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Atomic hydrogen is a fundamental constituent of galaxies,
and is the primary fuel for star formation. Understanding
how the atomic hydrogen content of galaxies evolves with time
is thus critical to understanding galaxy evolution. In this article, we discuss how one measures the atomic hydrogen content of distant galaxies, and what these measurements tell us
about the evolution of our Universe.
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The Milky Way contains about a hundred billion stars. Although
this is a staggeringly large number, the stars take up only a tiny
fraction of the volume of the Milky Way, with vast spaces in between them. These spaces are occupied by gas and dust, making
up what is known as the interstellar medium (ISM). The ISM consists mostly of hydrogen gas, in neutral atomic, neutral molecular,
or ionized forms. The mass of dust in the ISM is very small compared to the mass in gas, but the dust plays an important role in
the heating and cooling of the ISM.
The evolution of galaxies like the Milky Way is driven by complex interactions between the stars and the ISM. A simplified sequence of the critical processes is: (i) warm ionized hydrogen
flows into a galaxy from its surroundings, i.e., from the circumgalactic medium (CGM), (ii) the gas settles down into the disk
of the galaxy, cools, and forms neutral atomic hydrogen (Hi),
(iii) small regions of the neutral atomic hydrogen cool further to
form molecular hydrogen (H2 ), (iv) the dense molecular clouds
collapse and fragment under their own gravity to form stars, (v) at
the end of their lives, the more massive stars blow up as super-

∗

Keywords
Galaxy evolution,
galaxies,

atomic

High-redshift
hydrogen,

HI 21cm line, GMRT, Govind
Swarup.

Vol.26, No.7, DOI: https://doi.org/10.1007/s12045-021-1192-2

RESONANCE | July 2021

919

1 Metal atoms typically have
upper energy levels to which
their electrons can be excited
via collisions. The metal atom
subsequently returns to a lower
energy state with the emission
of a photon. These emitted photons typically carry away energy from the ISM, and thus effectively cool it.

For the atomic gas, the
sole way of measuring
the Hi content of
galaxies is via the Hi
hyperfine transition at
radio wavelengths, the
famous “Hi 21cm”
spectral line.

2 Molecular gas in the Universe is primarily H2 . However, H2 is a symmetric, very
light molecule, with no strong
spectral lines that can be detected from the cold clouds that
make up the bulk of the molecular ISM. The strong mm-wave
lines of the second-most abundant molecule, CO, are hence
used as a “trace” of the molecular gas.
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novae, throwing higher elements (referred to as “metals”, e.g.,
carbon, oxygen, zinc, iron, etc.) into the ISM, and (vi) the metals
give rise to further cooling of the gas,1 causing further star formation, and so on. This sequence continues in a galaxy until most
of its hydrogen has been consumed in star formation, after which
the galaxy stops forming new stars.
Thus, one can think of the neutral atomic and molecular hydrogen
as the fuel for star-formation in a galaxy. Stars can form in a
galaxy only as long as it contains atomic and molecular hydrogen.
If the molecular hydrogen runs out, star-formation would cease.
Conversely, if the existing atomic hydrogen runs out, there would
be no raw material for the formation of H2 , and stars can form
only as long as the H2 reservoir lasts. Hi and H2 thus play key
roles in regulating how stars form, and when the star-formation
process ends.
Today’s galaxies typically contain a far larger mass in stars than
in gas: for example, the Milky Way contains about 60 billion solar masses in stars, but only around 8 billion solar masses in Hi
and around 2.5 billion solar masses in H2 . Stars are thus dominant
over gas in the bigger galaxies today. But was this the situation
ten billion years ago? What were galaxies like when they were
young and reckless? Understanding galaxy evolution requires
us to understand the evolution of both the stars and the neutral
atomic and molecular gas in galaxies.
The stellar properties of galaxies are best studied in the ultraviolet, optical, and near-infrared wavelengths, where the stars are
very bright. In the case of the molecular gas, the strong spectral
lines of the carbon monoxide molecule at millimetre wavelengths
provide the best tool to probe the molecular content of galaxies.2
And, for the atomic gas, the sole way of measuring the Hi content
of galaxies is via the Hi hyperfine transition at radio wavelengths,
the famous “Hi 21cm” spectral line.
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2. The Hi 21cm Spectral Line

