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10 Dirtiest Cities in the U.S. 
by Ozone Measurements 

- Madera 
-0Fresno 

~00visa1ia 

pollutants, and the stagnant air envelops 
the region in a perpetual cloud of haze. On 
hot days, locals told me, the toxic smog 
fills hospital emergency rooms and 
doctors' offices with children who can't 
breathe, and schools in Fresno fly 
color-coded flags to alert students to the 
air quality: Green means it's OK to be 
outside, while red is a warning to stay 
indoors. On average, nearly four Central 
Valley residents die prematurely every day 
because of the pollution, and experts 
predict that within the next few years, as 
temperatures continue to rise and 
population growth raises smog levels, one 
of every four children will have asthma. 

"In the past 10 years, I've had to put 
more kids on steroids than ever before, 
which terrifies me," said Kevin Hamilton, 
a respiratory therapist and administrator 
for Clinica Sierra Vista, a string of medical 
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centers throughout the Central Valley that 
cares for about 50,000 low-income 
youngsters every year. "It can be over­
whelming with patients in every room on 
inhalers and nebulizers" - the heavy 
artillery of an asthmatic's medicinal 
arsenal. "These kids never get well, and 
now we have a generation who are 
permanently damaged by their constant 
exposure to pollution," Hamilton, a burly, 
bearded man in his late 50s, sighed in 
frustration when we met in his cramped 
office at the clinic. "The effects are not 
transient. If they get pneumonia, they're 
more prone to end up in the hospital. They 
can't participate in athletics, and when 
they get older, they're more likely to have 
heart disease because their bodies can't 
generate enough oxygen. They get sicker 
fas ter, and die younger.'' 

FUTURE SHOCK 
For Californians who live, work and 
breathe in the state's industrial zones, the 
future is already here. The disastrous 
health effects they experience from 
pollution are a preview of what will 
happen everywhere as climate change 
becomes a routine fact oflife, and as the 
planet gets hotter, carbon levels continue 
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to climb and air quality progressively 
worsens. To cite one example, the heat­
trapping carbon dioxide emitted from 
tailpipes and factories collects over cities, 
creating C02 "domes" that shroud the 
urban cores in toxic clouds of pollutants. 
Research on air quality in New York, 
Phoenix and Baltimore shows that ambient 
C02 parts per million (ppm) levels can 
spike into the 400s, 500s and 600s, which 
climate modelers predict will become the 
norm in 20 to 30 years. Right now, the 
global average is 393 ppm. As temperatures 
rise and more pollutants are dumped into 
the atmosphere, the plume of that toxic 
cloud will broaden like ink on a blotter, 
covering more land under a suffocating 
carbon canopy. A 2010 Stanford University 
study found that these domes act like 
pressure cookers, exacerbating pollution's 
harmful health effects, and may already be 
responsible for up to 1,000 excess deaths 
across the count ry, the equivalent of two 
jumbo jet crashes every single year. 

And it will just go from bad to worse in 
the coming decades, as the Earth gets 
warmer. Two of the chief culprits behind 
asthma and a llergies - air pollution and 
smog - will only intensify as the 
temperatures rise. The result is ozone 
smog, a toxic brew created as sunlight 
cooks the mix of pollutants and particles 
in the atmosphere. As the air heats up, 
more ozone is produced. Increasing levels 
of ozone, in turn, trap more heat , 
exacerbating the urban heat island effect: 
Cities are normally about five to 10 
degrees hotter than surrounding suburbs 
because asphalt and cement absorb 
sunlight, generating a vicious cycle of 
escalating pollution and heat. 

Higher levels of ozone smog, toxic to the 
lining of the lungs, will also boost the 
incidence ofrespiratory diseases. A 2009 
study done by European scientists looked 
at hospital admission data from 12 major 
cities including Dublin, London, Barcelona, 
Athens and Rome from at least a three-year 
period. They found that for every I-degree 
Celsius (about 2 degrees Fahrenheit) 
temperature increase, hospitalizations 
from respiratory- and asthma-related 
illnesses rose by 4.5 percent. 

Chronic exposure to elevated levels of 
ozone has a serious cumulative effect. 
Ozone in the upper atmosphere normally 



More than 12 million cars travel on the Los Angeles metropolitan freeway 
system every day. 

A crop duster flies low over a field in Sacramento County, Calif. The air quality of 
the Sacramento region ranks as the sixth worst in the nation. 

forms a protective layer that shields us 
from the sun's u ltraviolet radiation. But 
ground-level ozone - the chemical 
combustion product of factory and vehicle 
emissions heated by sunlight - can have 
a devastating effect. Sunbelt cities like Los 
Angeles, Riverside, Calif., and Houston, 
with their seem ingly endless sunny days, 
gridlocked urban sprawl and heat-trap­
ping stagnant air masses, contain the 
highest average concentrations of ozone, 
according to a 2009 study by University of 
California, Berkeley scientists. People 

speeds memory impairment and reduces 
concentration. And women who experi­
enced higher levels of exposure to tainted 
air for longer periods of time had "signifi­
cantly" sharper declines in mental acuity, 
the equivalent of an extra two years of 
aging. "The same chemical reaction that 
makes more ozone and goes faster when 
temperatures are higher also produces 
chemical compounds that make par­
ticles, or particulate matter, in the air," 
said Anthony Wexler, director of the Air 
Quality Research Center at the University 

mucus, trapping these particles, and 
creating a persistent cough. 

