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Cosmology craft

The Planck spacecraft — the culmination of nearly two 
decades of nonstop effort by hundreds of scientists 
and engineers — has given astronomers their best 
look ever at the infant cosmos. Since 2009, the probe 
has been mapping the microwave universe and gath-

ering data on our Milky Way, galaxies across cosmic time, and the 
cosmic microwave background (CMB) — the Big Bang’s relic radia-
tion. It’s certainly not the first craft to study the CMB, but Planck 
has produced the most detailed observations of this pervading 
radiation across the cosmos. 

Now, Planck’s first cosmology results, announced in 29 scientific 
papers in March, have confirmed astronomers’ leading theory of 
the universe. They have refined many cosmic parameters, such as 
the universe’s age, how fast it is expanding, and what it’s composed 
of. But just as important as these much-publicized findings are the 
other results that lie within the Planck data and just how scientists 
managed to extract that information. For embedded within the sea 
of microwave signals is a map of the universe’s matter across cosmic 

time, secrets of enormous 
gravitationally bound superclusters of 
galaxies, and thousands of newly cataloged objects.

Astronomers have made a discovery workhorse of the European 
Space Agency’s (ESA) Planck mission and revealed a microwave 
universe never before seen.

Up and away
The Planck mission launched May 14, 2009, from Guiana Space 
Centre in Kourou, French Guiana. It collects light from a “Lissa-
jous” orbit around the second Sun-Earth Lagrangian point, called 
L2. (This is one of five locations where the Sun’s and Earth’s gravi-
tational forces equal each other, which allows Planck to maintain a 
stable orbit with little propellant.) The L2 point sits some 930,000 
miles (1.5 million kilometers) from Earth in the direction opposite 
the Sun. Planck’s solar panel blocks the heat and light from the 
Sun, Earth, and the Moon from blinding the spacecraft.

After weeks of cooling and calibrating the craft, astronomers 
began routine observations August 12, 2009. Planck completes one 
all-sky scan in six months, collecting data through its High Fre-
quency Instrument (HFI) and its Low Frequency Instrument (LFI). 

The helium-3 used in 
conjunction with helium-4 to cool 

Planck’s HFI to 0.1 kelvin (–459.49° Fahrenheit) ran out January 
13, 2012; the LFI, however, will collect data through September 
2013. (See “Planck’s instruments, and how they compare to others” 
on p. 30.) The March 2013 release incorporates 15.5 months of 
observations, so 2.5 surveys of the sky.

Getting to the signal
Planck collects information about the CMB radiation, but it also 
observes most energies with a frequency between 27 and 1,000 
gigahertz. To see only the faint CMB signal, scientists have to 
remove seven types of signals they’re not interested in from each of 
the instrument’s nine channels.

One of their tricks is actually using Planck’s nine frequency 
bands to better define what they’re seeing. “We use 
the low-frequency instruments to map the 
galactic rubbish and subtract it out of 
the higher-frequency maps where 
we’re looking for the CMB,” says 
Bruce Partridge of Haverford 

College in Pennsylvania. “Dust in our galaxy and in external galax-
ies is very strong at the highest frequencies. We map it at the highest 
frequency and subtract it out of the intermediate frequencies.” 

The researchers know what the CMB’s energy spectrum looks 
like — NASA’s COsmic Background Explorer measured it in the 
1990s. They then compare images through different filters of the 
same location on the sky. Specifically, they look for radiation inten-
sity changes that correspond to astronomical objects. “Most of the 
foregrounds we’re dealing with have a different spectrum from the 
microwave background,” says Partridge. “So by having this wide 
frequency range, we can characterize the foregrounds much better.” 

For example, high-energy particles in space — called cosmic 
rays — spiral along the Milky Way’s magnetic 

field. As they change directions, they emit 
radiation that has a strong signal in 

Planck’s lowest frequency bands. 
Because scientists have been 

able to isolate these signals, 

Dust in our galaxy, cold prestellar objects, and the cosmic microwave back-
ground glow in long-wavelength microwave radiation. The Planck spacecraft 
has mapped this emission with better resolution than any previous all-sky 
microwave probe. ESA/LFI & HFI CONSORTIA 

0.1 kelvin 
The temperature Planck’s High Frequency 

Instrument must be cooled to

This new spacecraft has mapped the universe’s 
matter, refined its composition and age, and 
revealed thousands of radio sources. by Liz Kruesi

Liz Kruesi, an Astronomy associate editor, writes frequently about  
cosmology and the universe’s most extreme objects.
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into its constituents. They essentially “bin” all the sizes — a certain 
number are 2° wide, 1° wide, ½° wide, and so on. They then plot 
how the temperature varies as a function of the sizes on the sky. 
This comparison is called the “angular power spectrum,”  and each 
bump on the plot corresponds to  a “binned” variation size in the 
CMB map (see “Listen to the universe,” above).