The science of radio astronomy was born to engineering parents,
Karl Jansky and Grote Reber, in the 1930s in the USA. Both
Jansky and Reber detected broad-band emission signals from the
Milky Way, especially from the centre of our galaxy. In war-torn
Holland in the early 1940s, the great Dutch astronomer Jan Oort
came across Reber’s work, and realized the importance of finding a spectral line at radio wavelengths. The beauty of spectral
lines is that each line arises from emission or absorption at a very
specific wavelength (or a narrow wavelength range around a specific wavelength). If the source of the spectral line (e.g., a star
or an ISM cloud) is moving towards us, the line would be seen
to be shifted to shorter wavelengths due to the Doppler effect;
conversely, the line would shift to longer wavelengths for sources
moving away from us, for the same reason. For optical lines, the
former shift is towards the blue end of the spectrum, and is referred to as a blueshift, while the latter shift is towards the red
end of the spectrum and is referred to as a redshift. Crucially, the
Doppler effect allows us to measure the velocity of the source of
the line!
Oort had mapped the rotation of the Milky Way using optical
spectral lines and had found that optical lines are difficult to detect in directions containing large amounts of dust (e.g., towards
the centre of the Milky Way) because the dust absorbs or scatters the optical radiation. He had earlier argued for the presence
of large gas clouds in the Milky Way and understood that a radio spectral line could be used to trace these gas clouds. And,
because radio spectral lines3 are at centimetre or metre wavelengths, much much larger than the typical size of the dust grains
(roughly, 0.01 − 0.2 microns), radio radiation would pass unhindered through any dust along the path. Radio spectral lines would
thus be superb tracers of the structure of the Milky Way!
In the spring of 1944, Oort shared his enthusiasm to find such
a radio spectral line with Hendrik van de Hulst, a student at the
University of Utrecht. van de Hulst calculated the strengths of

RESONANCE | July 2021

3 The scattering of light from
dust particles is ∝ λ−4 , i.e.,
is much higher at short wavelengths than at long wavelengths, if the size of the dust
grains are smaller than the
wavelength (“Rayleigh scattering”). The observed dependence of the scattering on wavelength has been used to show
that dust grains in the ISM have
sizes of roughly 0.01 − 0.2µm.
This is why the scattering is
so strong at ultraviolet wavelengths, but negligible at the
much longer radio wavelengths.

van de Hulst calculated
the strengths of different
possible radio lines and
predicted that it might be
possible to detect a
hyperfine transition in
the hydrogen atom, at a
wavelength of roughly
21 cm (the Hi 21cm
line).
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different possible radio lines, and predicted that it might be possible to detect a hyperfine transition in the hydrogen atom, at a
wavelength of roughly 21 cm (the Hi 21cm line) (see Box 1).

Box 1. The Hi 21cm line

Figure A. A hydrogen atom jumps from the state with parallel proton and electron spins to the state
with anti-parallel spins, with the emission of a photon of wavelength 21 cm.
A hydrogen atom consists of a proton and an electron. Each particle possesses a “spin”, and hence, a
magnetic moment. In a hydrogen atom, there are two possible quantum states arising from the orientation
of the electron spin relative to the proton spin, one in which the spins are parallel and the other in which the
spins are anti-parallel. Due to the interaction of the magnetic moments of the two particles, the two states
(called the “hyperfine” states) have a small difference in their energy. The hydrogen atom can spontaneously
“jump” from the state with parallel spins to the state with anti-parallel spins, with the emission of a photon
with energy equal to the energy difference between the states. This energy difference is tiny compared to
the difference between, for example, the first and second Bohr orbits. Since the energy of the photon is
inversely proportional to its wavelength, the hyperfine photon arises at a very long wavelength, roughly
21 cm. This quantum transition of the Hi atom is hence referred to as the Hi 21cm transition.
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Box 2. Galaxy Rotation Curves and Dark Matter
Oort and Fritz Zwicky had suggested in the 1930s that galaxies and galaxy clusters might contain much
more mass in “dark matter” than in stars and gas. In the early 1970s, Vera Rubin and Kent Ford used
optical studies of the Hα line to measure the rotation speed in a number of spiral galaxies as a function of
the distance from the galaxy centre. They found that the rotation speed initially rises steeply with radial
distance, and then either rises slowly or stays constant with increasing distance. This flatness of the “rotation
curve” of galaxies was surprising because most of the visible mass (in stars and gas) of the galaxies is in
the central regions. For circular motions, the rotational speed V at a radial distance R is given by Newton’s
laws to be V 2 /R = GM/R2 , where M is the mass within the orbit. At large radial distances, if M is roughly
√
constant, one obtains V ∝ 1/ R, i.e. the rotational speed should decrease with increasing distance, which
contradicts the data of Rubin and Ford.
However, the Hα measurements could only be done out to relatively low radial distances. Mort Roberts
and Albert Bosma used Hi 21cm observations of spiral galaxies to measure the rotational speed out to large
radial distances, as the Hi gas extends to far larger distances than the Hα emission. Remarkably, they found
that the rotation curves remained flat in almost all cases out to even the larger Hi 21cm distances. The
simplest way of explaining the flat rotation curves is that the mass M increases ∝ R in the above equations
so that V ≈ constant. But this requires that about 80% of the mass in spiral galaxies is “dark matter”.
Even more interesting, cosmological studies have shown that there must be a significant amount of nonbaryonic matter in the Universe, in order to explain galaxy formation. And measurements of the abundances
of the light elements like deuterium and helium, which formed in the first few minutes after the Big Bang,
have placed strong constraints on the baryonic content of the Universe. It is clear today that around 80% of
the matter in the Universe is made up of non-baryonic dark matter, which is responsible for the flat rotation
curves in spiral galaxies. However, the nature of the dark matter particle remains a mystery today.