Finer particles, at 2.5 microns (PM2.5) 
or less, are some 30 times smaller than the 
width of a human hair - and invisible to 
the naked eye. These tiny bits are found in 
the smoke and soot from brush fi res, heavy 
metals and toxic chemical fumes. And 
research has consistently shown that 
PM2.5 particles are far more toxic and 
deadly than the larger particles because 
they can evade the respiratory system's 
natural defenses. In California, exposure 

living in these regions, and 
in California's Central 
Valley, have a 25 to 30 
percent greater annual risk 
of dying from respiratory 

Ozone smog, a mixture of all the pollutants and particles in the air, 
is created when sunlight cooks pollutants in the atmosphere. 

diseases like pneumonia and chronic 
obstructive pulmonary disease than do 
residents who enjoy cleaner air in places 
like San Francisco and Seattle, where fog, 
rain and cooler temperatures keep ozone 
levels in check. 

In much of California, on the other 
hand, a witches' brew of pollutants cooked 
in the atmosphere can sear the delicate 
tissue lining the lungs and aggravate an 
astonishing array of other health 
problems, ranging from heart disease and 
lung cancer to dement ia. The dirty 
particles accelerate the thickening of 
arteries, which, in turn, increases the 
chances of heart attack and stroke and 
accelerates a decline in cognitive abi lities 
because less oxygen-rich blood is being 
pumped to the brain. 

One 2012 study that followed nearly 
20,000 women nationwide revealed that 
exposure to this type of pollutant greatly 

of California, Davis. 
Big particulate matter - PMlO - is 

about 10 microns, similar to the thickness 
of a strand of hair. Typically, these 
particles are found in windblown or 
construction dust and are emitted by 
wood stoves, fireplaces, trash incinerators 
and wildfires. PMlO particles tend to 
make up that thick blanket of haze that 
envelops urban areas, and when inhaled, 
they stick to the insides of the lungs' small 
branches that transport oxygen to the 
gas-exchanging tiny sacs called alveoli. 
The alveoli are surrounded by thick 
networks of blood vessels. This is where 
the crucial switch is made and our bodies 
perform their miraculous life-sustaining 
alchemy: Carbon is removed from the 
blood to be expelled from the lungs and 
replaced by fresh oxygen, which is then 
pumped to the heart for circulation. But 
the pollutants cause the lungs to make 

to these fine air particles is associated 
with up to 24,000 deaths every year, 
according to a 2009 study by the California 
Air Resources Board, the majority of them 
in highly populated areas such as the San 
Francisco Bay, the San Joaquin Valley and 
the Los Angeles air basins. PM2.5 particles 
penetrate deep inside the lungs, causing 
constant irritation that diminishes lung 
capacity and can lead to cancer. Like PMlO 
particles, they insinuate themselves inside 
the walls of blood vessels, which can 
trigger the formation of the artery-clogging 
plaques that are the culprits behind 
strokes and heart attacks. There is 
evidence that even smaller particles, which 
are 100 nanometers, can infiltrate the 
brain through the nasal passages, 
potentially eroding cognitive abilities. 

"What we're seeing now is probably just 
the beginning of the effects we'll experi­
ence from bad air," Jose Joseph, a pulmon-
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ologist and asthma specialist at the Fresno 
campus of the University of California, San 
Francisco, told me rather ruefully one 
steamy October afternoon when I visited 
his tidy office at the university's medical 
center. "In the years to come, we're going 
to have major increases in all types of 
chronic illnesses," he continued, ticking 
them off on his fingers, "in respiratory 
illnesses, in heart disease, in increases in 
heart a ttacks and strokes because air 
pollution increases blood clotting, and in 
its effects on developing fetuses - there is 
so much fallout from air pollution. In 
looking at the magnitude of the problem, 
we really have to do better than this." 

SIMPLE JUSTICE 
But there is some good news: Even 
seemingly small changes in curbing 
greenhouse gas emissions not only can 
reduce harmful pollutants and clear the 
air, but also help to slow climate change. 
In California, local grassroots groups have 
been successful in pushing polluters to 
clean up their communities and compel­
ling government agencies to protect 
residents from the consequences of a 
warming planet. They're part of the 

A 2,500-pound bonnet caps a chemical cargo 
ship's smokestack and collects toxic pollutants, 
which are delivered by flexible ducts to a treatment 
system at the Port of Long Beach. 

environmental justice movement, a 
crusade that grew out of the recognition 
that it was mainly the poor and people of 
color who were forced - by circumstance, 
finances, lack of political power and what 
activists call "environmental apartheid" 

that callously targets the disenfranchised 
- to live and work in some of the nation's 
dirtiest environments. 

Luis Cabrales, who worked for many 
years as a campaign director for the 
Coalition for Clean Air, a venerable green 
group that was instrumental in the 
passage of California's historic vehicle 
Smog Check Program in the early 1970s, 
has spent most of his adult life fighting 
for environmental justice. A slight man 
with a full head of dark hair, a square jaw 
and the broad-shouldered build of a 
wrestler, Cabrales possesses the easygo­
ing charm and dogged persistence of a 
natural-born organizer. 

There have long been strands of 
environmentalism in the civil rights 
struggle, Cabrales tells me during an 
interview in the coalition's offices in a 
high-rise in downtown Los Angeles. Rosa 
Parks' refusal to move to the back of the 
bus stemmed from a deep need for 
adequate public transportation, he points 
out, while Cesar Chavez pushed to protect 
farmworkers from the harmful pesticides 
that were killing them in California's 
Central Valley. But it wasn't until the late 
1970s when people started connecting the 

Creating Sustainable Cities 
Two of the greenest cities in North America, New York and Vancouver, have hit upon the right recipe for a more sustainable 
21st century, and they are investing in infrastructure changes to prepare for the new realities of a hotter world. 

Stanley Park, Vancouver 

Vancouver: Pedestrian Paradise 
Vancouver, British Columbia, is North America's uncontested leader in smart growth and is consistently 
ranked among the world's most livable cities. Among Northwestern cities, the Canadian metropolis, 
which is home to more than 2.3 million residents, has the highest population density; the greatest rates 
of cycling, walking and transit riding; and the fewest cars per capita, plus the highest life expectancy, 
lowest teen birth rate and lowest poverty rate. 

