








n April 2017, a group of observatories scattered 
across the face of the earth, from Spain to 
Hawaii, turned their attention to one object: a 
black hole called M87 that lies around 55 million 
light-years away. The radio instruments that 
make up this global network of observatories, 
known as the Event Horizon Telescope (EHT), 
gathered data about M87 throughout an entire 
night of observation; EHT researchers then fed 
that mountain of information into algorithms 
that processed it, adjusted for the changing sky 

and the distances between telescopes, and finally created 
the historic first image of a black hole.

 Kathryn L. Bouman, who worked on that black hole 
image before joining Caltech as assistant professor of com-
puting and mathematical sciences, electrical engineering, 
and astronomy, now collaborates with a team to create 
the Next-Generation Event Horizon Telescope (ngEHT) 
that will bring more black holes into view and increase 
the understanding of these bizarre cosmic phenomena. To 
realize such an instrument, which will include Caltech’s 
Owens Valley Radio Observatory, the scientists plan to re-
verse their typical process: rather than simply building a 
bigger network of observatories and asking a new genera-
tion of algorithms to make sense of the data, Bouman and 
colleagues plan to use their algorithms to find weak spots 
in the current data and find the optimal places to build 
new telescopes and thereby enhance their ability to see 
black holes. The machine-learning side of EHT is not only 
interpreting data, it is informing the design and operation 
of the sensors themselves. “The goal is to try to combine 
sensing and intelligence,” Bouman says, “to no longer sepa-
rate them, but to think of this as a whole pipeline.”

Sensors and machine learning lie at the forefront 
of research across the sciences. At any given moment, 
billions of sensors around the world, ranging from 
something as simple as a motion detector for a home to 
something as complex as the LIGO (Laser Interferometer 
Gravitational-wave Observatory) detectors, generate a 
pile of information whose size increases exponentially. 
Sensors allow seismologists, climate change experts, and 
gravitational-wave hunters to amass enormous data 
sets, while computer algorithms and human researchers 
work unceasingly to sort the signal (the true information) 
from the noise in this data stream. These two fields are 
typically seen as distinct, but the ngEHT is one example 
of how sensing (the hardware) and intelligence (the soft-
ware) can converge to create networks of sensors that are 
intelligent in their own right. 

This convergence powers a new research thrust at 
Caltech: Sensing to Intelligence, or S2I, an initiative that 
unites researchers from across interests and disciplines 

with a focus on co-designing sensors and learning 
algorithms. The researchers are, in other words, building 
the two sides to communicate and collaborate from the 
outset as they envision new ways to refine earthquake 
prediction, visualize distant cosmic phenomena, and find 
signals about a person’s health in the molecules found in 
their breath.  

“We have a unique opportunity at Caltech to transform 
the way we connect the information world with the phys-
ical world,” says Azita Emami, the Andrew and Peggy 
Cherng Professor of Electrical Engineering and Medical 
Engineering and one of the leaders of the S2I initiative. 
“That can lead to a whole new generation of smart devic-
es and instruments.”

 

Breath Biomarkers
“Think about breath analysis as another version of a 
blood test,” says Alireza Marandi, assistant professor of 
electrical engineering and applied physics. A person’s 
breath abounds with information, with biomarkers 
that have the potential to inform doctors about differ-
ent aspects of that patient’s health. But to isolate and 
identify the various molecules in a cloud of vapor requires 
sophisticated technology that would be problematic to 
downsize into a device compact enough for people to use 

The most straightforward way to find out what mole-
cules are inside a a person’s breath could be spectroscopy, 
a long-standing technique in which researchers look at 
which frequencies of light are absorbed as the beam passes 
through matter. However, building a perfect spectrometer 
would add weight and complexity to the device, and it is 
not necessary in this case since Marandi does not need 
to identify every molecule in a person’s breath. Instead, 
he is working to develop a sensor that works only in the 
mid-infrared range and can ID certain noteworthy mole-
cules that a user might need to track. The machine-learning 
element would extract only the relevant data and leave 
behind the extraneous information. To Marandi, his 
solution is an example of when the perfect is the enemy 
of the good. “You actually want to think about not having 
a very clean set of information but being able to get bits 
and pieces,” he says.

Such a device would not only be more accurate than 
a sensor that tracks every molecule in a puff of air, but it 
would also be smaller and more efficient, allowing it po-
tentially to be scaled down for consumer use. “I don’t have 
to spend a lot of time making a full-fledged spectrometer,” 
Marandi says. “I just need to make something from which 
I can extract the right information. That is one of the 
themes of S2I.”

  

at home. For example, Marandi says, picture a breath 
analyzer small enough to attach to a smartphone so that 
users could easily track health data over time simply by 
exhaling into the device. He seeks to make such technol-
ogy possible by advancing the sensing and intelligence 
sides of the problem simultaneously.

Marandi’s lab investigates how nonlinear photonics, 
a field of optics in which light (usually a laser) emerges 
with different frequencies and properties after passing 
through a material, could be used in sensing applications 
to accomplish tasks no other technologies can accomplish. 
For example, Marandi’s team has found that laser pulses 
in the mid-infrared range have just the right resonant 
frequency to cause molecules they touch to “jiggle.” Those 
excited molecules emit information that acts as a fin-
gerprint, which theoretically would allow researchers to 
identify a particular molecule’s presence in a cloud of gas, 
like an exhaled breath from a person’s lungs. The sensing 
challenge, however, is that most lasers work in the visible 
light or near-infrared parts of the spectrum, and so most 
of the backbone technologies needed for that kind of a 
breath sensor are focused only on those ranges, too. To make 
use of these affordable and available tools, Marandi starts 
with laser light in the visible or near-infrared range and 
transforms his beam into the mid-infrared range in which 
it is most effective.