Figure B. The rotation curve of M33. Source: Mario de Leo, Wikimedia; data from Corbelli &
Salucci (2000).
Contd.
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Box 2. Contd.
The figure shows the measured rotation curve of M33, a nearby spiral galaxy; the yellow and blue points
show the rotation speed measured from Hα and Hi 21cm spectroscopy, respectively. Note that the Hi 21cm
line can be used to measure the rotation speed far beyond the optical extent of the galaxy. The dotted lines
show the declining rotation curve expected from the observed distribution of gas and stars in the galaxy.
However, the measured rotation curve shows no evidence for the expected decline in rotation velocity at
large radial distances. This implies that M33 has much more matter than we can see.

The Hi 21cm line from
interstellar hydrogen was
first detected in 1951, at
a frequency of
1420.4 MHz, by “Doc”
Ewen and Ed Purcell in
the USA, by Oort and
Alexander Muller in the
Netherlands, and by
Chris Christiansen and
Jim Hindman in
Australia.

4 For comparison, the Lyman-α
line, i.e., the line emitted when
a hydrogen atom jumps from
the state with principal quantum number n = 2 to the state
with n = 1, has a spontaneous
transition rate of approximately
108 per second, 23 orders of
magnitude higher than that of
the Hi 21cm line!
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After the end of World War II, Oort began a programme to search
for the Hi 21cm line from the Milky Way; a similar programme
was underway at Harvard University. The Hi 21cm line from
interstellar hydrogen was first detected in 1951, at a frequency of
1420.4 MHz, by “Doc” Ewen and Ed Purcell in the USA, by Oort
and Alexander Muller in the Netherlands, and by Chris Christiansen and Jim Hindman in Australia. Soon after its discovery,
the Hi 21cm line was used to map the structure of the Milky Way,
resulting in the confirmation of the spiral structure of our galaxy.
And, around the same time, Hi 21cm emission was detected from
external galaxies, the Large and Small Magellanic Clouds, and it
was shown that the Hi mass of a galaxy can be determined just by
measuring the strength of its Hi 21cm emission!
The Hi 21cm line is a “highly forbidden” spectral line, and thus
has a very low probability of occurrence, with a spontaneous transition rate of roughly 2.9 × 10−15 per second 4 . This means that an
atom in the excited state would remain there for around 10 million years before emitting an Hi 21cm photon and falling to the
ground state. Although the line is very weak, weaker by 23 orders
of magnitude than the optical spectral lines in hydrogen, it was
still detectable with the small radio telescopes available seventy
years ago, due to the vast amounts of neutral atomic hydrogen in
the Milky Way. Remarkably, the weakness of the Hi 21cm line is
actually useful in astronomy. This is because strong spectral lines
have the problem that foreground gas can absorb the emission
from background gas in these lines: for the strongest lines, one
only sees emission from the surface of a gas cloud, and cannot
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see “into” the cloud using such spectral lines. However, for the
Hi 21cm line, the weakness of the line usually allows one to probe
the innermost secrets of gas clouds and galaxies and trace their
internal motions via the observed Doppler shifts in the line. Indeed, Hi 21cm emission studies of galaxies in the 1970s allowed
measurements of their large-scale velocity fields, and provided
definitive evidence for the existence of dark matter (see Box 2).

