- ,i4rs has provided a deep insight in the inverse scatteriolgy-p

mochemical convection in the Earth’s mantle (think plum@S)e |oms. Indeed, under weak conditions the single scatteegator
normal operator associated with the restricted X-ray fansbe- s 5 Fourier integral operator. The challenges of imagingeap

longs to anl™" class metric with constant curvature. through the so-called acquisition geometry limiting whsoerces

Progress in admitting the formation of caustics has beeadbas and receivers can be placed. A maximal geometry has dimensio
incorporating additional information from the observatoln the 2n — 1. A codimension2 situation occurs in the common source
presence of caustics, more recent results have been abtagae acquisition typical for earthquake data, while the codisien-i

ing the scattering relation as the data. The scatteringioalaon-
tains the slope information (direction of the ray hittinge thur-
face) which is revealed in seismology by so-called vespagnd
beamforming.

situation is typical for marine streamer acquisition. Thozmal
operator in all these cases is pseudodifferential, thadass not
generate artifacts, if the canonical relation of the sirgglattering
operator satisfies the Bolker condition. However, in thesenee of

caustics, this condition can be violated. In particulaesathe nor-
mal operator belongs to dA'! class and the generation of artifacts
can be characterized.

Avoiding the difficulty (and perhaps impossibility) of picig
travel times in finite-frequency observations, in seisrggjaone
has replaced the differential time data in the geodesicyXrans-
form by cross correlations of the trace of the solution inréfer- o key test whether the reference is estimated sufficieny
ence mode_l with the observations. _The data become the dosatig the “range test” for the single scattering (or modelinggiator
of the maxima of the cross correlations nearest to the origiTe (yhe adjoint of the inverse scattering operator): To chebletiver
approach hgs been coined wave-equation tomqgraphy. _TBUStHQ (presumably singly scattered) data are in the rangeecitigle
formulation is based on partial differential equations. &¥e just scattering operator, one can derive an annihilator (whigbedds
beginning to understand the map that represents the amabe p, the reference model). With sufficiently many scatterans,can
geodesic X-ray transform. Wave-equation tomography ofie®s ,rqye uniqueness of the reflection tomography problem. Kewe

possibility of considering coefficients of reduced regiyaHow- it 5 a|| based on single scattering theory and separatiseaies.
ever, the question of injectivity remains open.

One of the focus areas in seismic tomography has been the!lifs common practice to carry out elastic-wave polarizatee-
ravelling of anisotropy, to analyze deformation and sulidac coupling. Naturally information is contained in the potation
processes, for example through lattice-preferred orimtacon- coupling. Mode conversions have been exploited in the inagi
strained by GPS measurements. The strategy is based on sRghscontinuities without knowing the source. The ideaoisise
wave splitting, and one has used differential travel times split- P to S conversions and image their cross correlations in dkee d
ting intensities as the data. Many questions remain Opemab%eismologists refer to this approach as receiver functions
ways to uniquely determine the local orientations of synmyetes

of the stiffness tensor in the subsurface. Annihilators are also closely related to elliptic minimabjectors

(onto the range of the mentioned single scattering opesatdrich
Separable inverse problem: single-scattered phasesimaging can be exploited, under certain conditions, to fill in miggilata or
discontinuities using singly scattered phases in the dadatong generate a desirable acquisition geometry. Partial reéxaarion
history and dates back to the work of Hagedoorn. The poineef daccounting for partial illumination) is naturally fornated by rep-

parture is a separable inverse problem in which the modefitige
data is linearized about a reference. (There are no properadss
for this linearization.) The idea is that the reference i®sth and
varies on a coarse scale, whereas the perturbation, oastrtap-

resenting the mentioned single scattering and normal tgrsras
matrices using a tight frame of curvelets. Here one expépitssity
of these matrices, and the observation that the data andgjeal
images can be compressed using curvelets.