I
Left: Kathryn L. Bouman  
Right: In 2019, the Event Horizon 
Telescope (EHT) captured the 
first-ever picture of a black 
hole and its shadow by imaging 
the one at the center of M87, 
a galaxy 55 million light-years 
from Earth. The EHT’s successor 
could reveal the black hole at the 
heart of the Milky Way.
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Join Marandi for a 
lecture and discus-
sion on his work at 
the November 11 
Watson Lecture. 
events.caltech.edu
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The Body and the Brain 
A microscopic sensor, a single tiny chip, floats through 
the body, protected by a thin but porous layer of platinum. 
Glucose and oxygen molecules can squeeze through the 
holes in this layer, but the body’s immune cells, which 
would seek to destroy such a synthetic intruder, cannot 
pass. Once past the platinum, glucose reacts with an elec-
trode on the surface of the chip to generate a small electrical 
current. This tiny chip amplifies that current and digitizes it 
into data representing the level of glucose in the blood-
stream. The sensor then embeds these data within a radio 
signal to send to a receiving device outside the body, thereby 
providing a measurement of a person’s blood sugar.

This glucose sensor, which takes the place of the 
frequent needle pricks diabetic patients typically must 
endure, was built by Azita Emami and Axel Scherer, 
Caltech’s Bernard Neches Professor of Electrical En-
gineering, Applied Physics and Physics. Their device, 
which has been tested in mice, demonstrates the ability 
of low-power, implantable, tiny medical devices to become 
flexible technology platforms that can be adapted to a 
wide variety of medical uses. At the same time, algo-
rithms can help those devices adapt to each individual’s 
unique biomarkers and baseline health data. Feedback 
from this intelligence side of the system may tell the sen-
sors to change what they measure inside the body or how 
they measure it.

“Imagine a two-way flow of information, not just from 
the sensors to the software but from the algorithm side 
back to the sensor,” says Emami, who also serves as an 
investigator in the Heritage Medical Research Institute. 
“If you design these two together, you can create systems 
that are far more efficient and have better performance. 
Perhaps then we will be able to see things that could not 
be seen before.” 

Emami is also trying to apply S2I to perhaps the most 
complicated part of the body in which to put an implant-
able device: the brain. Caltech researchers and others 
have built brain–machine interface devices that can 
read the neural activity that occurs when a person tries 
to move a limb, for instance. In this way, patients with 
spinal-cord injuries can learn to move prosthetic devices 
with nothing but their thoughts. The problem, however, is 
that the brain is a busy environment, and it is difficult to 
isolate a person’s intention to move a limb in a certain di-
rection from among the myriad other neural signals. “We 
have huge amounts of data recorded by small electrodes 
in the brain, and they vary over time because of small 
movements by the electrodes,” Emami says. “To address 
that, we are using algorithms that provide a more robust 
prediction of the intention of the patient.”

Frontiers Large and Small
M87, the subject of the momentous black hole image by 
Bouman and colleagues, is a behemoth. It contains 6.5 

billion times as much 
mass as the sun. Be-
cause the black hole is so 
vast, the light orbiting 
M87 requires longer to 
complete an orbit than it 
would to circle a smaller 
black hole. The upshot is 
that M87’s appearance 
in the night sky changes 

relatively slowly. If it went too much faster, the EHT’s sen-
sors and algorithms, already pushed to their limits, would 
not have been able to capture a true image of the black 
hole, says Bouman, one of Caltech’s Rosenberg Scholars. 
The next-generation Event Horizon Telescope, designed 
through an S2I approach in which algorithms optimize 
the locations of new 
observatories, could have 
enough data-gathering and 
processing power to image 
another black hole: the one 
at the center of the Milky 
Way galaxy, which is far 
smaller and evolves much 
faster than M87.

Black hole research 
is only one example of 
computational imaging, a 
cross-disciplinary ap-
proach that creates images from data sets rather than 
by gathering visual light through a lens or other filter. 
Its practical applications are already familiar to many: 
ultrasounds, CT scans, and other forms of medical 
imagery create pictures by processing data in various 
wavelengths. But computational imaging can visualize 
subjects from the astronomical to the microscopic. For 
example, one of Bouman’s postdoctoral researchers, Aviad 
Levis, looks inside clouds via tomography, the same kind 
of X-ray technology at work in CT scans. “Clouds may be 
the most important part of climate models,” Bouman says. 
“If you want to have accurate climate models, you have 
to understand clouds and their microphysics.” Because of 
clouds’ complexity, researchers like Levis rely on machine 
learning to help them process data taken from multiple 
angles into a realistic model of a cloud.

Another of Bouman’s students, Angela Gao, collabo-
rates with Zachary Ross, assistant professor of geophysics, 
and Yisong Yue, professor of computing and mathemat-
ical sciences, on machine learning to help build a better 
picture of earthquakes. Often, earthquake analyses build 
upon a simulated model of the ground (its structure, 
materials, and faults) that has been computed from ear-
lier quakes but may not be accurate for smaller quakes, 
Bouman says. Gao seeks to use data from a quake to build 
a new, better model.