3. Hi in Distant Galaxies, Govind Swarup, and the GMRT
The idea of dark matter too originated with Oort, in 1932; he
found that the high velocities of stars would cause them to escape
the Milky Way, unless there is much more matter in our galaxy
than is visible to us. In the 1970s, Vera Rubin, Kent Ford, Mort
Roberts and Albert Bosma used optical Balmer–α (Hα) spectroscopy and radio Hi 21cm spectroscopy of nearby spiral galaxies to show that the rotational speed of disk galaxies stays roughly
constant (or even increases) with increasing distance from the
galaxy centre. This is hard to explain if the stars and gas dominate the mass of a galaxy (see Box 2), as one would then expect
that the rotational speed should decrease with increasing radius,
at large radial distances. Towards the end of the 1970s, Sandy
Faber and John Gallagher cast a critical eye at the evidence and
concluded, in a seminal article, that “... the case for invisible matter in the Universe is very strong and getting stronger”.
The debate then turned to what exactly the dark matter is made
up of. There were two key hypotheses that differed in the mass
of the particles that constitute the dark matter: the particles could
either be very light and typically travelling at relativistic speeds
(“Hot Dark Matter”, or HDM), or heavy and typically moving
at low, non-relativistic, speeds (“Cold Dark Matter”, or CDM).
A key prediction of the HDM models was that the first objects
that form in the early Universe, at high redshifts (see Box 3),
z ≈ 3, would be super-massive systems, which would later break
up to form today’s galaxies. The outstanding Russian cosmologist
Yakov Zel’dovich had predicted that such objects would contain
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In the early 1980s, HDM
was the favoured model,
because (1) there was a
known particle, the
neutrino, that appeared
to match the dark matter
requirements, and (2) the
observed large-scale
structures appeared to
match those produced in
numerical simulations
with HDM.
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huge amounts of Hi in a disk (a “Zel’dovich pancake”), which
would produce a strong Hi 21cm emission signal. Conversely, in
the CDM model, only small galaxies are expected to be present
at early epochs in the Universe, z ≈ 3, and the Hi 21cm emission from them would be much weaker than from the Zel’dovich
pancakes in the HDM model.
The detection of strong
Hi 21cm emission from a
Zel’dovich pancake at
z ≈ 3 would thus have
been the “smoking gun”
signature of the HDM
model.

The construction of the
GMRT began in 1985, at
Khodad around 80 km
from Pune, by a team led
by Swarup.

The detection of strong Hi 21cm emission from a Zel’dovich
pancake at z ≈ 3 would thus have been the “smoking gun” signature of the HDM model. For hydrogen gas at z ≈ 3.3, the
Hi 21cm emission would be redshifted from its rest frequency of
1420.4 MHz to the frequency 1420.4/(1 + z) MHz, i.e. roughly
327 MHz. A sensitive radio telescope operating at ≈ 327 MHz
was thus required to look for the predicted Hi 21cm signal from
the Zel’dovich pancakes of the HDM model. Unfortunately, no
such telescope existed in the 1980s. This critical science question
led Govind Swarup, the father of radio astronomy in India, to conceptualise, and propose the construction of, the Giant Metrewave
Radio Telescope (GMRT). The construction of the GMRT began
in 1985, at Khodad around 80 km from Pune, by a team led by
Swarup.
The GMRT was, and remains, an extremely ambitious project.
The telescope is a “radio interferometer”, consisting of thirty huge
antennas, each of 45-metre diameter. 14 of the antennas are located within a 1 km × 1 km central region, with the remaining
16 antennas distributed along the 3 arms of a “Y”. The largest separation between the most distant antennas in the arms of the “Y”
is roughly 25 km. Swarup and the team designed the telescope
to be flexible, to enable a wide range of science projects. Indeed,
although the main scientific goal of the GMRT was the detection
of Hi 21cm emission from galaxies at z ≈ 3, requiring receivers
at a frequency of about 327 MHz, the GMRT included 5 receiver
bands, at roughly 150 MHz, 233 MHz, 327 MHz, 610 MHz, and
1280 MHz. The first research publication from the GMRT appeared in 1999, and the telescope was formally opened to the
astronomical community in 2001.
While the GMRT was being built, other radio telescopes began
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Box 3. Redshift, Time, and Distance in Cosmology
The Universe has been expanding ever since the Big Bang, i.e., the space between galaxies has been increasing. In the framework of Einstein’s General Relativity, one can show that this has the effect of stretching
the wavelength of light as it travels through space-time. Therefore, when we observe a distant galaxy, the
wavelength at which we observe the light wave is not the wavelength at which it was emitted. The wavelength observed by us (λobs ) and the wavelength emitted by the source (λem ) are related by the equation
λobs = (1 + z) × λem , where z is the redshift of the object. More distant galaxies have higher redshifts: for
example, a galaxy at z = 10 is much further from us than one at z = 1. A corollary is that, since the speed
of light is finite, light would take longer to reach us from the galaxy at z = 10 than from the galaxy at z = 1.
In other words, we see high-redshift galaxies as they were in the early Universe. Observing galaxies at different redshifts allows us to probe how galaxy populations have evolved with time, from the early Universe
to today.
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Figure C. The relation between redshift and lookback time in the standard Λ−CDM cosmology (in
blue). The orange dashed line marks the current age of the Universe.
In cosmology, redshift, lookback time (i.e. the time that elapses between the emission of a photon by a
source at some redshift, and the arrival of the photon at the Earth) and distance may be used equivalently,
but redshift is perhaps the most fundamental, as the size of the Universe increases proportional to 1/(1 + z).
A higher redshift implies a larger distance from us and also a larger lookback time, but redshift, distance,
and lookback time are not linearly related. The relation between them depends on the cosmological model.
Of course, nearby galaxies are at z ≈ 0. For the standard Λ − CDM cosmology, the relation between redshift
and lookback time is shown in the figure, with the orange horizontal line indicating the time of the Big
Bang (13.8 billion years ago). Galaxies at z = 0.1, 0.5, 1.0, and 10 are seen, respectively, as they were
roughly 1.4, 5.2, 8.0, and 13.3 billion years ago. Thus, more than half the life of the Universe takes place
after a redshift of 1! For z > 1, the relation between redshift and time becomes highly non-linear, with the
lookback time increasing by smaller and smaller amounts for larger and larger redshifts.
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Figure 1.

