
16 PHYSICS TODAY | OCTOBER 2019

SEARCH & DISCOVERY

O pened in 2012, the Atacama Large
Millimeter/Submillimeter Array
(ALMA), shown in figure 1, mea -

sures the portion of the spectrum strad-
dling the boundary between radio and
IR—a range which is easily absorbed by
water in Earth’s atmosphere. The array’s
location is ideal. Not only is Chile’s Ata-
cama Desert the driest place on Earth
(excluding the poles) but it also has a wide
plateau whose 5000 m elevation reduces
absorption by water vapor and whose flat-
ness allows the array’s 66 large antennas
to be easily moved around and reconfig-
ured. ALMA researchers have published
numerous results in the intervening seven
years (see, for example, PHYSICS TODAY,
December 2016, page 22). The array is
also part of the network of facilities that
make up the Event Horizon Telescope,
which recently captured the first image
of a black hole (see “What it took to cap-
ture a black hole,” PHYSICS TODAY online,
11 April 2019). 

Now Tao Wang of the University of
Tokyo and his colleagues have used
ALMA to find a missing link in the story
of galaxy formation.1 Before he and his
team made their discovery, the low num-
ber of massive galaxies, with masses
above 1010 solar masses, observed from
the first 2 billion years after the Big Bang
could not account for the significantly
higher number observed from the next
billion years. ALMA’s wavelength range
is perfect for finding those ancient mas-
sive galaxies not visible in previous mea -
surements, and Wang and his team did
just that. 

Redshift your perspective
Because the universe is expanding, emit-
ted radiation from galaxies redshifts to
longer wavelengths the farther away it
starts from Earth. A wave’s journey to us
takes time, so to observe a redshifted

wave is to look into the past. Redshifts
are determined by identifying an emis-
sion line in a galaxy’s spectrum and
measuring how far its peak wavelength,
λobs, has shifted from its rest-frame value,
λ0. Redshift z is defined as (λobs − λ0)/λ0.
Although spectral features broaden in
their long journey across the universe,
the redshift is still identifiable. Radiation
with z = 3 was emitted when the universe
was 2 billion years old. 

In its rest frame, a galaxy’s visible- to-
UV emission spectrum drops off sud-
denly for wavelengths shorter than 912 Å.
Light with shorter wavelengths than
that limit ionizes hydrogen gas in and
around the galaxy before it escapes. As
the radiation gets redshifted, the sudden
break in the spectrum shifts to higher
wavelengths—even into the UV range
measurable from Earth. Astronomers
identify high-redshift galaxies, with
z > 3, by filtering the emission and com-

paring its higher signal in the visible
range with its much lower signal in the
UV. Galaxies discovered using that
method are known as Lyman-break
galaxies (LBGs).

Previous measurements performed
with the Hubble Space Telescope and at Las
Campanas Observatory in Chile found
many massive galaxies with redshifts z
of 2–3, which existed 2 to 3 billion years
after the Big Bang.2 But far fewer have
been found from earlier stages in the
universe’s evolution, with z > 3. Those
found thus far either are LBGs with much
smaller stellar populations than later
galaxies or are extreme starburst galaxies,
which have high star-formation rates and
are brighter than a typical massive galaxy.
Together they are too small or too few 
to have made all the galaxies seen with a
z of 2–3. 

The Lyman-break selection method
overlooks some galaxies. For the break to

Detection at a new wave-
length reveals ancient
galaxies in higher numbers
than observed previously 
or predicted. 