Vancouver also leads the world in the use of hydroelectric power, which makes up 90 percent of its 
energy supply, and regularly uses renewables like wind and solar. Its pedestrian-friendly, high-density 
neighborhoods (14,000 people per square mile) are clustered around high-rises, multifamily dwellings, 
restaurants, groceries, shops and pocket parks, and have wide sidewalks that encourage walking and 
short blocks that slow traffic. The extensive mass-transit system eases traffic congestion and includes 
high-capacity diesel buses and electric trolleys, a network of light-rail routes and an elevated train 
service called Sky Train. There are hundreds of miles of biking trails. Because of all of these factors, 
Vancouver has the lowest per-capita carbon emissions of any major city in the Western Hemisphere. 

In the future, Vancouver wants to become not just the greenest, but the world's most sustainable city. 
The city's action plan focuses on even greater use of renewal energy, further upgrades to the existing 
transportation system and expansion of the city's already considerable green space, including the 
world-class Stanley Park, which is larger than Central Park. The blueprint also encourages urban 
agriculture, rethinks sewer and wastewater management and reduces greenhouse gas emissions per 
capita to the lowest in the world by promoting even higher-density living with smaller multifamily homes, 
especially along transit corridors in Vancouver's downtown peninsula. 
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dots and realized that African-Americans 
resisting attempts to establish garbage 
dumps in their neighborhoods were 
essentially fighting the same fight as 
grassroots activists protecting endangered 
species. "Better housing, clean water, clean 
air, safe schools," said Cabrales, "these all 
had to do with the environment." 

In the decades since, the environmental 
justice movement has grown from a 
scrappy a rmy of the poor and disenfran­
chised into a powerful coalition that united 
the most ly white and college-educated 
traditional environmentalists, t rade 
unionists, blue-collar workers and residents 
of some of the nation's most contaminated 
neighborhoods. It has used its growing 
political clout and numbers to take its 
place in the corridors of power. "We've 
changed the paradigm into a green-blue 
coalit ion," said Cabrales. "Years of 
environmental consciousness-raising are 
really bearing fruit , and environmentalists 
are no longer seen as weed-smoking, 
sandal-wearing tree huggers. Over the last 
10 years, the change has been d ramatic 
because a new generation of environmen­
tal advocates now hold positions of power 
in the legislature, on the ports commission 

and on the air resources board." 
It is a remarkable sea change that has 

seen someone like Fabian Nunez ofEast 
Los Angeles, one of 12 children born to a 
gardener and a maid from Tijuana, 
ascend to the speakership of the Califor­
nia Assembly and co-author of the 
nation's most stringent measu res to 
alleviate global warming. The landmark 
package oflaws is considered forme r 
governor Arnold Schwarzenegger's 
signature legislation and has become a 
model for the rest of the world. "He was a 
gardener when he was a kid and pushed 
around a lawn mower helping his dad," 
said Cabrales, with no small measure of 
pride. "Now he's helped create the 
strongest pollution-control standards in 
the world - a Mexican imm igrant." 

In the past decade, the Coalition for 
Clean Air has waged a successful cam­
paign to begin clean ing up the deadly 
diesel pollution emanating from California 
ports. Working in tandem with such 
groups as the Natural Resources Defense 
Council and the Coalition for a Safe 
Environment, along with the Teamsters 
and Longshoremen's un ions and local 
activists like Martha Cota, they've done 

New York: Land of a Million Trees 
On Earth Day 2007, New York Mayor Michael Bloomberg unveiled PlaNYC, a comprehensive, 127-point 
blueprint to create a sustainable city. It involves initiatives to revitalize the city's 580 miles of 
waterfront, decrease energy costs, cut greenhouse gas emissions by 30 percent by 2030 and 
upgrade the infrastructure to prevent shorelines from being swamped by flooding and storm surges. 

After Superstorm Sandy, long-gestating plans to build three massive surge barriers have been 
moved to the front burner, along with discussions about raising entrances to flood-prone subway 
stations and the locations of critical equipment like pumps, transformers and wastewater pipes. 

Heavy downpours can overwhelm New York's antiquated 19th-century sewer systems, the miles of 
pipes and tunnels that carry away wastewater and, when overtaxed, divert billions of gallons of raw 
sewage and contaminated urban runoff into the rivers, lakes and the ocean. The city has committed 
$1.5 billion to erecting green infrastructure - green roofs, street and sidewalk plantings, porous 
pavements, cisterns, rain barrels - that will control and absorb storm water and prevent polluted 
runoff from flowing into waterways by capturing it and filtering it naturally through the soil. 

The city has also launched several programs to turn down the climate's thermostat, such as the 
Million Trees project (more than half a million have already been planted around the city) and painting 
flat roofs with a white or "cool" coating that reflects the sun's energy. More than 2 million square feet 
of roofs have been covered so far, with the goal of coating them all by 2030. 

New York is also an acknowledged world leader in its efforts to create a more sustainable food 
system. A broad-based coalition of neighborhood activists, social justice and food advocacy groups, 
top chefs, w riters, farmers, fishermen, ranchers, civic leaders and state agencies is revamping the way 
food is grown, distributed and disposed. 