Full-wave methods. With the state of supercomputing, recorhave been obtained rigorously, where the cross correlgtelds
struction techniques using the full waveform data, in digien3, the Green’s function up to an integral operator the kerneltdath
have become feasible and hence have received significantiatt. is described by an Ito—Liouville equation, which admitsjencer-
Here, for example, computational linear algebra has playeich- tain conditions, statistically stable solutions. Indebditer esti-
portant role. Most developments have been focused on abgairmates (when the Green'’s function is better resolved) maykbe o
local results and approaches which assume reconstrudtisa  tained in a randomly inhomogeneous medium than in a determin
the actual model, using various techniques from optimizaéind istic homogeneous medium, as a consequence of the widelaangu
regularization. One class of results pertain to the meltjrency spread in the phase-space representation of a wave in tdeman
formulation using the Helmholtz equation. Local converm®enf medium. The enhanced resolution occurs due to an expohentia
iterative methods is being studied, which is closely cote¢o damping factor that appears in the analysis of the crossleion,

the stability analysis of the inverse problem. The avadliigbof and that involves the structure function of the medium. Tioss
low-frequency data and dual-sensor data (detecting thadaoy correlation technique has been successfully applied psrivest
normal derivatives of the wave field) appear to be importathis notably to the Apollo 17 Lunar Seismic Profiling Experimenie
context. Moreover, various approaches are being explargen- correlations were used in an inverse problem estimatinghbe
erate representations of the Neumann-to-Dirichlet mamftioe mal diffusivity in the shallow lunar crust, while heatingpfn the
observations on parts of the boundary. Sun is the ultimate cause of the seismic noise.

The inverse problem of the single-frequency Helmholtz (gffectively using receivers as sources through the meation
Schrédinger) equation using the Dirichlet-to-Neumann msthe “field-field” cross correlations, one can generate, in pple; a
data has been extensively studied, with different conatition the rich set of data or even a Neumann-to-Dirichlet map on part of
regularity of the reciprocal wave speed or potential. Wit f the surface (boundary of a manifold describing the subsajfa
boundary data, uniqueness was established for bounded @ad @ven where deterministic sources are necessarily absehile W
surable potentials. (There is a natural connection to Caid® current studies relating to the heterogeneous earth mosike
problem through a mapping of conductivity to a potential JeT use of surface-wave contributions to the Green’s functaimate,
proofs of this and many other results make use of the constrite: importance of understanding the behavior of (scatidredy
tion of Complex Geometrical Optics solutions. The key peobl waves has been recognized.

of partial boundary data with, essentially, sources andivecs on

acommon open set remains open. Imaging and clutter. The goal of sensor array imaging is to cre-

In the case of the scalar-wave equation, uniqueness haebtdn ate maps of the structure of inaccessible media using setisatr
lished using methods of time-domain boundary control ariguen €mit probing pulses and record the scattered waves, thesciiée

continuation. However, the corresponding problem foreyst, call the recorded echoes array data time traces, to emphidsiz
for example, describing elastic waves, remains open. they are functions of time. Because the array has finite side a
the data is band limited, we cannot determine in detail théiome
Controlled source electromagnetic method. As an example of structure, and the inverse problem must be formulated aihyed
diffuse waves, we mention the inverse problem derived frben tbe solvable. In general, we distinguish between determisiimgu-
low-frequency Maxwell equations. In the magnetotelluriethod, larities in the wave speed, which arise at boundaries ofatefis,
naturally occurring electric and magnetic fields are usddlenn and the background speed. The latter determines the kiienoét
the controlled-source electromagnetic (CSEM) method @meg the data, the travel times of the waves, and the former ioresp
ates fields with point electric and magnetic dipoles on thenbdary ble for the dynamics of the data, the reflections. Array imgds
of the manifold representing the subsurface. Marine edetaig- typically concerned with locating the reflectors in the nuealj but
netic methods are, for example, used to characterize mégamat in order to be carried out it requires knowledge of the backgd
hydrothermal systems in fast spreading mid-ocean ridge®xi wave speed, or its determination by other methods.
ploration, CSEM is used for direct hydrocarbon detectiomeO
can cast this problem in the form of a Schrodinger equatidh w  «
matrix potential. The data are represented through an iamued =
map. Uniqueness was established @rconductivities with full- ;W
boundary data, again, using complex geometrical optiadisols. £«
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Random media and noise sources