Massive galaxies from the early universe found hiding in
plain sight

FIGURE 1. ANTENNAS FROM THE ATACAMA LARGE MILLIMETER/SUBMILLIMETER
ARRAY are on an elevated desert plateau ideal for measuring wavelengths from the far-IR
to radio. The 66 antennas can cluster together for higher-sensitivity measurements or
spread over tens of kilometers to zoom in on details. (Courtesy of W. Garnier/ALMA/
ESO/NAOJ/NRAO.)



appear precipitous and therefore be
identifiable in Earth-based visible and
UV images, a galaxy must emit enough
at wavelengths just above the Lyman
break. That condition is unlikely to be
met by massive galaxies because the sur-
rounding dust dims the outgoing emis-
sion or because their stars are older and
emit less right above the break to begin
with. Detectors that have higher sensitiv-
ity and are able to measure into the mid-
and far-IR provide a higher signal to
compare with UV images. But the exact
wavelength ranges one compares are im-
portant. Galaxies at lower redshifts can
mimic those with higher redshifts if their
spectrum is pushed to a redder color by
attenuation from high levels of dust or is
intrinsically redder because it comes
from an active galactic nucleus rather
than stars. 

Hiding in plain sight
A few years ago, Wang and his team
hunted for those missing massive galax-
ies in the mid-IR.3 They found a specific
combination of filters capable both of
finding galaxies too faint for Lyman-
break selection and of distinguishing be-
tween older galaxies and younger mim-
ics. Using the Spitzer Space Telescope’s
Infrared Array Camera, they captured an
image at 4.5 μm, which they subtracted
from existing Hubble Space Telescope mea -
surements in the near-IR. A difference 
in the intensity above a certain threshold
indicated the location of a potential
galaxy in the distant universe. Through
that method, Wang and company iden-
tified 63 potential ancient massive galax-
ies not found using Hubble’s measure-
ments alone. 

But the galaxies are still very faint at
4.5 μm, and measurements with better
spatial resolution and at multiple wave-
lengths would reveal more about their
properties. The researchers knew they
needed a facility such as ALMA, with
detection in the far-IR. Taken in the sum-
mer of 2016, their ALMA images re-
solved the galaxies and confirmed that
39 of the previously identified objects are

star-forming massive galaxies invisible
in the Hubble images: Four are shown in
figure 2. “While we did expect that many
of these galaxies would be at high red-
shift, the high detection rate with ALMA
is still surprising,” says Wang.

Once older massive galaxies are iden-
tified, there’s still the question of figuring
out their exact redshift. It’s much harder
to measure a full spectrum, so many ob-
servatories stick with radiation that is
detected through a broad filter and not
spectrally resolved. Such a measurement
gives just one number—the intensity—
rather than the individual spectral lines
necessary to calculate the redshift. In-
stead, the data need to be fitted with an
expected spectral energy distribution to
find what is called the photometric red-
shift, which has a larger uncertainty than
redshifts found from spectroscopy.

Corentin Schreiber of Oxford Univer-

sity in the UK was in charge of figuring
out the redshift in the team’s ALMA
measurements—a tricky task because
most photometric methods use measure-
ments in the UV to visible rather than in
the far-IR. By combining different photo-
metric methods and cross-correlation
with galaxies known to be of the same
age, Schreiber found that the median
redshift was z = 4, corresponding to radi-
ation emitted about 1.5 billion years after
the Big Bang.

The galaxies are faint, below the de-
tection limit of a single antenna, and
massive, with most in the range from 1010

to 1011 solar masses, an order of magni-
tude larger than the average LBG. The
shape of their spectral energy distribu-
tion indicates the rate at which they pro-
duce stars, and on average they churn out
200 solar masses’ worth of stars per year—
that’s about 10% of the rate previously
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FIGURE 2. ANCIENT MASSIVE GALAXIES visible with the Atacama Large Millimeter/
Submillimeter Array (right) in the far-IR are invisible to the Hubble Space Telescope (left).
(Courtesy of Tao Wang.)
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found for LBGs and starburst galaxies of
the same age but one to two orders of
magnitude higher than LBGs of similar
masses. Their star-formation rate coupled
with their densities of 2 × 10−5 galaxies
per cubic megaparsec, two orders of mag-
nitude higher than starbursts’, mean the
new galaxies are responsible for the ma-
jority of the stars produced by massive
galaxies in the early universe.