The improvements include ways to preserve and promote regional farming and food production; 
connect rural farmers with city markets; cultivate urban agriculture; create large-scale municipal 
composting facilities; and expand food cooperatives and outreach programs to residents in low-

extensive lobbying in Sacramento and 
community organizing to push for 
enforcement of the California Environmen­
tal Quality Act and compel the Port of Los 
Angeles to initiate a suite ofpollution­
reduction strategies that have cleaned up 
the a ir. These included the Clean Truck 
Program, which replaced the port's fleet of 
old, dirty diesel trucks with EPA-compliant 
vehicles equipped with particle fi lters, and 
electrifying the ports so ships can just plug 
in to power their infrastructure while at the 
dock. A single sh ip idling in the port - they 
normally sit at anchor for two to three days 
while they're being unloaded - emits more 
pollut ion than five diesel school buses in an 
entire year. Turning off the engines and 
using electrical power can cut as much as 
three tons of smog-inducing emissions 
from each sh ip. Still, wh ile pollut ion at the 
Port of Los Angeles has been reduced by 
about 70 percent from its height, air quality 
remains a serious problem. "But at least 
we've made a start," said Cabrales, and, he 
added, flashing a toothy smile, "we now 
have a seat at the table." J) 

Linda Marsa is a contributing editor at 
DISCOVER. 

income areas, especially through school food and afterschool programs. - LM A rooftop garden in Brooklyn 
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BY CARL I N FLORA 

Na Head far Numbers 
Ho-vv can such a smart kid be so bad at math? 
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S TEPH ZECH GRADUATED FROM 

high school this spring with an 
admirable academic record. She especially 
loved chemistry, writing and literature -
though she has some reservations about 
Dante. A bright and diligent student, she 
took two Advanced Placement classes her 
senior year, sailing through both. 

But when it comes to math, Steph has 
struggled mightily. At age 17, she still 
counts on her fingers to add 3 and 5. She 
doesn't know her multiplication tables. 
She can't understand fractions, process 
concepts of time such as "quarter after" or 
read dice without counting the dots. She 
did recently figure out that if something 
costs 75 cents, the change from a dollar 
should be 25 cents. But when asked what 
the change would be ifthe price were 
70 cents, she considers at length before 
venturing, "15 cents?" 

There are many reasons for a bright 
student to be bad at math, including poor 
learning environments, attention disorders 
and anxiety. But Steph's struggles typify a 
specific math learning disability known as 
developmental dyscalculia. "A lot of people 
say, Tm not good at math' because they 
couldn't handle pre-calculus or something,'' 
says cognitive neuroscientist Edward 
Hubbard of the University ofWisconsin­
Madison. "People with dyscalculia struggle 
to tell you whether seven is more than five." 

Although dyscalculia, which affec ts 
about 6 percent of people, is about as 
common as the analogous reading disor­
der dyslexia, it is far less well-understood. 
According to one analysis, s tudies on 
reading disabil ities outnumber those that 
look at math deficits by a ratio of 14 to 
1. One reason for that disparity may be 
the belief that literacy is more important 
than numeracy. "People freely admit at 
dinner parties that they are poor at math, 
while few would admit that they are a 
poor reader,'' notes cognitive neurosci-
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entist Daniel Ansari of the University of 
Western Ontario. 

From calculating restaurant tips to 
navigating investment decisions to follow­
ing medication instructions, the ability 
to understand numbers is essential to 
functional living. In one study conducted 
in the U.K., researchers found that at age 
30, people with low numeracy tended to 
have less education and were more likely 

to be unemployed, in trouble with the law, 
and mentally and physically sicker than 
others the same age. 

But now, thanks to advances in brain 
imaging techniques and improved 
understanding of numerical cognition in 
general, new insights into the disorder 
have begun to emerge. Researchers have 
tracked dyscalculia to a fold in the back of 
the brain known as the intraparietal sulcus, 



or IPS. This area, they've learned, is crucial 
for perceiving and approximately compar­
ing quantities - say, a group of dots on a 
page, or spades on a playing card. This core 
mental capacity, known as approximate 
number sense, is important for arithmetic 
and much higher-level math. 

New research "helps isolate the potential 
causes of dyscalculia and points to impair­
ments in very basic number-processing 
abilities that can be measured before chil­
dren enter formal schooling," Ansari says. 
"This in turn can inform early diagnosis 
and intervention." 

Numbers Don't Stick 
Steph was in second grade when she 
decided she must be stupid. "We had 
those little one-minute math tests, and 
I would always be working till the last 
second, and everyone else would have 
[their papers] flipped over," she says. 
"I felt extremely isolated." 

Teachers at her school in Wisconsin 
dismissed her troubles, concluding that 
because she did well in the rest of her 
schoolwork, she must have been lazy 
when it came to math. That assumption 
still hurts, because Steph knows bet-
ter: For more than 10 years she and her 
mother, Susan, have spent countless hours 
hunched over math homework, trying to 
make the numbers stick in Steph 's brain. 
They've tried flashcards, computer games, 
videos, math songs, summer tutors ... 
but "there's nothing that has particularly 
helped" her truly understand, Steph says. 

While Steph was learning to compensate 
for her disability, partly through clever 
memorization tactics and partly through 
sheer effort, scientists far removed from 
the school where she struggled were prob­
ing the disorder's biological roots. Studies 
had shown for nearly a century that some 
brain injuries can cause impairments in 
quantity processing. Beginning in the late 
1990s, neuroimaging studies showed that 
a specific area of the parietal lobe - the 
IPS - is important for very basic numerical 
magnitude processing, such as deciding 
which of two numbers is larger. 

Only a few neuroimaging studies have 
examined numerical processing in chi l­
dren with developmental dyscalculia. In a 

2007 study, Ansari and colleagues scanned 
the brains of dyscalculic children while 
they made judgments about quantities 
of squares presented on a screen. When 
asked to identify which clustering had 
more squares, the children made more 
errors and responded more slowly than 
those in a control group. In addition, 
unlike their peers, children with dyscalcu­
lia showed no difference in IPS activation 
when they were comparing pairs of num­
bers that were closer versus further apart 
in value, suggesting that their brains were 
less efficient at discerning the relative 
distance between numbers. Other studies 
since have found similar effects. 