Planck scientists model a universe with six specific variations 
— for example, the density of baryonic matter and the fraction of 
photons that run into electrons — and compare that to the angular 
power spectrum compiled from the data to find the perfect match. 
From those six parameters, astronomers also can calculate many 
characteristics of the universe, like how fast it is expanding, its age, 
and its composition. “The cosmic background is the most important 
source of information about the universe at large and its contents, by 
far,” says Charles Lawrence, the U.S. Planck project scientist located 
at NASA’s Jet Propulsion Laboratory (JPL) in Pasadena, California. 
“It has contributed more to our understanding of 
the universe than anything else.”

Scientists can precisely model the 
early cosmos because they under-
stand the physics of the universe at 
the time of last scattering. It was a 

hot mixture of particles and radiation but contained no galaxies or 
stars. It held just hydrogen, helium, deuterium, tritium, and a sprin-
kling of lithium, but no other elements. “The density was low, by  
the standards of the density on Earth — a few million particles per 
cubic meter,” says Lawrence. “The behavior of the matter is known. 
You had electromagnetic interactions and gravity interactions. And 
the dark matter had a weak nuclear interaction. But you know how 
all this works; the physics of that time is understood really well.”

Scientists with the prior-generation CMB craft — the Wilkin-
son Microwave Anisotropy Probe (WMAP) — incorporated nine 
years of data to find that the universe is 13.77 billion years old and 
holds 4.6 percent normal matter, 23.6 percent dark matter, and 71.8 
percent dark energy. Using the new Planck map and power spec-
trum, scientists refined those characteristics: the universe is 13.82 
billion years old, 4.9 percent of the cosmos is baryonic, 26.8 percent 
is dark matter, and 68.3 percent is dark energy. (The Planck team 
determined nearly 20 other parameters, too.)

Scanning for bigger structures
Analyzing the relic radiation gives scientists additional informa-
tion about the universe — specifically, intervening material that 
alters CMB photons as they make their way to scientists’ detectors. 
Most of the universe’s baryonic matter is not in stars, but actually 
in hot gas, and galaxy clusters hold a lot of 10-to-100-million-
degree gas. “Some small fraction of the CMB photons coming 
through this hot gas scatters off energetic electrons [in gas], while 
they modify the energy of the photons,” says Lawrence. 

This changes the signal Planck receives in an understood way; 
the modification is called the Sunyaev-Zeldovich effect (SZe) after 
the physicists who theorized it. “Any cluster of galaxies will show 
up as either a slightly hotter or colder spot on the CMB map than it 
should be,” explains Joanna Dunkley, a Planck team member at the 
University of Oxford in England.

Using the satellite’s data, scientists compiled a catalog of 1,227 
galaxy clusters. Out of those, they already knew of about half, but 
Planck confirmed 178 additional clusters and identified 366 candi-
date clusters. While analyzing these structures, however, they 
came across a possible problem that suggests astronomers don’t 

fully understand the physics of galaxy clusters. 
“The number of clusters we see doesn’t 

quite match up to what we expected,” 
says Dunkley. 

“If you assume that the X-ray 
astronomers are right,” adds 

they’ve also compiled catalogs of those foreground sources. One 
such release contains 24,119 compact sources (any spot on the sky 
that emits microwave radiation). Planck has given astronomers a 
radio playground to investigate.

Universe origins
Planck’s main purpose, of course, is to precisely map the CMB.  
The past century of observational evidence — and especially other 
CMB measurements — has strengthened the Big Bang theory, 
which says the universe began some 13.8 billion years ago as a sear-
ing, densely compressed area of radiation and subatomic particles. 
Immediately afterward, our tiny universe expanded tremendously 
(1030) in just 10–36 second; scientists call that fraction of time the 

“inflationary era.” (Still an unobserved cosmic epoch, inflation is 
backed by mounds of evidence.)