Computational imaging also can lead scientists to new 
advances at smaller scales. Changhuei Yang, Caltech’s 
Thomas G. Myers Professor of Electrical Engineering, 
Bioengineering, and Medical Engineering, applies the 
power of machine learning to microscopy and medical 
imaging. For example, when pathologists look through a 
microscope they are trained to look for particular cells, 
such as cancer cells. However, an image contains far more 

information; the problem is how to know what to look for. 
That is where machine learning enters the picture. Yang 
feeds microscope images to a neural network, a kind of 
artificial intelligence based loosely on the brain. Because 
he does not label the parts of the picture or tell the AI 
what to look for, the system is forced to figure out how to 

make sense of the images and find patterns within them 
without the cognitive bias of a human scientist who has 
been trained on what to look for. “The idea here is that it’s 
possible to build a system that can optimally collect infor-
mation even if the information is not collected in such a 
way that a human eye can readily interpret it,” Yang says.

A major challenge of machine learning, however, is 
that while the algorithms can process far more data than 
a person can, and might find patterns a human would 
not notice, AI cannot explain how it “thinks” or how it 
interprets information; and of course it is important for 
researchers to learn why the algorithm focused on a par-
ticular element or whether that element is important to 
a person’s health.

Here again, Caltech researchers see the opportunity 
for the algorithms to inform the sensors. In the case of 
medical microscopy, Yang might have the neural network 
study certain locations within an image and then tweak 
the sensors (in this case, the microscopes) to match. 
“It’s like talking to somebody who might have difficulty 
communicating,” Yang says. “You can pay attention to 
where that person’s eyes are focused, and that will give 
you some glimpse into what is going on in the person’s 
thought process. Similarly, we can optimize the collection 
system to suit what the machine learning is focusing on.”

Across Caltech, interdisciplinary projects of this na-
ture that fall under the S2I framework will begin to help 
humanity make sense of the modern-day data deluge. 
“We have these two isolated domains, the sensors and the 
algorithms, but we believe that this is not sustainable,” 
Emami says. “We have dealt with the exponential growth 
in the data from different sensors in a very blind way. It will 
be completely different if we co-design sensing and algo-
rithms so that it is all done in a more intelligent way.”  

Azita Emami holds a large-scale 
model of her implantable health 
monitor. Such a device could 
track a person’s blood glucose 
level without the need for daily 
needle pricks and could talk to 
machine-learning algorithms 
that help the sensor capture 
a more complete picture of a 
patient’s health.

“Imagine a two-way flow of information, 
not just from the sensors to the  
software but from the algorithm side 
back to the sensor.”
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As millions of American voters cast their ballots this November, 
Caltech political scientists, historians, computational social scientists, 
and data scientists examine the systems, policies, and technologies 
that underlie elections and other democratic processes. On the 
Caltech Science Exchange, an online public resource that brings 
expert insight to the scientific questions that define our time, 
these researchers provide insights on the impact of local politics 
and the historical implications of voting rights legislation. They also 
shed light on the mechanics of polling (including why it is so difficult 
to accurately forecast a presidential election) and emerging threats to 
election security and fairness.

Here, faculty within the Institute’s Division of the Humanities and 
Social Sciences share their perspectives on critical topics in the 
runup to the 2020 U.S. presidential election.

The Election Experts
Let me tell you how I got started in voting rights 
cases. My doctoral dissertation was on the disfran-
chisement of Blacks and poor whites in the South 
in the late 19th and early 20th centuries. In about 
1979, a lawyer who was cooperating with the ACLU 
[American Civil Liberties Union] in Birmingham, 

Alabama, called me up—I didn’t know who he was—and he said, “Do you 
have an opinion about whether section 201 of the Alabama constitution of 
1901 was adopted with a racially discriminatory purpose?” I said, “I do. I’ve 
studied that. I think it was adopted with a racially discriminatory purpose.”

Writing expert witness reports and testifying in cases are exactly like 
what I have always done as a scholar. I have looked at the racially discrim-
inatory effects of laws; I have looked at the racially discriminatory intent 
of laws. I have examined them by looking at a lot of evidence. I write very 
long papers for these cases. They are scholarly publications, and whether 
they relate to something that happened 100 years ago or something that 
happened five years ago or yesterday doesn’t really, in principle, seem to 
make any difference.

—Morgan Kousser, professor of history and social science, emeritus

Especially in a presidential 
election year, media and 
public attention seem 
to be focused on national 
politics. What should voters 
know about local politics?

As a professor  
of history, what  
responsibility do 
you believe you have 
to inform policy?

I study urban politics, so I think one thing that often 
gets overlooked is the importance of state and local 
politics. Many people think that the way to engage 
in politics is to vote every four years at the federal 
level. As I show in my work, and as other urban his-
torians have shown, it’s at the state and local level 
that you see legislation with the most direct impact 
on people’s lives and where people have more pow-
er to effect change. People often feel demoralized 
when the national election doesn’t go their way, but 
I think they 

can feel more empowered and more like they live in a de-
mocracy when they are invested in state and local politics. 
It’s also important to remember that cities and states are 
often used as laboratories for various policies or programs. 
Many federal policies began at the state and local level, 
where you can get a sense of the larger implications of 
a policy by seeing how it functions at a smaller scale. 
Similarly, voters can get a sense of how a party is thinking 
about things by looking at what’s being done at the state 
and local level. And remember, voting is just one tool of 
political engagement. We can’t understand it as the be-all 
and end-all of politics.