Recently, some researchers have pro­
posed that in some cases, dyscalculia may 

Difficulties in math can 
lead ta mare general 
underachievement. 

Steph Zech, who has developmental dyscal· 
culia, will attend Coe College in Iowa this fall. 

arise not from a "core deficit" in the ability 
to compare quantities, but instead from 
an "access deficit" - a problem in how 
the brain links perceptions of quantity to 
number symbols such as Arabic numerals, 
or in how it maps numbers onto verbal or 
spatial processes. So far, the evidence for 
"core" versus "access" subtypes of dyscal­
culia has been mixed. 

Rebooting Number Sense? 
Over the years, Steph persevered through 
multiplication tables and ratios, fractions 
and decimals. It was never fun - and 
geometry in particular is an adventure 
she'd prefer to forget. Her junior year, she 
transferred to a different school where the 
teachers were more helpful and willing to 
make some accommodations, like letting 
her use a note card to remind her of basic 
math facts during tests. She stuck with 
math through high school, earning straight 
As in pre-calculus her senior year. Though 
her performance on some elementary parts 
of the ACT math test was abysmal, she did 
fai rly well on some of the more advanced 
parts, which involve more reasoning than 
arithmetic. Her overall score was respect­
able - good enough, in fact, to land her a 
slot at a small private college in Iowa this 
fall, with academic scholarships. 

Steph is more fortunate than many 
young people w ith dyscalculia, whose dif­
ficulties in math - and the anxiety their 
troubles tend to stir - can set them on a 
path of overall underachievement. Many 
children with dyscalculia, and especially 
highly intelligent ones, tend to go undi­
agnosed. By the time someone notices the 
discrepancy between their math abil ity 
and general performance, it may be too 
late to shore up shaky foundations. 

But the advances in understanding 
how dyscalculia works suggest it might be 
possible to do better. Recently, researchers 
have focused their efforts on identifying 
fau lty number sense earlier, in hopes of 
finding ways to blunt its effects. Ansari 
and others are designing behavioral tests 
that evaluate the processing of number 
symbols and the basic skills underlying 
math, such as comparison of quantities 
and numbers, dot counting and relation­
ships between numbers. "These tools move 
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beyond just testing children on calculation 
skills to assessing the underlying skills 
- the basic foundational or scaffolding 
abilities," Ansari says. 

Several recent studies have shown that 
rudimentary number sense - an ability 
to discriminate between varying quanti­
ties - emerges by the time infants are 6 
months old. In a 2010 study, cognitive psy­
chologists Melissa Libertus and Elizabeth 
Brannon, then both at Duke University, 
found that infants gazed longer at images 
of black circles when the number of circles 
changed, compared with when the quan­
tity was always the same, as long as the 
ratio between the number of circles was 
always at least 2-to-l. And although all 
infants improved by age 9 months, those 
whose abilities were keenest at 6 months 
remained so a few months later. 

The study is important, Hubbard says, 
because "it shows that we can reliably 
measure something about number sense 
and that the number sense is stable over 
time." As such, he says, individual differ­
ences in number sense might predict later 
math abilities. 

Several research groups are testing the 
prospects for rebooting dyscalculic chil­
dren's approximate number sense or their 
ability to map quantities onto symbols or 
a mental number line. One example is a 
computer game called The Number Race, 
developed by Stanislas Dehaene at INSERM 
(the French National Institute of Health 
and Medical Research) and his colleague 
Anna Wilson, now at the University of 
Canterbury in New Zealand. 

In the game, which is designed to 
strengthen the brain circuits that support 
number sense, the child tries to beat a 
cartoon opponent to the end of a number 
line disguised as a colorful racetrack. 
Along the way, the chi ld must practice 
several different foundational math skills, 
including comparing quantities of objects, 
counting and ordering numerals, and 
matching quantities with symbols. The 
game adapts in difficulty depending on the 
player's success, so that it stays challeng­
ing without being frustrating. 

Initial tests of The Number Race's effec­
tiveness with children who struggle in 
math have been encouraging, though "not a 
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slam dunk,'' Hubbard says. Young children 
who play the game do show improvements 
on basic numerical cognition, but it's 
unclear how long these improvements last. 

Clues from Dyslexia 
Nonetheless, Hubbard is cautiously opti­
mistic that early and intensive training can 
help children with dyscalculia. Part of that 
optimism, he says, stems from research on 
dyscalculia's sister disorder, dyslexia. Read­
ing research, he observes, has long shown 
that a key aspect of dyslexia is the child's 
difficulty in understanding the sounds 
oflanguage - a deficit that is similar to 
the faulty number sense seen in dyscal­
culia. But even though understanding the 
sounds of language is key to learning letter 

HOW GOOO IS YOUR NUMBER SENSE? 
Number sense, or the ability to quickly 
ascertain and compare quantities, is 

correlated with general mathematical ability, 
and very poor number sense is the hallmark 

of dyscalculia. One online measure of 
number sense, the Panamath test (developed 

by Johns Hopkins University psychologist 
Justin Halberda and his student Ryan Ly), 
is freely available at www.panamath.org. 

For a taste of the test, glance at the first box 
below and quickly decide whether it has 

more blue or yellow dots. Then do the same 
for the other box - a more challenging task. 
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symbols, many studies have shown that 
learning letter symbols actually improves 
dyslexic children's ability to hear the 
sounds oflanguage. 

Hubbard suggests it may be that the 
same is true with numbers: that learning 
the symbols of math changes how the brain 
actually perceives quantities. "Because 
number symbols are exact - a number is 
either a 3 or it isn't - this may help 'tune up' 
the brain networks for non-symbolic num­
bers," he says. "Once children are aware of 
the fact that numbers can be exact, they 
may then focus more on counting up the 
right number, which could in turn sharpen 
their ability to see even non-symbolic quan­
tities more precisely." 