Noise interferometry. Relatively recent work on time reversal o
waves in arandom medium has shown that medium fluctuatienslaft: Setup for imaging a crack in a random medium. The
not necessarily detrimental to, but may in fact enhanceuarop- colorbarindicates the fluctuations of the wave speed in km/s.
erations with waves. In interferometry, one considersdfigld” Right: Time traces of the echoes received at the array in
cross correlations associated with (ambient) noise obgat/pair- the random medium (fop) and in the homogeneous medium
wise distinct receivers, to obtain an “empirical” Greenlgdtion, (bottom). The albscissa is time in ms and the ordinate is the re-
which process is naturally related to time reversal. Ingdeeslilts ceiverlocationin the array, in units of the central wavelength.



Focus on the Scientist: Liliana Borcea
George Papanicolaou

ipam.ucla.edu

Liliana Borcea started her research in inverse problemb
her Stanford thesis on high-contrast impedance tomogrg
Around 2000, she moved to array imaging, especially imag
in random media, but she has been very active in impedang
mography as well, with her pioneering work on optimal gr
done jointly with her PhD students Fernando Guevara Vasg
(now at Utah) and Alexander Mamonov, and with Vladin
Druskin of Schlumberger Research.

In array imaging she has introduced and developed extdns

led to new resolution theories incorporating concepts suschta-
tistical stability. A natural approach to studying wavesgluattered
media is to model the unknown inhomogeneities, the clutiéh
random processes. Wave propagation in random media has been
extensively studied in the framework of stochastic padifieren-

tial equations. The success of imaging with clutter reliesale-
tailed understanding of the cumulative, multiple scatigéffects

of the inhomogeneities in the medium in order to mitigatarthe
and produce reliable results that are independent of thieagan

of the medium.

Imaging in moderately backscattering media can be carrigd o
with the coherent interferometric (CINT) method. CINT ineag
are formed using cross-correlations of the array data sraoe-
puted locally in time and over sensor offsets. The threshglah
time and space in the computation of the cross-correlatsomsti-
vated by the statistical decorrelation of the wave fieldbatitrray,
_due to multiple scattering in the medium. The CINT imagingdu
Wition is in fact the smoothed Wigner transform of the dataesac
PM%/aluated at travel times and directions from the arrayssrs
INthe point at which we form the image. The smoothing is cotedbl
€ 9y the time and sensor thresholding and it is because oftistha
dstistical stability can be achieved. Stability comes, hoereat the
1UBst of loss of resolution; the resolution can be improveidgis
NIl delicately designed data filters to image selectively warioarts of
the reflectors.

Verhe problem becomes more challenging in the case of stratg cl

coherent interferometric imaging, CINT, (along with Ge®Ig ey \here the coherent primary echoes off the reflectorsvar

Papanicolaou and Chrysoula Tsogka), which is an image fo
tion algorithm that is based on cross correlations of arwtg,g
rather than the data itself as is usually done. CINT is rolus
complex and unstable environments but it must properlysas
and adapt to such environments. It is this aspect of CINTi¢h
mathematically most challenging. She has introduce mdmsrq
important innovations in array imaging, such as optimai-il
mination techniques using generalized prolate spherfinhat
tions, the use of the local cosine transform for filteringad
coming from strongly inhomogeneous media, special datg
tering algorithms for imaging in layered media, etc. In tastl
two years she has also begun an in-depth analysis of autoi
and motion estimation problems in synthetic aperture rada
ing phase-space methods.