—Danielle L. Wiggins, assistant professor of history

introduces

Learn more about voting and elections at scienceexchange.caltech.edu



As a statistician or researcher conducting a survey of a popula-
tion, I want to define that population and then take a represen-
tative sample. When working with populations for which there’s 
a census, for example U.S. households, that’s easy. In contrast, 
a fundamental problem with election polling is defining the 
population. Not everyone votes, and turnout fluctuates between 
election cycles. There’s no census, or defined population, of 
voters to sample from.

Pollsters have different strategies for getting around this prob-
lem. For example, in most states you can get a list of registered 
voters, and some polls will sample from that list in what are 
called registered voter samples. The problem here is that not all 
registered voters vote. So, to get a representative sample, I’m 
going to have to create a statistical model to help predict how 
likely it is that a given individual will, in fact, vote. The challenge 
is that reasonable statisticians can have different views on what 
a reasonable voter model is. 

That’s problem one: we can’t define the population that we 
want to sample from. We’re going to have to make some as-
sumptions, and different pollsters make different assumptions. 

The second problem in forecasting presidential elections is 
that a poll represents a snapshot of public opinion today, but 
what we really care about is what happens on the first Tuesday 
after the first Monday in November. Things change quickly, 

even in a relatively brief space of time, and, clearly, the farther out we are from Election Day, 
the more uncertainty we have to accept.

The third problem is, in general, that response rates to surveys are way down. It used to 
be, back when Gallup was the only business in town, people were more willing to participate 
in surveys. Today you might see low-quality polls with a 3 percent or 4 percent response rate. 
Now you, as a researcher, have to make heroic assumptions about the people you could get 
on the phone versus the people you couldn’t. There are statistical fixes, but, again, those fixes 
add another layer of assumption about which reasonable people might disagree. And it turns 
out, how you disagree can have profound impacts on your polling results.

—Jonathan N. Katz, Kay Sugahara Professor of Social Sciences and Statistics

What makes 
presidential 
elections so 
difficult to  
accurately 
forecast?

Why does it seem to be 
taking longer to finalize 
election results, even 
with new voting technology?

We’ve seen an evolution of procedures and technologies, 
mostly aimed at expanding the franchise—providing more 
and better opportunities for people to register to vote and 
express their opinions on Election Day. But as we continue to 
see an evolution of technology, procedures, and administra-
tive practices, we’re also going to see some challenges. Re-
member that we’re talking about a very complicated process.

One of the things we’ve come to appreciate in our research with the Caltech/MIT Voting Technology 
Project is just how much goes on behind the scenes to get people registered to vote; to verify and record 
their registration information; and then to provide voters the opportunity to securely, and in an accessible 
and simple manner, cast their ballots.

Once you vote, your ballot will likely end up in a securely sealed ballot box. When polls close, election 
officials at the polling place will break those seals and conduct an initial examination to reconcile all the 
ballot materials they’ve received. The ballots will then be securely transported to a central location. Some 
will go by car. Some may be delivered by law enforcement. Some, if they are coming from a remote location, 
may go by helicopter.

Many of those ballots are tabulated immediately. If you voted in person on 
Election Day or earlier, your vote is probably going to be tabulated that night or 
early the next day.

However, mail-in ballots that arrive later, or ballots that are cast provisionally 
on Election Day, will take longer to count. Staff at the election office will con-
firm whether the voter is registered in their jurisdiction and that they haven’t 
cast another ballot elsewhere. If those conditions are met, the ballot will be 
included. If those conditions aren’t met, officials will investigate further.

That’s one of the reasons it takes so much time. Election officials, especially 
here in California, are committed to making sure that all the ballots that are 
eligible to be counted are, in fact, counted.

In a related phenomenon, known as “blue shift,” it has become increasingly 
common for vote totals to shift in favor Democratic candidates after polls 
close. This is, in part, because Democratic-leaning voters are likelier to vote 
by mail and to cast provisional ballots. 

It is not unusual to see final results change, sometimes significantly, as 
legitimate ballots continue to be counted after Election Night.

—R. Michael Alvarez, professor of political and computational social science
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    Where Is 
				    Dark Matter 
				        Hiding?

very second, millions 
to trillions of parti-
cles of dark matter 
flow through your 
body without even 
a whisper or trace. 
This ghostly fact is 

sometimes cited by scientists when they describe dark 
matter, an invisible substance that accounts for about 
85 percent of all matter in the universe. Unlike so-called 
normal matter, which includes everything from electrons 
to people to planets, dark matter does not absorb, reflect, 
or shine with any light. It is … dark. But if we cannot 
see dark matter, how do scientists know it is there? The 
answer is gravity. Astronomers indirectly detect dark 
matter through its gravitational influences on stars and 
galaxies. Wherever normal matter resides, dark matter 
can be found lurking unseen by its side.