Whether that is true and, if so, exactly 
what kinds of training might jump-start 
the process are not yet clear. But what 
is key, Hubbard says, is that the brain a 
child is born with "may not be the brain 
the child is stuck with." 

Last winter, when Steph met with Hub­
bard to discuss her math problems, an 
online test (see "How Good ls Your Num­
ber Sense?") confirmed that her number 
sense was truly impaired. The information 
provided no fix - just vindication, and 
the wish that dyscalculia could be more 
widely understood. "I want math teach­
ers to be educated about it," Steph says. 
"Think about all the other kids that don't 
have as much motivation, or don't have as 
caring parents as I do." 

Whether adults with dyscalculia, like 
Steph, can eventually tap into the tools 
that researchers are currently developing 
for children remains unknown. Hubbard 
says it may be possible, though harder, 
both because adults have missed oppor­
tunities to learn when they're younger and 
because with age, the brain changes less 
in response to learning . 

As for Steph, he says, "There are places 
in life where this will always cause her 
d ifficulty. But I get the feeling that she's a 
very determined young girl and that she's 
going to figure out how to have a very suc­
cessful life no matter what happens." -. 

Carlin Flora is the author of Friendfluence: The 
Surprising Ways Friends Make Us Who We Are 
(2013). She lives in New York. 
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Darklands of the Cosmos 
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Has scientific prejudice 

blinded astronomers 

to a parallel universe 

of invisible 1natter? 

DISCOVER 

I AM A LIGHT-MATTER CHAUVINIST. 

Don't snicker; you're probably one, 
too. Almost all of us are. 

We think of ourselves, and the world 

immediately around us, as something 
special. And by extension we regard our kind 
of matter - atoms, molecules, rocks, water, 

air, stars and all of the other things that 

interact with visible light - as the most 
important kind of matter in the universe. 
The only matter that matters, as it were. 

Science tells a starkly different story. Last 
spring, the European Space Agency's Planck 

spacecraft completed an ultraprecise 
15-month census of the composition of the 

universe. The kind of matter that we can see 
makes up 4.9 percent of the total. Another 
fundamentally invisible type of matter vastly 

outweighs it, accounting for 26.8 percent. 

(The remaining 68.3 percent is an even more 
baffling component that consists of formless 
energy: That means more than two-thirds of 

the universe has no substance at all.) 

Even the technical language used to 
describe the Planck result was humbling. 
Things made of visible atoms are known as 

baryonic matter, which sounds like 
something youa take at the doctor's office. 
The unseen 26.8 percent, in contrast, is "dark 

matter" - cool and mysterious. 



But cosmologists have a hard time 
letting go of their prejudices. For years they 
convinced themselves that although the 
visible universe may be secondary in mass, 

it is where all the interesting things 
happen. Extrapolating from their very 
limited knowledge of how dark matter 
works, cosmologists assumed that dark 
matter consisted of just one kind of 
substance with a limited range of behavior, 
tending to gather in giant, diffuse clouds. 
They generally regarded dark matter as little 
more than the glue that holds together the 
visible universe and all its rich diversity. 

Two recent advances hint at just how 
much we have been missing about the dark 
side. In January 2012, Christoph Weniger, a 
physicist at the University of Amsterdam in 
the Netherlands, started noticing hints of a 
strange type of radiation around the center 
of our galaxy. To his excitement, he realized 
that the glow could be a signal of dark­
matter particles smashing into each other 
and, in the process, transforming from 
something invisible to something visible. If 
so, it might finally be possible to go beyond 
simply deducing where dark matter gathers, 
and start learning how it actually behaves. 

The other shoe dropped earlier this year, 
when a group of Harvard University 
theorists, including Lisa Randall andJi]i 
Fan, formulated a new theory of dark 
matter. One of the oddest things about 
Weniger's detect ion, Randall notes, is that 
it was possible at all. "The signal would be 
too small for you to see under most 
reasonable models of dark matter:· she 
says. But Randall and her collaborators 
realized they could t idily explain the 
observation if t here were a second type of 
dark matter out there: one that is not as 
diffuse as the dominant component of dark 
matter, but can interact with itself, just like 
visible matter. Clumps of this interacting 
kind of dark matter could form a disk, 
collapsing into a plane that could produce 
a correspondingly concentrated signal like 
the one Weniger saw. 

Acknowledging that dark matter might 
have some of the same kind of diversity as 
visible matter may seem a minor adjust­
ment. But it's one that has, as Randall 
narrates in an excited staccato, "super-

dramatic consequences:· If one variety of 
dark matter can clump together, it could 
form a panoply of previously unimagined 
dark structures. It could ball up into dark 
stars surrounded by dark planets made of 
dark atoms. In the most extravagant leap of 

Cosmologists 
convinced themselves 

that the visible universe 
is where all the 

interesting things 
happen. 

possibility, t his new kind of dark matter 
might even allow the existence of dark life. 

We could be sitting right on top of a 
whole shadow galaxy and not even know it. 

"A Whale New World" 
The turnabout shouldn't really come as 
much of a surprise. Galileo began chipping 
away at humans' sense of self-importance 
a full five centuries ago, when he proved 
that Earth does not sit at the center of the 
universe, no matter how things look to us. 
Yet the tendency to judge the cosmos 
based on appearances (and assumptions of 
our primacy) has proved tenacious. 

In the 1930s, the iconoclastic Swiss­
American astronomer Fritz Zwicky collect-

ed the first evidence for dunkle Materie -
dark matter. It took another 40 years before 
his colleagues grudgingly began embracing 
the idea, persuaded by new evidence that 
rotating galaxies would fly apart without 
the stabilizing gravitat ional attraction of 
dark matter. Not until the 1980s did nearly 
all astronomers accept that dark matter is 
real, and that it substantially outweighs the 
visible cosmos. 