Liliana received her PhD from Stanford in 1996, and then
awarded an NSF postdoctoral fellowship which she held at
California Institute of Technology. Subsequently she naowe

Rice University where she is currently a Noah Harding profes

sor. Her (NSF supported) research on imaging in random m
was selected by the NSF as a research highlight used in the

Mand overwhelmed by the medium backscatter. Recent workshow
that, under certain conditions it is possible to detectetwherent

U echoes and then filter the unwanted clutter backscatteristiius-

S€trated in the figure: The CINT method alone does not deal \high t

At clutter backscatter and produces the image on the left. Mene

U CINT with filtered data traces produces improved resoluitictihe

! figure on the right.

at When the multiple scattering by the inhomogeneities is smngt
fithat no coherence is left in the array data, coherent imagiett-
ods cannot be used anymore. That is to say, we cannot form an
odinage by simply adding the time delayed array data traceseir t
cross-correlations. Instead, the strategy is to resoratameter
estimation problems that are usually based on a transpeotyth
model to describe how the energy propagates in the stroegly s
'\"[?%ring medium.

55

edia
NSF_”

budget request to Congress.

In the setting of the single scattering theory above meptoin
many applications, the background medium is cluttered dukee
presence of small inhomogeneities that interact with theewa
probing the scatterers. Clutter poses serious impedinterttse

% (m)

imaging process. In recent years, significant progress ban beft: CINT image in heavy clutter. Right: CINT image with the
made in addressing this problem, both from experiments andiltered data. The three reflectors are indicated with white cir-
developing a comprehensive mathematical framework, whash cles and correctly located.
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Puzzles Column

Elwyn Berlekamp and Joe P. Buhler

1. (a) Prove or disprove: There is a subSeif nonnegative inte- Who played in the 33rd set?
gers such that every nonnegative integer can be writteruetyidn

CommentThis is a variant, due to Stan Wagon, of a puzzle in Dick
the formx+2y forx,y € S.

Hess’sAll-Star Mathlete Puzzles
(b) Same question with both occurrences of “nonnegativettech

CommentPart (b) is due to Richard Stong, and it appeared in tfie () Find two infinite power serie&x) andg(x), whose coeffi-
1996 American Mathematics Olympiad. cients are only or 1, whose product i§/(1—x).

. . _ _ ) (b) Describe all such pairs.
2. \erticesA, B, andC of an equilateral triangle of side 1 in the

plane are given. Denote byB the line segment from to B, by Comment\Veit Elser poses this problem, and notes that Leo Moser
A the circular arc with centeA and endpoint® andC, and byB and N. G. de Bruijn asked similar questions earlier.

the circular arc with centds and endpointd\ andC. What is the

radius of the circle that is tangent to the line segment asdwio 5. A team ofn people play a game described below. They are al-
circular arcs? lowed to have a strategy session the night before, duringwthie
g_ame is completely described, and they can all plan theit ghiat-
egy. You might imagine that they all wear name-tags, and migh
choose to agree on a fixed ordering, e.g., alphabetical.r &fte
strategy session, no further communication of any kindl@sdd
between the players.

Comment: The Guardigra British newspaper, has amusing pu
zles each week; this one appeared in the October 16 edition.

The game takes place the next day. An umpire places (digtaeit
numbers on each of their foreheads. Each player sees a#é oé¢h
numbers except his or her own. Each player has an ambidextrou
white mitten and an ambidextrous black mitten, and musptae
mitten on each hand (doing so out of sight of the other plgyéis
that point the players are lined up with the forehead numlrers
numerical order. Adjacent players join hands. The team \fins
3. Alice, Bob, Charlie, and Diane play tennis in sets: two ofitheand only if each pair of touching mittens is of the same color.

play a set and the winner stays on the court for the next sét, wi
the loser replaced by the player who was idle the longesthét
end of the day Alice played 61 sets, Bob played 22 sets, @ha@iomment:Rumor has it that this puzzle circulated at Google re-
played 21 sets, and Diane played 20 sets. cently.

www.timtim.com

evise a strategy that guarantees that the team will win!

Call for Proposals

All proposals can be submitted to the Director or Deputy Etiweor any member of th8cientific Advisory Committegvith a copy
to proposals@msri.org-or detailed information, please see the websitev.msri.org

Thematic Programs

Letters of intent and proposals for semester or year longrpros at the Mathematical Sciences Research Institute (MSR
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