The first real evidence for dark matter came in 1933, 
when Caltech’s Fritz Zwicky used the Mount Wilson 
Observatory (see article on page 7) to measure the visible 
mass of a cluster of galaxies and found that it was much 
too small to prevent the galaxies from escaping the grav-
itational pull of the cluster. Something else, concluded 
Zwicky, was acting like glue to hold clusters of galaxies 
together. He named the substance dunkle Materie, or 
dark matter in German. In the 1970s, Vera Rubin and 
Kent Ford, while based at the Carnegie Institution for 
Science, measured the rotation speeds of individual galax-
ies and found evidence that, like Zwicky’s galaxy cluster, 
dark matter was keeping the galaxies from flying apart. 
Other evidence throughout the years has confirmed the 
existence of dark matter and shown how abundant it is in 
the universe. In fact, dark matter is about five times more 
common than normal matter. 

“The universe is hitting us over the head with evi-
dence of dark matter,” says Phil Hopkins, professor of 
theoretical astrophysics at Caltech. “Whether it is the 
motion of galaxies, or the fact that dark matter bends 
light, or the expansion of the universe, or the growth of 
structures in the universe, there are many different types 
of measurements that have been made and every single 
one of them fits the same paradigm of dark matter.”

Yet, despite its preponderance, scientists have not been 
able to identify the particles that make up dark matter. 
They know dark matter exists and where it is but cannot 
directly see it. Since the 1990s, scientists have been building 
large experiments designed to catch elusive dark matter 

particles, but they continue to come up empty-handed. 
What some still consider the leading candidate for dark 
matter, called WIMPs (weakly interacting massive par-
ticles), have not been found in any of the data collected 
so far, nor have particles called axions; both WIMPs and 
axions are hypothetical elementary particles proposed 
to solve outstanding theoretical mysteries in the widely 
accepted model of particle physics, called the Standard 
Model, which classifies all known elementary particles 
and describes three of the four known fundamental forces 
(the electromagnetic, weak, and strong interactions, 
leaving out gravity). Additional dark matter candidates 
include particles called sterile neutrinos, along with 
primordial black holes. Some theorists have proposed that 
modifications to our theories of gravity might explain away 
dark matter, though this idea is less favored.

In the past decade, another set of dark matter candi-
dates has emerged and is growing in popularity. These 
candidates collectively belong to a category known as the 
hidden, or dark, sector. At Caltech, hidden-sector ideas 
are in full bloom, with several scientists cultivating new 
theories and experiments. 

“When you look beyond WIMPs and axions, a whole 
range of observational consequences open up,” says Kathryn 
Zurek, a professor of theoretical physics at Caltech and 
one of the pioneers of hidden-sector theories. “The WIMP 
and axion paradigms are great because they are very 
predictive and led to the building of direct-detection ex-
periments. Now we can leverage this beautiful technology 
to look for hidden-sector dark matter.”

Hidden Valleys
In 2006, Zurek and colleagues proposed the idea that 
dark matter could be part of a hidden sector, with its own 
dynamics, independent of normal matter like photons, 
electrons, quarks, and other particles that fall under the 
Standard Model. Unlike normal matter, the hidden-sector 
particles would live in a dark universe of their own. 
Somewhat like a school of fish who swim only with their 
own kind, these particles would interact strongly with one 
another but might occasionally bump softly into normal 
particles via a hypothetical messenger particle. This is 
in contrast to the proposed WIMPs, for example, which 
would interact with normal matter through the known 
weak force by exchanging a heavy particle.  

A key feature of hidden-sector particles is that they 
would be much lower in mass and energy than other 

Scientists turn  

to new ideas  

and experiments  

in the search  

for dark matter 

particles.

By Whitney Clavin

E

Researchers are 
building a new dark 
matter experiment, 
called SuperCDMS, 
deep underground 
in a mine in Canada.
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proposed dark matter candidates like WIMPs. Hidden- 
sector dark matter is proposed to range in mass from about 
one-trillionth that of a proton to 1 proton. Technically, this 
translates to masses between milli- and giga-electron-volts 
(eV); a proton has a mass of about one giga-eV. 

“We are moving to a new frontier of lighter dark mat-
ter,” says Zurek. “At first, we called these particles hidden 
valleys because the idea was that you would climb a 
mountain pass and look down to very low-energy par-
ticles.” But now, she says, the phrase hidden valley has 
morphed into hidden, or dark, sectors.

Sean Carroll, research professor of physics at Caltech, 
and his colleagues also wrote an early paper, in 2008, on 
the idea that dark matter might interact just with itself. 
Similar to the hidden-sector ideas, the team proposed that, 
“just like ordinary matter couples to a long-range force 
known as ‘electromagnetism’ mediated by particles called 
‘photons,’ dark matter couples to a new long-range force 
known (henceforth) as ‘dark electromagnetism,’” Carroll 
wrote in his blog, Preposterous Universe, in 2008.

“Now, years later, scientists are in a phase of ruling out 
more and more models,” says Carroll. “Our dark photon 
models are still possible but less likely than other models 
like Kathryn’s.”

So how does one go about finding a hypothetical parti-
cle less massive than a proton? Zurek and others have pro-
posed tabletop-size experiments much smaller than other 
dark matter experiments, which can weigh on the order of 
tons. Although hidden-sector particles are thought to only 

rarely and weakly interact with normal matter, when 
they do, they cause disturbances that could, in theory, 
be detected. Zurek and her team have proposed a way to 
detect a disturbance caused by the hidden sector using a 
type of quasiparticle called a phonon. A specialized sensor 
would be used to catch the phonon vibrations, indicating 
the presence of dark matter. (A quasiparticle is a collec-
tive phenomenon that behaves like a single particle.)