At that point, a small but growing 
number of researchers began attempting to 
understand, measure and map the shadow 
world. One approach, pioneered by 
astrophysicist Anthony Tyson at Bell Labs 
in the 1990s, crudely located dark matter by 
the way its gravity distorted the light of 
visible galaxies. The next decade, studies of 
the cosmic microwave background (the 
relic radiation from the Big Bang) by the 
Wilkinson Microwave Anisotropy Probe, or 
WMAP. provided a new way to measure the 
total amount of dark matter; this is the 
same technique that the Planck spacecraft 
built upon to come up with its more precise 
cosmic breakdown. Meanwhile, an 
underground Italian lab experiment called 
the DAMA (DArk MAtter) Project sought 
evidence of dark matter particles colliding 
headlong into atoms right here on Earth. 

And still, none of those efforts did much 
to alter the basic assumption that dark 
matter was fundamentally simple and 
rather dull. 

Weniger's research, on the other hand, is 
seriously shaking things up. In January 

The Planck spacecraft created this map of radiation differences left over from the Big Bang. 
Scientists used it to determine that visible matter makes up only 4 .9 percent of the universe. 
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2012, he and four collaborators 
were combing through 43 months 
of data from Fermi, a NASA space 

observatory that scans the sky for 
gamma rays - radiation similar 
to light, but far more energetic. 
One unusual signal starkly stood 
apart from the others. Again and 
again, Fermi recorded gamma 
rays of a very specific energy, 60 
billion t imes as potent as 
ordinary yellow light. 

Random cosmic violence tends 
to produce radiation of all 
different energies, equivalent to 
the roar of waves on the beach. 
This signal was totally different. It 
was more like the beep-beep­
beep of a distress call. Weniger 
kept checking and rechecking his 
results. The gamma rays looked like the 
long-theorized flash of dark particles 
crashing into and destroying each other, 
which his team described as the "smoking 
gun signature" of dark matter. Mindful of 
the grand implications of this claim, 
Weniger continues to monitor the Fermi 
data. "It would be truly amazing if this 
turns out to be a real signal:' he says. 

After Weniger announced what he and 
his team were seeing, more than 100 other 
papers followed as other scientists t ried to 
confirm that the signal really exists and, if 
so, figure out what it means. Harvard's Fan 
and Randall were inspired by that frenzy. 
Their key insight was discarding the old 
idea that dark matter is one thing and one 
thing only. That was when they recognized 
that some dark matter might not be so 
simple. A secondary component (as much 
as one-sixth of the total dark matter) might 
be able to interact, collapse and form a 
hidden, dark disk within the visible disk of 
our galaxy; the theorists therefore call it 
"double disk" dark matter. 

Double-disk dark matter could do many 
of the same complex things that ordinary 
matter does. And there is so much dark 
matter overall that the secondary kind 
could weigh as much as all of the visible 
parts of the universe. "The fact that nobody 
had thought about this before is incredible:· 

DISCOVER 

The Fermi Gamma-ray 
Space Telescope saw 

radiation that looked like 
the long-theorized flash 
of dark particles crash­
ing into and destroying 

each other - a "smoking 
gun signature." 

Randall says. "What's really fun about this 
idea is that it opens up a whole new world~ 

Vision From the Other Side 
Getting mainstream scientists to move past 
their light-matter chauvinism and take that 
shadow world seriously will require some 
highly convincing evidence. Weniger frets 
that the Fermi observations are too 
ambiguous to do the trick. "What one needs 
is more data with the same experiment to 
establish that the signal is there:· he says. 

Harvard astronomer Douglas Finkbeiner 
is making an independent analysis of the 
Fermi data and likewise is finding that his 
results hang halfway between verification 

and falsificat ion. "It's the most 
frustrating possible outcome," 
he sighs. "One option is that the 

signal is just not as bright as we 
thought it was:· 

Randall is ready to forge ahead 
regardless of the fate of this 
particular observation. "The 
gamma ray line may not stay. but 
this just turns out to be indepen­
dently such an interesting 
scenario, with so many interest­
ing implications:· she says. And if 
our galaxy really does live right on 
top of a shadow galaxy, there are 
other ways to prove it. 

Researchers are working on a 
new European space observatory 
called Gaia, scheduled to launch 
this autumn, which should 

perform a part icularly telling test. Gaia will 
map the locations and velocities of about 
1 billion stars within the Milky Way. 
Searching for anomalous motions could 
shade in the outlines of an invisible, dense 
disk of dark matter pulling on those stars. 

Even then, we will have only scratched 
the surface of our galaxy's dark side. The 
only sure thing is that we will never know 
unless we explore all the possibilities. In 
that spirit, Finkbeiner cites an old friend 
and fellow dark matter visionary, Neal 
Weiner at New York University. Weiner 
spins stories about Professor Dark Matter, a 
researcher from the other side who has 
formulated a far-out theory about a 
missing ingredient in the universe called 
"visible matter~ The professor accurately 
describes all t he details of our world to her 
incredulous colleagues - with the end 
result that she fails to get tenure. 

"Imagine a dark academic working in a 
dark lab t rying to come up with a detector 
for visible matter:· Finkbeiner says. "It'd be a 
pretty difficult thing:· Then he pauses a beat, 
pondering the fate of the poor professor and 
still struggling to set aside his own 
light-matter prejudices. D 

Corey S. Powell is editor at large of DISCOVER. 
Follow him on Twitter @coreyspowell, and read 
his blog at DiscoverMagazine.com/outthere. 
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ABOUT THE MAP ) 

It depicts the sky from midnorthern 
latitudes at midnight July 1 and 10 p.m. 
Aug. 1. West is to the right because 
this is the view looking up. 