(Top) Govind
Swarup at work. (Bottom)
The outcome: A GMRT antenna at night (picture by
Rakesh Rao).

searches for the strong Hi 21cm signals from Zel’dovich pancakes
at z ≈ 3.3. Ravi Subrahmanyan and Swarup used the Ooty Radio Telescope (also a Swarup creation!), while Mark Wieringa
and Ger de Bruyn used the Dutch Westerbork Synthesis Radio
Telescope, to carry out deep 327 MHz searches, but both found
no evidence for Hi 21cm emission. And a tentative detection of
Hi 21cm emission at z ≈ 3.4 by Juan Uson and collaborators with
the Very Large Array (VLA) in 1991 could not be confirmed by
observations with other telescopes; this later turned out to be an
artefact caused by standing waves in the VLA signal path.
And then things changed! Another critical prediction of the HDM

928
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and CDM models is the amplitude of the anisotropies in the Cosmic Microwave Background.5 These were finally detected, after many searches, by the Cosmic Background Explorer (COBE)
in 1992. It was immediately clear that the amplitude of the
anisotropies was far too low to be explained by HDM models,
which were effectively ruled out; this meant that the dark matter
was likely to consist of cold, massive, non-relativistic particles.
By the end of the millennium, around the time the construction
of the GMRT was complete, it was clear that the observed Universe is largely consistent with a CDM-like cosmological model
(more accurately, a Λ-CDM model). The COBE results further
implied that galaxies at high redshifts are much smaller than in
the HDM paradigm, and therefore, the Hi 21cm signal from such
galaxies would be too faint to detect, even with sensitive new telescopes like the GMRT. This motivated Swarup and other radio astronomers in the early 1990s to propose building an even bigger
and more sensitive radio telescope, the Square Kilometre Array
(SKA), again with the main goal of detecting Hi 21cm emission
from high-redshift galaxies. These efforts are slowly approaching
fulfilment today, with the construction of SKA precursors like the
Australian SKA Pathfinder and the South African MeerKAT array, leading to the construction of Phase-1 of the SKA.

5 The amplitude of anisotropies
in the Cosmic Microwave
Background (CMB) is roughly
the
maximum
difference
between the CMB temperature
in any direction and 2.73 K,
the average CMB temperature,
which is nearly, but not quite,
the same in all directions.

The COBE results
further implied that
galaxies at high redshifts
are much smaller than in
the HDM paradigm, and
therefore, the Hi 21cm
signal from such
galaxies would be too
faint to detect, even with
sensitive new telescopes
like the GMRT.

4. The Rise of the Stars
Besides the COBE results, a sea change in our understanding
of the Universe took place in the 1990s, mostly due to the construction of large ground-based optical telescopes like the Keck
Telescope in Hawaii, and space-based telescopes like the Hubble
Space Telescope (HST). This resulted in the identification of tens
of thousands of star-forming galaxies at high redshifts, z > 3.
The plethora of high-redshift galaxies identified by the emission
from their stars has provided a wonderful picture of the evolution
of the star-formation activity in the Universe. Figure 2 shows
the star-formation activity of the Universe plotted against redshift
(and time), extending out to redshifts of nearly 10. It is clear that
star-formation activity in the Universe is quite low at the high-
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Figure 2. The evolution of

The highest redshift at
which an individual
galaxy has been detected
in Hi 21cm emission till
date is z ≈ 0.376, by
Ximena Fernandez and
collaborators, with the
VLA, much after the
decline in star-formation
activity has set in.