After this period, the universe continued to expand (at a lower 
rate) and thus cool. A few minutes after the Big Bang, quarks com-
bined to form protons and neutrons. Those particles sloshed 
around with electrons and radiation “bits,” called photons. For 
thousands of years, radiation collided with other particles. 

Then, when the universe had expanded enough to cool to 3000 K 
(4940° F), electrons and protons could combine as neutral hydrogen 
atoms, so photons had fewer particles to bounce off. The radiation 
could stream free. This “time of last scattering,” as scientists call it, 
occurred about 370,000 years after the Big Bang. The light has been 
traveling since then, filling the universe and landing on astronomers’ 
detectors as blips of energy. Cosmic expansion has stretched, or red-
shifted, that radiation’s wavelengths from infrared to microwave.

This radiation carried with it a picture of what the cosmos 
looked like at the time of last scattering. Regions packed with 
slightly more mass were warmer. On the resultant Planck CMB 
temperature map, the redder (warmer) regions eventually pulled in 
more matter and formed into today’s superclusters of galaxies. But 
that’s not the only bit of information this map reveals.

Cosmic characteristics
Planck scientists use the data compiled from the satellite’s nine 
wavelength bands to determine an array of cosmic parameters — 
such as the universe’s age and the amounts of normal, or baryonic, 
matter that stars and people are made of; dark matter, a mysterious 
invisible mass; and dark energy, what seems to be speeding up cos-
mic expansion. The CMB map may look clumpy with different-
sized spots across the sky, but astronomers break apart this signal 

The cosmic recipe

Using the new data from Planck, astronomers have revised the percent-
ages of ordinary matter, dark matter, and dark energy that make up the 
universe. ASTRONOMY: ROEN KELLY

Listen to the universe

The “angular power spectrum” shows the amount of fluctuation in the 
cosmic microwave background temperature at different angular scales 
on the sky. It is the single most important result from the Planck mission 
because it provides scientists with a way to find out how much stuff the 
universe holds, how much of that is ordinary versus dark matter, and  
additional characteristics of the early cosmos. 

A look inside the Planck spacecraft shows how much of the volume 
is dominated by cooling systems to ensure that the High and Low 
Frequency Instruments can detect temperature — and thus energy — 
differences a million times smaller than a degree. ESA/AOES MEDIALAB

Planck’s map of the cosmic microwave background (CMB) shows details some 
three times smaller than the map from the previous-generation CMB satellite, 
the Wilkinson Microwave Anisotropy Probe (WMAP). The square outline on the 
map at left shows the region compared in the larger boxes, above. 
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PLANCK’S INSTRUMENTS, AND HOW THEY COMPARE TO OTHERS
Planck is the third-generation cos-
mic microwave background (CMB) 
spacecraft. The first one, the COs-
mic Background Explorer (COBE), 
measured the radiation’s tempera-
ture profile in the 1990s accurately 
to 2.725 ± 0.002 kelvin (–454.8° 
Fahrenheit), matching the value 
that scientists’ best theory 
hypothesizes. The Wilkinson 
Microwave Anisotropy Probe 
(WMAP), the second-generation 
CMB detector, then measured the 
CMB’s temperature variations as it 
operated from 2001 through 2010.  

WMAP and Planck work differ-
ently from COBE. Each measured 
how specific spots in the sky differ 
in temperature. But Planck views 
the sky across a wider range of the 
electromagnetic spectrum and can 
see finer details. WMAP’s detectors 
had a sensitivity of 20 millionths  
of a kelvin and could resolve 
angles as small as 15 arcminutes  
(1/4 degree); Planck’s detectors have 
a sensitivity of two millionths of a 
kelvin and can resolve angles as 
small as 5 arcminutes (1/12 degree). 

It also can see wavelengths 10 
times shorter than WMAP could.

Planck’s High Frequency Instru-
ment (HFI) collects light in six fre-
quency bands — centered on 100 
gigahertz, 143 GHz, 217 GHz, 353 
GHz, 545 GHz, and 857 GHz. Each 
collection band has a width, and 
thus HFI covers most frequencies 
between 84 and 1,000 GHz. This 
range spans radiation with wave-
lengths from 3.6 millimeters to 
0.3mm. (Visible light corresponds 
to energy with wavelengths 
between 390nm and 700nm, or 
roughly 1,000 times shorter.) 