Zurek is also developing other methods to help in 
the hunt for dark matter, including gravitational-based 
techniques that measure how clumps of dark matter in 
the cosmos affect the timing of flashing stellar remnants 
called pulsars. Like many scientists in the field, she feels 
that it is important to take a multipronged approach to 
the problem and look for dark matter with different but 
compatible methods. 

Mark B. Wise, the John A. McCone Professor of High 
Energy Physics, who, in 1982, was among the first to 
propose that axions could be the missing dark matter 
particles, says dark matter could be axions, hidden-sector 
particles, or something else entirely. Wise made his proposal 
along with John Preskill, Caltech’s Richard P. Feynman 
Professor of Theoretical Physics and director of the 
Institute for Quantum Information and Matter (IQIM), 
and Frank Wilczek of MIT. “We look where we can and 
where nature tells us to look,” Wise says. “As a theoretical 
physicist, I am humbled by the universe. We should be 
embarrassed at some level about how little we know, but 
this can also be an opportunity to learn more.”

Deep Underground
About 6,000 feet underground, in a working nickel mine 
in Ontario, Canada, a dark matter experiment is taking 
shape. Unlike the small experiments proposed by Zurek 
and others, this one is a massive undertaking. Scheduled 
to begin operations in 2022, SuperCDMS (Super Cryogenic 
Dark Matter Search) is designed to find lighter WIMPs 
than those sought 
before, with masses of 
1 giga-eV, which is close 
to the mass of a proton. 
Because SuperCDMS is 
looking for lower-mass 
particles, it also has the 
ability to find lighter 
hidden-sector particles.

“When you enter the 
lab, it’s an interesting 
process,” says Sunil 
Golwala, professor 
of physics at Caltech. “You go down the mine elevator, 
sometimes with the miners, and then you walk about a 
kilometer in mine clothes: full-body mine suit, hard hat, 
boots, and all that. And then when you get to the lab en-
trance, you take all that off and take a shower. Then you 

put on a bunny suit and go into a lab, all of which is kept 
as a clean room. So, the lab is kept extremely clean even 
though it’s sitting in the middle of a dirty mine.”

Golwala helps manage the fabrication of the detector 
assemblies for SuperCDMS; the detectors are being built 
at the SLAC National Accelerator Laboratory, which leads 
the SuperCDMS project. Golwala explains that most dark 

matter experiments 
searching for WIMPs 
and hidden-sector 
dark matter are per-
formed underground, 
often in mines, in 
order to shield the 
instruments from 
cosmic rays that 
could mask the dark 
matter signals. 

WIMPs were 
proposed in the late 

1970s and early 1980s based on the idea that heavier hy-
pothetical particles than those in the Standard Model, with 
a mass of more than 100 protons, could explain mysterious 
features of the model and, importantly, would just happen 
to be produced in the early universe in the amount needed 

Kathryn Zurek is a theoretical 
physicist and one of the pio-
neers of hidden-sector theories 
of dark matter.

Sunil Golwala is an 
experimental physicist 
working on SuperCDMS, 
seen here coming togeth-
er in a cleanroom inside a 
mine in Canada.

A new underground 
dark matter exper-
iment looking for 
WIMPs may also 
detect hidden sector 
particles.

Hidden-sector dark 
matter is thought to 
range in mass from 
about one-trillionth 

that of a proton  
to 1 proton.

“I am humbled by the universe. 
We should be embarrassed at 
some level about how little we 
know, but this can also be an 
opportunity to learn more.”

-Mark Wise
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In Memoriam
Read more about their lives at magazine.caltech.edu/post/in-memoriam

Donald V. Helmberger 1938-2020
Donald V. Helmberger, who ran the Caltech Seis-

mological Laboratory from 1998 to 2003, passed 

away on August 13 at the age of 82. Helmberger 

joined the Caltech faculty as an assistant professor 

in 1970 and was named Smits Family Professor of 

Geophysics in 2000. His primary research interests 

involved seismic-wave propagation and the use of 

waveforms to recover information about earthquake characteristics as well as 

the earth’s structure. 

Masakazu (Mark) Konishi
1933-2020
Masakazu (Mark) Konishi, the Bing Professor 

of Behavioral Biology, Emeritus, passed away 

on July 23. He was 87 years old. Konishi 

was renowned for his work on the neurosci-

ence underlying the behavior of owls and 

songbirds. His team worked extensively 

on the auditory systems of barn owls, which use their acute hearing to home 

in on prey on the ground, even in total darkness. He also theorized and then 

showed experimentally how the brains of songbirds learn and produce song.

James (Jim) Morgan 1932–2020
James (Jim) Morgan, the Marvin L. Goldberger 

Professor of Environmental Engineering Science, 

Emeritus, at Caltech, who previously served as 

dean of students and later as vice president for 

student affairs, passed away on September 19 at 

the age of 88. Morgan, who joined Caltech’s faculty 

in 1965, focused his research on the chemistry of 

aquatic environments and water treatment, and in particular on the scientific 

bases for establishing criteria and standards for water-quality protection.   
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to explain the dark matter abundance. In addition, a theory 
known as supersymmetry (which states that every particle 
has a partner with a complementary spin) predicts partner 
particles, one of which could be a WIMP. But, over the years, 
evidence for supersymmetry has failed to materialize.