930

0

2

4

6

lookback time (billion years)
8
10
12

3.2
Star-Formation Acitivity

star-formation activity in the
Universe. The circles show
measurements of the starformation activity, with the
different colours showing results from different surveys.
The horizontal error bars on
each point show the redshift
range of the measurement,
while the vertical error bars
show the measurement error.
The black lines indicate the
broad trends—the rise of the
star-formation activity from
z ≈ 8 to z ≈ 3, the plateau
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est redshifts, but steadily rises until a redshift of around 3, eleven
billion years ago. The activity then stays approximately constant
for the next three billion years, i.e., until redshifts of roughly 1;
this era of intense star-formation activity, spanning z ≈ 1 − 3,
roughly 3 billion years, is when half the stars of today’s Universe
were formed, and is often called the “epoch of galaxy assembly”.
And then, at redshifts lower than one, the star-formation activity declines precipitously, by about a factor of 10 to reach the
relatively low levels of activity today.
The steady rise of the star-formation activity from z ≈ 10 to
around z ≈ 3 can be explained by the earliest stars throwing metals into the ISM, which gave rise to cooling of the gas, and an increased star-formation rate. Galaxies were also forming at these
early epochs, with gas flowing from the inter-galactic medium
into the proto-galaxies, further fuelling star-formation. The causes
of the plateau in star-formation activity between z ≈ 3 and z ≈ 1
are less clear today. And, perhaps the most remarkable feature
of the figure, the steep decline in star-formation activity after
z ≈ 1 has remained a mystery for more than two decades. Understanding this decline critically requires understanding the evo-
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lution of the neutral atomic hydrogen, the primary fuel for starformation, in star-forming galaxies at these redshifts. Unfortunately, progress in this field has been stymied by the weakness of
the Hi 21cm line.

5. Hi 21cm Stacking with Radio Interferometers: A New Hope
Radio interferometers like the GMRT are based on the principle
of “aperture synthesis”, originally due to Lindsay McCready, Joe
Pawsey, and Ruby Payne-Scott in 1947, in which one synthesizes
a telescope of an effectively large diameter, by combining the signals from a number of smaller telescopes. The angular resolution
of a telescope at a wavelength λ is roughly λ/D, where D is the
telescope diameter. Exactly the same relation applies to radio interferometers, except that “D” is replaced by “b”, the largest separation between any two antennas of the interferometer. In other
words, radio interferometry allows one to effectively synthesize
a telescope of diameter “b”, by combining the signals of multiple smaller telescopes, each of diameter “D”, with D ≪ b. Even
more interesting, each of the antennas has a “field of view” of
size λ/D, while the combined interferometer is seeing this same
region, but with a much better angular resolution, λ/b. This allows one to make an image of a large region of the sky, of size
λ/D, while having information on the structure of sources at a
much finer resolution, λ/b. Aperture synthesis is considered so
important that the first Nobel Prize for astronomical research was
given to Martin Ryle for the invention (sic) of this technique.
As noted above, Hi 21cm emission from an individual galaxy in
the epoch of galaxy assembly is too faint to detect with today’s
radio telescopes. However, the large field of view of radio interferometers like the GMRT allow one to circumvent this problem
by summing the Hi 21cm signals from many galaxies within the
field of view that are being observed simultaneously, to increase
the effective strength of the net Hi 21cm signal and thus measure
the average Hi mass of the galaxies. This technique, developed
by Martin Zwaan, Jayaram Chengalur, and collaborators in the
early 2000s, is referred to as “stacking” (see Box 3).
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In the case of the GMRT,
the diameter of each of
the 30 antennas is
45 metres, while the
largest separation is
roughly 25 km: one has
thus synthesized a
telescope that is roughly
500 times larger in
effective diameter than
the diameters of the
individual antennas.

Detecting Hi 21cm
emission from a galaxy
with the same Hi mass as
the Milky Way at z ≈ 1
would require us to
observe the object for
more than 10, 000 hours
(i.e. continuously,
without a break, for
more than a year!) with
the GMRT, one of the
most sensitive radio
telescopes in the world
today!
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The critical requirements for Hi 21cm stacking are (1) a highsensitivity radio interferometer with a wide field of view, wide
frequency coverage of the redshift range of interest, and a large
observing bandwidth, and (2) a population of galaxies with accurate positions that lie within the field of view of the interferometer, and accurate spectroscopic redshifts that match the redshift
coverage of the interferometer. The redshifts are usually measured by optical spectroscopy.

Box 4. Stacking Hi 21cm emission from a large number of galaxies
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Figure D. Stacking of the Hi 21cm signals of multiple galaxies, after aligning them in velocity.
A radio interferometer like the GMRT with a large field of a view and a large bandwidth would be sensitive
to the Hi 21cm emission signals from a large number of galaxies with redshifts such that their Hi 21cm
line lies within the observing band. Assuming that the spatial positions and the redshifts of the individual
galaxies are accurately known, one can measure the Hi 21cm spectrum for each galaxy. Of course, the
Hi 21cm emission of each galaxy would be buried within the noise on the spectrum (see the blue spectra
shown in the top left panel of the figure, with the orange vertical lines indicating the expected Hi 21cm
frequency of each galaxy), and the signal would not be detectable.
Contd.