The Low Frequency Instrument 
(LFI) measures light across three 
bands between 27 and 77 GHz, 
which spans 11.1mm to 3.9mm. 

HFI’s detectors must be kept 
extraordinarily cold to register a 
radiation change. A four-step 
cooling system aboard Planck 
brings the instrument’s tempera-
ture to just 0.1 K, making it the 
coldest place in space. LFI’s detec-
tors can operate at a higher tem-
perature — about 20 K. — L. K.

10,783 
The number of prestellar cores 
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Partridge, “you ought to see a bigger signal in the microwave 
background with SZe.” 

Another finding that astronomers extract from the CMB data 
aligns better with the theoretical models. “We’re using the cosmic 
microwave background as a backlight,” says Dunkley. “So the CMB 
is traveling to us over billions of years, and it travels through space 
for billions of years. The gravity of basically everything it goes past 
bends that light ever so slightly.” By analyzing the outcome of this 
“gravitational lensing” on the CMB data, the Planck team created a 
map of the distribution of all the matter in the universe between 
the surface of last scattering and the present time. 

“It doesn’t give us a high-resolution picture — Planck doesn’t 
have that kind of ability,” explains Lawrence, “but on large scales, 
we get all the mass. And that’s really cool.” Jan Tauber, the ESA 
Planck project scientist, adds, “Some people think it’s more inter-
esting than the CMB itself.” This matter map 
agrees with the percentage of baryonic 
matter, dark matter, and dark energy. 
In fact, a universe with no dark 
energy would generate bigger 
lumps over time and have a 

To the beginning
Although mission planners 
designed Planck “to measure tempera-
ture anisotropies [temperature differences] better 
than ever, and in a sense, to be the final word” for those mea-
surements, says Lawrence, the probe also collects data about the 
microwave radiation’s polarization — from the Milky Way and 
also the CMB. People are familiar with polarization in a different 
form: Sunlight bouncing off a lake can have a preferred direction, 
and thus polarized sunglasses cut the glare by blocking light with a 
specific orientation. (This is because light acts like wave.) 

Astronomers think the CMB radiation has two different types 
of polarization: E-mode, which results from CMB photons chang-
ing directions as they collide and then scatter off electrons; and 
B-mode, which is produced by gravitational waves originating 
from the universe’s first moments. They’ve found E-mode polar-
ization, but B-mode corresponds to a much fainter signal.

According to the Big Bang theory, during the inflationary 
period that lasted for just a fraction of a second, quantum fluctua-
tions expanded. (These density variations eventually led to struc-
tures like today’s galaxies and galaxy clusters.) As the universe 
expanded, so did those fluctuations, causing ripples in space-time 
— gravitational waves. “Gravitational waves basically leave an 
imprint on matter after inflation,” explains Tauber. 

Cosmologists are on the hunt for evidence of those ripples, 
which would show up as “a very specific pattern of polarization around hot and cold spots in the temperature of the CMB — the 

so-called B-mode signal,” says Partridge. 
“It’s very hard to produce B-mode polarization any other way” 

than through inflation, he adds. 
“So that’s what we’re going to be looking for, with the caveat that 

they’re expected to be very weak,” says Tauber. “It’s quite uncertain 
whether we will be able to find that particular signature.” And find-
ing this signal would help astronomers narrow down what happened 
during inflation — if this hyper-acceleration actually occurred. 
(They have hundreds of inflationary theories to swim through.) 

Planck scientists hope to tease out this signal in their next data 
release, which is currently set for mid-2014. This next analysis will 
include 29 months (more than four all-sky surveys) of HFI data 
and 50 months (some eight all-sky surveys) of LFI measurements 
— this is all of the data that the instruments have collected.

 “Finding this B-mode signal is the next big thing in the  
microwave background,” says Partridge, “because it is an absolute 
smoking gun for inflation. That is the holy grail. Whether Planck 
will see it or not is still an open question, but we’re sure as hell 
going to be looking.” 

much larger lensing signal. “We use this new data from Planck to 
add extra evidence for the existence of dark energy and how much 
of it there is,” says Dunkley.

“With Planck, I would say the CMB lensing signal has transi-
tioned from a theoretical construct to now being a useful cosmo-
logical tool,” says Jamie Bock of JPL. “This is only the beginning, 
and I’m sure we are going to see many uses of CMB lensing to 
study galaxy formation and large-scale structure soon.”