WHAT YOU CAN SEE) 

Venus hangs low but 
dazzling after sunset 
all summer and fall, 
skidding horizon­
tally from due 
west in late 
July to south­
west later in 
the year. 
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"The Galaxy is nothing else but a 

mass of innumerable stars planted 
together in clusters," wrote Galileo Galilei in 
1610, recognizing for the first time that the sun, 

Earth and other planets are part of a far grander st ructure. Most 
of us never get to share Galileo's epiphany because ubiquitous light 

pollution easily overwhelms the glow of the Milky Way. But not always: 
Once or twice a year, suburban skies turn beautifully transparent, often 
after a storm has cleaned up the air. Or perhaps your summer vacation 

may take you to true dark-sky country. Either way - seize the moment! 

.. . 
• 
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SCORPIUS stars and more stars beyond; 

looking in other directions, you 
peer toward the inky depths of interga­

lactic space. Observe more carefully, and you'll 

notice that the Milky Way seems to have missing chunks, 
including a long split - called the Great Rift - which is high over­

head this month. (Some lncan and Aboriginal Aust ralian cultures per­
ceived such dark gaps as mythological figures, like negative versions 
of the bright constellations.) These are the shadows of massive, light· 

obscuring dust clouds. Because of them, much of our galaxy's 200 

Even a quick glance reveals a lot. The Milky Way appears as a con- billion stars are obscured. But those clouds contain the raw material 
fined band of light because our galaxy is flattened like a pancake, and for the next generation of stars, ensuring that the Milky Way will remain 
we lie within it. Looking out through the width of the pancake, you see enthralling for billions of years to come. COREY S. POWELL 
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20 
THINGS YOU DIDN'T 
KNOW ABOUT GRAVITY 
By Bill Andrews 

The funny thing about 
gravity is that it's all relative. 

1. Star Wars' Obi-Wan Kenobi said the Force "surrounds 

us and penetrates us; it binds the galaxy together'.' He 

could have been talking about gravity. Its attractive 

properties literally bind the galaxy together, but it also 

"penet rates" us, extending physically through us, 

keeping us bound to Earth. 2. Unlike the Force, with its 

dark and light sides, gravity has no duality; it only 

attracts, never repels. 3. NASA is trying to develop 

tractor beams that could move physical objects, 

creating an attractive force that would trump gravity. 

4. Passengers on amusement park rides and the 

International Space Station experience microgravity 

- incorrectly known as zero gravity- because they 

fall at the same speed as the vehicles. 5. Someone who 

weighs 150 pounds on Earth would - if it were 

possible to stand on Jupiter - weigh a whopping 354 

pounds on the enormous gas giant. Larger masses have 

greater gravity. 6. To leave Earth's gravitational pull 

behind, an object must travel 7 miles a second, our 

planet's escap e velocity. 7. Gravity is by far the weakest 

of the four fundamental forces. The other three are 

electromagnetism; weak nuclear force, which governs 

how atoms decay; and strong nuclear force, which 

holds atomic nuclei together. 8. A clime-size magnet 

has enough electromagnetic force to overcome all of 

Earth's gravity and stick to the fridge. 9. An apple clidn't 

hit Isaac Newton in the head , but it clid make him 
wonder if the force that makes apples fall influences 

the moon's motion around Earth. 10. The apple in 

Newton's eye led to the first inverse square law in 

science, F= G *(mM)!r. This means an object twice as 

far away exerts a quarter of the gravitational pull. 11. 
Gravity's inverse square law also means the reach of 

gravitational attraction is technically infinite. Whoa. 

12. Gravity's other definition - meaning something 

weighty or serious - came first, originating from the 

Latin gravis, or "heavy'.' 13. The force of gravity 

accelerates everything at the same rate, regardless of 

weight. If you dropped balls of the same size but 

clifferent weights from a rooftop, they would hit the 

ground at the same time. The heavier object's greater 

inertia cancels out any speed it might have over the 

lighter object. 14. Einstein's general theory of relativity 

was the first to treat gravity as a clistortion of space­

time, the "fabric" that physically emboclies the universe. 

15. Anything with mass warps the space-time 

surrouncling it. In 2011, NASA's Gravity Probe B 

experiment showed Earth tugs on the universe around 

it like a wooden ball spinning in molasses, exactly as 

Einstein preclicted. 16. When clistmting the space­

time around it, a massive object sometimes reclirects 

light that passes through it, just as a glass lens does. 

Gravitational lensing can effectively magnify a clistant 

galaxy or smear its light into a strange shap e. 17. The 

"Three-Body Problem;· determining all the patterns 

three objects orbiting each other could take if 
influenced only by gravity, has puzzled physicists for 

300 years. So far they've found only 16 types of solutions 

- 13 of them just cliscovered this March. 18. Although 

the other three fundamental forces play nice with 

quantum mechanics - the science of the very small 

- gravity is stubbornly incompatible with it; quantum 

equations break down if they try to include gravity. 

How to reconcile these two completely accurate but 

opposing descriptions of the universe is one of physics' 

biggest questions. 19. To understand gravity better, 

scientists are looking for gravitational waves, ripples in 

space-time that result from things like black holes 

collicling and stars exploding, accorcling to Amber 

Stuver, a physicist at Louisianas Laser Interferometer 

Gravitational-Wave Observatory (LIGO ). 20. Once 

LIGO researchers successfully detect gravitational 

waves, they'll be able to use them to see the cosmos as 

never before. "Every time we've looked at the universe 

in a new way;· Stuver says. "it revolutionized our 

understancling of the universe'.' Talk about heavy. 

Bill Andrews is an associate editor at DISCOVER and has 
always felt a mutual attraction w ith the physical sciences. 
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