932

RESONANCE | July 2021

Box 4. Contd.
But, if one shifts the Hi 21cm spectrum from each galaxy to its rest frame, so that the Hi 21cm emission
from the galaxy is at zero velocity, the Hi 21cm emission signals from all galaxies would be aligned in
velocity (see the right panel of the figure).
If one then simply adds the spectra, for each channel, one would obtain a summed Hi 21cm spectrum
(shown in red, in the bottom panels; the left panel is without alignment, and the right, with alignment in
velocity). For velocity channels that do not contain any signal, the observed value (arising from noise)
in each spectrum could be either positive or negative; hence, when one adds the spectra, such channels
average towards zero. However, channels that contain a faint Hi 21cm signal from each galaxy would be
biased towards slightly positive values (i.e. there would be more positive values than negative values at
these velocities). As a result, when one adds the spectra in these velocity channels, one would obtain a
positive signal, the sum of the Hi 21cm emission signals.
Formally, the noise on the stacked Hi 21cm spectrum (obtained by summing the Hi 21cm spectra and av√
eraging) can be shown to reduce proportional to 1/ N, if the Hi 21cm emission signals of N galaxies are
stacked together. If the Hi 21cm emission signals are different in the different galaxies (which is usually
the case), the stacked signal would be the average of the Hi 21cm emission signals. Thus, if one has a
sufficiently large number of galaxies, one can detect even faint (averaged) Hi 21cm emission signals from
high-redshift galaxies. For example, if the interferometer covers 10,000 galaxies like the Milky Way at
z ≈ 1 simultaneously, then one would be able to detect the stacked Hi 21cm signal in just 100 hours of
observing time, instead of the 10,000 hours that would be needed to detect them individually.

6. The Return of the GMRT
The use of Hi 21cm emission stacking with the GMRT was demonstrated in the 2000s by Chengalur and collaborators, but at low
redshifts, z . 0.4. Attempts were made to carry out Hi 21cm
stacking at z ≈ 1.3 by Nissim Kanekar and collaborators in 2016,
but the narrow observing bandwidth of the GMRT implied a narrow redshift coverage, and relatively few galaxies whose Hi 21cm
signals could be covered simultaneously. As a result, the Hi 21cm
emission signals of only around 850 galaxies could be stacked,
yielding an upper limit on their average Hi mass.
Things changed for the better in 2018, with the completion of a
major upgrade of the GMRT, in the “uGMRT” project. The upgrade equipped the GMRT with new wideband receiver systems
and a new wideband correlator, allowing a wide range of frequen-
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cies (i.e., a wide range of Hi 21cm redshifts) to be covered simultaneously. The new Band-4 receiver of the uGMRT covers the
frequency range 550 − 850 MHz and the correlator bandwidth
of 400 MHz allows this entire frequency range (corresponding to
z ≈ 0.7 − 1.5 for the Hi 21cm line) to be observed simultaneously.
This is roughly ten times the frequency range that could be covered earlier, and implies that far more galaxies can be observed
simultaneously than was possible before the upgrade. Overall,
the upgrade of the GMRT makes it an outstanding telescope for
the purposes of Hi 21cm stacking.
The other critical requirement for Hi 21cm stacking is a sample of
galaxies with accurate spectroscopic redshifts, within the field of
view of the interferometer. This is actually a difficult requirement
to meet at z ≈ 1, as the strong optical spectral lines from galaxies
are redshifted to the near-infrared (making them hard to observe
with telescopes on the Earth). Fortunately, a massive project, the
DEEP2 Galaxy Survey, to accurately measure the redshifts of a
large number of galaxies at z ≈ 1 was carried out with the Keck
Telescope in the mid-2000s by Sandy Faber, Marc Davies, and
collaborators. This provided 38,000 galaxies with accurate redshifts at z ≈ 0.7 − 1.45, exactly the frequency coverage of the
uGMRT Band-4 receivers. This is no coincidence: the DEEP2
Galaxy Survey was set up to probe the evolution of star-formation
activity in galaxies towards the end of the epoch of galaxy assembly and beyond, and hence covers the precise redshift range of
our interest.

7. The Hi Mass of Galaxies in the Epoch of Galaxy Assembly

A clear detection of the
Hi 21cm emission signal
can be seen in both the
spectrum and the image.
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Towards the end of 2018, we used the uGMRT to observe five of
the DEEP2 sub-fields with the 550−850 MHz receivers, with a total time of roughly 90 hours. After analysing the data, we stacked
the Hi 21cm signals from roughly 8,000 DEEP2 star-forming galaxies at z ≈ 0.7 − 1.45, with an average redshift of 1.0. The stacked
average Hi 21cm emission spectrum and the image of the Hi 21cm
emission are shown in Figure 3. A clear detection of the Hi 21cm
emission signal can be seen in both the spectrum and the image.
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Figure 3. uGMRT detec3.0