“There had been hope for many years that if we saw dark 
matter it would be a hint that supersymmetry exists, but 
people are getting less and less convinced. Kathryn is one of 
the people who has strongly advocated for looking at other 
models, given that supersymmetry has not turned out to be 
discovered yet,” says Golwala. “That’s been one of the big 
motivations for wanting to look down at the mass range that 
we’re looking at. Twenty years ago, if you told someone you 
were looking for dark matter at 1 giga-eV, they might say, 
‘Why are you doing that? There’s no supersymmetric particle 
down at 1 giga-eV.’ And now, 20 years later, as far as we 
know, there’s no supersymmetry, so we had better pay atten-
tion to these other models. The nice thing about SuperCDMS 
is that we are looking for WIMPs and the hidden sector.”

In addition to contributing to SuperCDMS, Golwala is 
working on tabletop experiments specifically designed to 
uncover the hidden-sector particles. He says he pays close 
attention to Zurek’s guidance on what types of interactions to 
look for between dark matter and normal matter. “Kathryn is 
a theorist, and I am an experimentalist. She says, ‘This is the 
thing you should build in order to look for this model of dark 
matter.’ I take her ideas and say, ‘OK, we are going to build 
an experiment that can do that.’”

Just Add Dark Matter
Outside the lab, there are other ways to probe the hidden 
sector. Phil Hopkins and his team have embraced the vari-
ous new dark matter ideas and folded them into their com-
puter simulations of galaxies and the universe. Like baking 
a batch of cookies, researchers can mix and match cosmic 
ingredients in a computer simulation and see what arises. 
If a resulting galaxy looks like the real thing, then scientists 
know they are closer to understanding its ingredients. 

“If you assume that most matter in the universe is 
dark matter, and that dark matter interacts only with 
gravity, then it is actually pretty simple to set up your 
computer simulation,” says Hopkins. “You have one force, 
gravity, and you let everything evolve from there.”

Recently, Hopkins and his students have refined this 
simple simulation to include hidden-sector physics. He 
says his research serves as a bridge between that of Zurek 
and Golwala, in that Zurek comes up with the theories, 
Hopkins tests them in computers to help refine the physics, 
and Golwala looks for the actual particles. In the galaxy 
simulations, the hidden sector dark matter is “harder to 
squish” because of its self-interacting properties, explains 
Hopkins, and this trait ultimately affects the properties 
of galaxies. The team’s computer creations allow them 
to make predictions about the structure of galaxies on 
fine scales, which next-generation telescopes, such as the 
upcoming Vera C. Rubin Observatory, scheduled to begin 
operations in Chile in 2022, should be able to resolve.

“You can imagine a whole dark universe or this hidden 
sector where all sorts of things are happening underneath 
normal matter or ‘under the hood,’ as you might say. What 
we have tried to do is ask, ‘What are the astrophysical 
consequences?’” says Hopkins. 

Several other Caltech researchers are also on a quest 
to uncover the nature of dark matter, including cosmol-
ogists who study its effects on vast scales that span the 
history of the universe, as well as particle physicists who 
search for dark matter candidates produced in high-energy 
colliders such as CERN’s Large Hadron Collider, or LHC. 
Cristián Peña (MS ’15, PhD ’17), a Lederman Postdoctoral 
Fellow at Fermilab and a research scientist with the High 
Energy Physics group and INQNET (INtelligent Quantum 
NEtworks and Technologies) at Caltech, was among 
the first, in 2016, to attempt to discover dark matter in 
high-energy proton-proton collisions at the LHC. Those 
searches for dark matter were made with data collected 
by the Compact Muon Solenoid instrument.

Now, Peña is developing quantum-sensing experi-
ments to detect dark matter. The state-of-the-art sensors 
he is using are being developed as part of a quantum 
internet project involving INQNET in collaboration with 
Fermilab, JPL, and the National Institute of Standards 
and Technology, among others. INQNET was founded in 
2017 with AT&T and is led by Maria Spiropulu, Caltech’s 
Shang-Yi Ch’en Professor of Physics. A research thrust of 
this program focuses on building quantum-internet proto-
types including both fiber-optic quantum links and optical 
communication through the air, between sites at Caltech 
and JPL as well as other quantum network test beds at 
Fermilab. The optimized sensors developed with JPL for 
this program are also well-suited to detect very-low-mass 
dark matter and, as Peña says, any “feeble interactions” 
of hidden-sector states beyond the Standard Model of 
particle physics. 

“Quantum sensing is an emerging research area at 
the intersection between particle physics and quantum 
information science and technology,” he says.

While most researchers agree that finding dark matter 
is a long shot, they feel confident that the pursuit, and 
all the science and technology that has been and will be 
acquired along the way, is worth the journey. After all, 
we know that dark matter exists and, as Carroll says, it 
is “not really all that mysterious.” When Carroll explains 
dark matter to the public, he has them imagine that our 
moon is made of dark matter and thus invisible. “We 
would still experience the moon’s tides on Earth even 
though we couldn’t see the moon. We know dark matter 
is there, we just can’t see it.”   