The problem for theorists
Although the newly found ancient galax-
ies help explain the presence experimen-
tally of so many, and such large, massive
galaxies at lower redshifts, they present
a problem for most galaxy-formation
theories (see the article by Jeremiah Os-
triker and Thorsten Naab, PHYSICS TODAY,

August 2012, page 43). Semianalytic
models—those that tune simple phe-
nomenological descriptions of astrophys-
ical processes to match the abundance,
clustering, redshift, and other observed
properties of the galaxy population—
 underestimate the density of massive
galaxies in the early universe by one to
two orders of magnitude. And hydro-
dynamic simulations of galaxy merger
rates predict no massive galaxies at 
all. Although previously observed LBGs
and starburst galaxies already chal-
lenged those theories, the abundance
and star-formation rates of the new galax-
ies render the disagreements harder to
ignore. 

“More and more observations show
that a large population of massive galax-

ies and supermassive black holes has al-
ready been established in the young uni-
verse,” says Wang. “In general, the young
universe is more efficient in forming big
things than we thought.” To reconcile
theory with observations, astronomers
will need more accurate redshift mea -
surements and better characterization of
the physical properties for a larger sam-
ple of galaxies so they can put more strin-
gent constraints on galaxy-formation
models. 

Heather M. Hill
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G ravity over macroscopic distances is
well understood. The simple inverse-
square law, proposed centuries ago

by Isaac Newton, continues to accurately
describe the force at scales across the non-
relativistic regime, from laboratory-scale
torsion balance experiments to the mo-
tions of stars and galaxies. It’s been espe-
cially well tested at the scale of the dis-
tance from Earth to the Moon.

Short distances—microns or less—are
another matter. In microscopic experi-
ments, electromagnetic forces are so over-
whelmingly dominant that the force of
gravity at small scales has never been di-
rectly measured. All we have are upper
bounds on its strength, some of which
are astonishingly large. According to the
best experimental constraint so far, the
gravitational attraction between two ob-
jects 1 nm apart is no more than 1021 times
what Newton’s law says it is.1

It’s not so outlandish to imagine that
the force of gravity could follow the in-
verse-square law over large distances but
deviate from it over small ones. Theories
of extra dimensions through which only
gravity can propagate, for example, allow

just such a functional form. (See the article
by Nima Arkani-Hamed, Savas Dimopou-
los, and Georgi Dvali, PHYSICS TODAY, Feb-
ruary 2002, page 35, and the Quick Study
by Lisa Randall, PHYSICS TODAY, July 2007,
page 80.) To help test and constrain those
theories, experimenters have been work-
ing for decades to chip away at the pos-
sible parameter space of short-range
non-Newtonian gravity. Their techniques
include measurements of the Casimir
force (see the Quick Study by Jeremy
Munday on page 74 of this issue) and
neutron scattering off atomic nuclei.

Now Columbia University’s Tanya
Zelevinsky and colleagues are adding a
new experimental method to the mix with
their ultraprecise measurements of mo-
lecular vibrations.2 Because their experi-
ment, shown schematically in figure 1, is
similar to that of an atomic optical-lattice
clock (see PHYSICS TODAY, March 2014,
page 12), they call it a molecular lattice
clock, even though precision timekeep-
ing isn’t among their immediate goals.
Although theoretical details remain to 
be worked out, the researchers estimate
that with their current experimental ca-

The vibrational frequencies
of trapped ultracold 
molecules can serve as a
check on what we think we
know about the universe.

FIGURE 1. STRONTIUM MOLECULES (gray)
held in a one-dimensional lattice of optical traps
(yellow) are probed by a pair of Raman lasers (red
and blue). Ultraprecise measurements of their 
vibrational frequencies reflect the fundamental
forces acting on the nuclei and electrons.

A molecular clock for testing fundamental forces