tion of the average Hi 21cm
emission from galaxies at
z ≈ 1. Panel [A] shows
the stacked Hi 21cm spectrum (in red), obtained by
taking an average of the
Hi 21cm spectra of roughly
8, 000 galaxies that were
covered by our uGMRT observations. The dashed lines
show the noise level on
the spectrum; a clear signal, significantly above the
noise level, can be seen in
the central velocity channels. Panel [B] shows the
average Hi 21cm emission
map of the ≈ 8, 000 galaxies, obtained by aligning the
galaxies at the centre of
the image of their Hi 21cm
emission (which, of course,
is not detected in the individual images), and then stacking the ≈ 8000 images pixel
by pixel; the average emission is clearly seen at the
centre of the stacked image.
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The detection of the average Hi 21cm emission signal from starforming galaxies at z ≈ 1 allows a direct measurement of the
average Hi mass of these galaxies. We obtain an average Hi mass
approximately equal to the average mass in stars. This is very different from the situation in large galaxies in the nearby Universe,
including the Milky Way, where the Hi mass is far lower than the
mass in stars.
Our results show that
galaxies at the end of the
epoch of galaxy
assembly contain a large
amount of Hi, that can
fuel their star-formation.

Our results show that galaxies at the end of the epoch of galaxy
assembly contain a large amount of Hi, that can fuel their starformation. It then appears even more surprising that the starformation activity drops steeply at redshifts below one. However,
merely knowing the gas content is not sufficient to determine how
long the gas can fuel star-formation; for this, one also has to know
the rate at which the galaxies are forming stars. A number of techniques are available to measure the star-formation rate of galaxies, mostly based on finding out the rate at which massive stars
form and then extrapolating to the full stellar population via an
assumed stellar mass function. We used one of the more reliable
methods, measuring the star-formation rate from the broad-band
radio emission of our galaxies. The radio emission predominantly
arises from supernova remnants, which are formed due to the interaction between supernovae, produced at the end of the lives of
massive stars, and the ISM. The strength of the radio emission is
hence related to the number of massive stars that have recently
formed in the galaxy, and thus, to the star-formation rate. This
yielded a high average star-formation rate for our galaxies, far
higher than that in the Milky Way.
The ratio of the measured average Hi mass to the average starformation rate tells us the timescale on which all the atomic hydrogen would be consumed, if the galaxies continue to form stars
at the same rate. Combining our measurements of the average Hi
mass and the average star-formation rate, we found that this “Hi
depletion time” is only roughly 1.5 billion years for the galaxies at z ≈ 1. This is much smaller than the Hi depletion time
of galaxies in the nearby Universe, roughly 7.5 billion years. In
other words, although star-forming galaxies at z ≈ 1 contain large
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amounts of Hi , the high star-formation rate means that the Hi in
these galaxies would last for only around 1.5 billion years, before
it is entirely converted into stars. Unless the Hi reservoirs of these
galaxies are replenished, by accretion of gas from the CGM, the
star-formation activity would decline steeply after around 1.5 billion years. The observed decline in the star-formation activity of
the Universe can thus be explained by the decline of the atomic
hydrogen content of star-forming galaxies at redshifts below one,
due to the lack of accretion of fresh gas from the CGM. Our
uGMRT detection of the Hi 21cm line from galaxies at z ≈ 1
has finally provided a plausible explanation to the long-standing
issue of why the star-formation activity of the Universe declined
after the epoch of galaxy assembly.

The observed decline in
the star-formation
activity of the Universe
can thus be explained by
the decline of the atomic
hydrogen content of
star-forming galaxies at
redshifts below one, due
to the lack of accretion
of fresh gas from the
CGM.

8. Looking Ahead: The Gas Awakens
Our current uGMRT results have taken the first step towards understanding the evolution of the gas properties of star-forming
galaxies at high redshifts. However, much yet remains to be
done. We are currently completing the analysis of an even larger
uGMRT 550 − 850 MHz survey of the DEEP2 fields, aiming
to carry out a detailed characterisation of Hi in galaxies at z ≈
0.7−1.5. The new survey will allow us to examine the dependence
of the average Hi properties of galaxies on redshift, environment,
stellar mass, etc. This should significantly improve our understanding of the role of Hi in the decline of star-formation activity
at redshifts below one. We have also just begun a new uGMRT
survey, using the 250−500 MHz receivers to push Hi 21cm stacking studies to even higher redshifts, z ≈ 2 − 3, aiming to detect the
average Hi 21cm emission signal from galaxies at the peak of the
epoch of galaxy assembly. A detection of the Hi 21cm emission
signal at these redshifts should allow us to connect the gas and
stellar properties in star-forming galaxies when the Universe was
most active, and answer fundamental questions in galaxy evolution. And, of course, this would also have the happy outcome
of finally bringing to fruition Govind Swarup’s original vision of
using the GMRT to detect the Hi 21cm line from galaxies at z ≈ 3.
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