By adding dark 
matter physics into 

computer simula-
tions of galaxies, 
researchers can 

make predictions 
about features that 

telescopes might 
observe in the 

future.

Phil Hopkins and his 
team run computer 
simulations of galax-
ies to test theories of 
dark matter.  

In this simulation, gas flows 
into the center of a galaxy via 
dark matter filaments, while 
matter is blown out by explod-
ing stars and other factors.



magazine.caltech.edu 41Fall 2020  Caltech magazine40

Which female mentor or role 
model inspired you during 
your time at Caltech?

Endnotes

I am inspired by my graduate adviser, 
Dianne K. Newman. Her boundless 
optimism and perpetual encourage-
ment were an integral part of my 
success in graduate school. She  
inspired me to think independently 
and nurtured in me a sense of aca-
demic and intellectual freedom.

David Basta (PhD ’19)
PASADENA, CA

Eleanor Helin (“Glo” to friends and colleagues) was a plan-

etary scientist at JPL. She led a program to find near-earth 

asteroids long before this was a hot topic. She was my 

SURF mentor for two years and the first female boss I ever 

had. She showed me what a woman leader really looks like: 

authority plus love. 

Celina Mikolajczak (BS ’91) 
RENO, NV

Azita Emami is an amazing 
teacher and enthusiastic 
supporter of her students.  
In both of her classes that  
I took, she took care to in-
volve her students and make 
sure they had the resources 
to understand their work. I 
am sure that she will help 
many more women like me 
feel equipped for their future 
male-dominated workplaces.

Suzannah Osekowsky (BS ’17) 
SEATTLE, WA

Nai-Chang Yeh was the first female professor in physics when she 

joined Caltech in 1989. It’s a real blessing to be under her mentorship 

as she adds a powerful and wise philosophy on approaching both 

physics and life in general. Nai-Chang has taught us to be versatile 

and bold when facing tough problems in our research enterprise.

Deepan Kishore Kumar (BS ’15) 
PASADENA, CA

Shirley Marneus was a great role 

model as director of TACIT. We learned 

about teamwork, conflict resolution, and 

the value of working long hours with true 

passion. She saw potential where we 

did not, and her vision was (and always 

will be) an inspiration to us all.

James Gleeson (BS ’99) 
LIMERICK, IRELAND

Anneila Sargent (MS ’67, PhD ’77)

was a fine role model as vice presi-

dent for student affairs. She combined 

being a formidable scientist with a 

passionate attention to student con-

cerns. And all this was communicated 

in her delightfully lilting Scottish voice.

Sean McKenna (BS ’17) 
SANTA MONICA, CA
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Jenijoy LaBelle was Caltech’s first female pro-
fessor, hired in 1969. A professor of English at 
Caltech, she fought for tenure for a decade and 
finally got it in 1979. She was a hero for all of us 
women students. 

France Córdova (PhD ’79) 
SANTA FE, NM
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The Show Must Go On(line)!

While all in-person campus 
events have been canceled until 
further notice due to the coronavirus 
pandemic, Caltech’s Public Pro-
gramming team has put together 
a curated roster of performances 
from world-class artists to be 
enjoyed from the comfort of home: 
from author interviews to faculty 
musicians to a live play about 
living with diabetes (see item on 
page 6).

To learn more, go to events.caltech.
edu/series/theshowmustgoonline

A major influence on my career, 

Barbara Wold took me into her 

research lab as a freshman and 

taught me to look at problems in 

a new light. She instilled in me to 

question assumptions and always 

fostered my unending curiosity. 

Lawrence Schaufler (BS ’94)
DENVER, CO

For more Endnotes responses, go to  
magazine.caltech.edu/post/endnotes-mentor

Alas, since I am in the class 

of 1963 there were no women 

classmates. However, Olga 

Taussky-Todd was an inspi-

rational member of the faculty.

Barry McCoy (BS ’63) 
STONY BROOK, NY

Hands down, Prof. [Katherine] Faber! 

She was my PhD co-adviser, and she 

always gave comments to guide us to the 

right answers ourselves instead of telling 

us what to do or try. 

Wei Lin Tan (PhD ’19) 
SINGAPORE

I SURFed with the incredible Matilde 
Marcolli. Her understanding of math 

and physics is remarkably deep and 

diverse, but even more important 

to my experience that summer was 

the genuine warmth and care she 

showed for her students. 

Adam Ball (BS ’16) 
SOMERVILLE, MA
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Metal-Eating Microbes

Caltech microbiologists have discovered bacteria that feed on manganese. “These are 
the first bacteria found to use manganese as their source of fuel,” says Jared Leadbetter, 
professor of environmental microbiology, who made the discovery with postdoctoral 
scholar Hang Yu (MS ’13, PhD ’17). Leadbetter found the bacteria after performing 
unrelated experiments using a light chalk-like form of manganese. He had left a glass 
jar soiled with the substance to soak in his Caltech office sink before departing for 
several months to work off campus. When he returned, the jar was coated with a dark 
material that tests revealed to be oxidized manganese generated by newfound bacteria 
that had likely come from the tap water itself. Further research revealed that these 
bacteria can also use manganese to convert carbon dioxide into biomass. Previously, 
researchers knew of bacteria and fungi that could oxidize manganese, but they had 
only speculated that microbes might be able to harness the process to drive growth.

Find out more at magazine.caltech.edu/post/metal-eaters