A few oddities
The CMB radiation map shows a few oddities as well. Scientists typ-
ically describe the universe as isotropic, meaning it looks the same 
from any viewpoint and thus has no preferential locations or direc-
tions. But a few subtle anomalies in the CMB raise questions: The 
signal at the largest angular scales seems to be weaker than ex-
pected, the two hemispheres appear to have slightly different aver-
age temperatures, and the all-sky map contains a large cold spot.

WMAP had hinted at the latter two anomalies, but “Planck 
showed skeptics like me that they were real, and not small prob-
lems in the data,” says Partridge. These issues aren’t large enough 
to throw out the leading model of the universe’s evolution, but it 

does mean that perhaps astronomers don’t fully 
understand the physics of the early cos-

mos and will need to revise the mod-
els in such a way that these signals 

are outcomes of the theory and 
not peculiarities. SEE HOW THE PLANCK SPACECRAFT MAPS THE MICROWAVE SKY AT www.Astronomy.com/toc.

Planck’s microwave detectors captured this striking image of cold dust in a 
region 30° wide toward the constellation Perseus. Red shows areas of lower 
frequency, which corresponds to a colder temperature. ESA/LFI & HFI CONSORTIA

The Planck team released this all-sky map 
of the universe’s mass distribution. Re-
gions with more mass are darker 
blue in this image, while areas 
with less are lighter. The 
black horizontal band in-
dicates where the Milky 
Way’s disk lies across 
the sky, which is too 
bright for scientists to 
tease out cosmic mass 
information.  
ESA/NASA/JPL-CALTECH

Mass warps space-time, and light will follow this warping. Thus, radiation 
from the early universe — like galaxies or the cosmic microwave background 
— will appear distorted once it reaches Earth. Scientists can use this “gravita-
tional lensing” effect to learn about the universe’s mass. ASTRONOMY: ROEN KELLY

As a light photon travels through the hot gas in a cluster of galaxies, 
it may collide with an energetic electron and steal some of its energy. 
Thus, the photon is slightly bluer when it arrives at a detector. Scientists 
look for this “Sunyaev-Zeldovich effect” in the cosmic microwave radia-
tion to learn about intervening galaxy clusters. ASTRONOMY: ROEN KELLY

Revealing galaxy clusters

Intervening matter

WHO WAS MAX KARL ERNST 
LUDWIG PLANCK?

Born April 23, 1858, in Kiel, 
Germany, Max Planck’s inter-
est as a youth lay in music — 
specifically piano and organ. 
He considered a musical 
career prior to attending the 
University of Munich. There, 
his focus switched to physics.

Planck spent a year study-
ing at the University of Berlin 
— cementing his interest in 
radiative processes and ther-
modynamics. He earned a 
doctorate at the University of 
Munich in 1879 and taught 
there for a number of years.

In 1888, Planck joined the 
faculty at the University of 
Berlin, where he remained 
until his retirement in 1927. It 
was during this time that he 
studied how the intensity of 
the electromagnetic radiation emitted by a perfect absorber, also 
known as a cavity radiator or a black body, depends on light’s color 
and the temperature of the absorber. 

In 1900, he presented his research — that the energy comes in 
only discrete values, or quanta, that depend on a frequency. So for 
the frequency ν, the energy is ħν, where ħ is a constant (now called 
Planck’s constant, with the value 6.62606957 x 10–34 joule·second). He 
opened the doors to quantum theory without realizing it. Other lumi-
naries (like Albert Einstein) would later build on Planck’s research.

The Royal Swedish Academy of Sciences awarded Planck the 1918 
Nobel Prize in physics “in recognition of the services he rendered to 
the advancement of Physics by his discovery of energy quanta.” 
Much of his life after his discovery of quanta focused on thermody-
namics research in addition to his being active in the German Physi-
cal Society and the Prussian Academy of Sciences. He died October 
4, 1947, in Göttingen, Germany. — L. K.

Max Planck was awarded the Nobel 
Prize in physics in 1918 for his work in 
quantum theory.

A
IP

 E
M

IL
IO

 S
EG

RÈ
 V

IS
U

A
L 

A
RC

H
IV

ES
/W

. F
. M

EG
G

ER
S 

G
A

LL
ER

Y 
O

F 
N

O
BE

L 
LA

U
RE

AT
ES

24,119 
The number of radio sources in Planck’s  

compact source catalog


