cosmological redshift basics

The Universe's Expanding Story: Understanding Cosmological Redshift Basics

cosmological redshift basics reveals a fundamental truth about our universe: it's expanding. This
phenomenon, observed as the stretching of light from distant galaxies towards the red end of the
spectrum, is a cornerstone of modern cosmology. Understanding redshift is akin to deciphering the
universe's age, its expansion rate, and its ultimate fate. It allows us to peer back in time, observing
the cosmic dawn and the formation of the earliest structures. This article will delve into the core
concepts of cosmological redshift, exploring its definition, its underlying physics, how it's measured,
and its profound implications for our understanding of the cosmos. We'll also touch upon its
distinction from other forms of redshift and discuss its role in key cosmological discoveries.
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What is Redshift?

At its heart, redshift is a phenomenon where electromagnetic radiation, typically light, experiences a
shift towards longer wavelengths. Imagine a wave - when its source moves away from you, the crests
of the wave get stretched out, arriving at your eyes further apart than they would if the source were
stationary. This stretching corresponds to an increase in wavelength, and for visible light, this means
a shift towards the red end of the spectrum, hence the name "redshift." Conversely, if a light source is
moving towards you, the waves are compressed, leading to shorter wavelengths and a shift towards
the blue end of the spectrum, known as blueshift. While the concept is straightforward, its application
in astronomy, particularly in the context of the universe's expansion, is profoundly significant.

This apparent stretching of light waves is a direct consequence of the relative motion between the
observer and the source of the light. In astronomical observations, the vast distances involved mean
that even the slightest perceived shift can indicate enormous velocities. For a celestial object emitting
light, any movement away from us will cause its light to become redder. The degree of this reddening
is directly proportional to how fast the object is receding. Therefore, by measuring the redshift of light
from stars, galaxies, and quasars, astronomers can deduce their velocities relative to Earth.



The Doppler Effect vs. Cosmological Redshift

It's crucial to distinguish between redshift caused by the Doppler effect and redshift caused by the
expansion of space itself. The Doppler effect, which we experience daily with sound (think of a siren's
pitch changing as it passes), applies when an object is moving through space. If a galaxy is moving
away from us through static space, its light will be Doppler redshifted. This is a velocity-based
redshift, and it’s important for understanding the motion of objects within our local cosmic
neighborhood.

However, cosmological redshift is fundamentally different. It's not about galaxies moving through
space, but rather about space itself expanding, carrying galaxies along with it. As the universe
expands, the fabric of spacetime stretches. Light waves traveling through this stretching space also
get stretched. Imagine a rubber band with dots drawn on it; as you stretch the rubber band, the dots
move further apart, and the space between them increases. Similarly, as the universe expands, the
wavelengths of photons traveling across these expanding distances are stretched. This effect
becomes more pronounced over larger distances because there's more expanding space for the light
to traverse.

Doppler Redshift

Doppler redshift occurs due to the relative motion of the light source and the observer through space.
If a galaxy is moving away from us at a certain speed, its emitted light will be stretched towards
longer, redder wavelengths. This is analogous to how the pitch of a siren lowers as it moves away.
The faster the object moves away, the greater the Doppler redshift.

Cosmological Redshift

Cosmological redshift, on the other hand, is a consequence of the expansion of spacetime itself. As
the universe expands, the distance between galaxies increases. Light emitted by a distant galaxy
travels through this expanding space, and as it journeys, its wavelength is stretched by the
expansion. The longer the light travels, the more space there is to expand, and therefore, the greater
the cosmological redshift. It’s a direct indicator of the universe's expansion, not just the peculiar
motion of an object within it.

The Physics Behind Cosmological Redshift

The theoretical foundation for cosmological redshift lies within Einstein's theory of General Relativity.
This theory describes gravity not as a force, but as a curvature of spacetime caused by mass and
energy. The universe is not static; it's a dynamic entity whose geometry can expand or contract.
When the universe expands, the distances between gravitationally unbound objects increase. For light
photons traveling from a distant galaxy to our telescopes, this journey occurs across an ever-
increasing expanse of space.

As space expands, the wavelength of a photon traveling through it is also stretched. If a photon has a



wavelength $\lambda_{emitted}$ when it is emitted from a distant galaxy, and it is observed with a
wavelength $\lambda_{observed}$ on Earth, the cosmological redshift, denoted by $z$, can be
calculated. The relationship is given by the formula: $z = \frac{\lambda_{observed} -
\lambda_{emitted} } {\lambda_{emitted} }$. A positive value of $z$ indicates redshift (meaning
$\lambda_{observed} > \lambda_{emitted}$), signifying the expansion of space. A negative value
would indicate blueshift, which is rare on cosmological scales and would imply a local contraction of
space or peculiar motion towards us.

The expansion of the universe means that the scale factor of the universe, often denoted by $a(t)$,
changes over time. Light emitted at an earlier time (when the scale factor was smaller,
$a_{emitted}$) travels to us at a later time (when the scale factor is larger, $a_{observed}$). The
relationship between the observed and emitted wavelengths is then $1 + z =
\frac{a_{observed}}{a_{emitted}}$. This formulation highlights how redshift is a direct measure of
the cosmic expansion factor between the time of emission and the time of observation.

Measuring Cosmological Redshift

Measuring cosmological redshift involves analyzing the spectrum of light emitted by celestial objects.
Stars and galaxies emit light at specific wavelengths, creating unique spectral fingerprints
characterized by absorption or emission lines. These lines correspond to electrons in atoms
transitioning between energy levels, a process that occurs at precise, known wavelengths. For
example, hydrogen atoms will always absorb or emit light at certain characteristic wavelengths,
regardless of where they are in the universe.

Astronomers use spectrographs to capture the light from distant galaxies and break it down into its
constituent wavelengths, much like a prism splits white light into a rainbow. They then compare the
observed pattern of spectral lines to the known, laboratory-measured wavelengths of these elements.
If the spectral lines in a galaxy's spectrum are shifted towards longer wavelengths compared to their
known rest wavelengths, this indicates redshift. The amount of this shift allows for the calculation of
the redshift value, $z$.

Spectral Lines

Spectral lines are like unique barcodes for elements. When light from a star or galaxy passes through
its atmosphere, certain wavelengths are absorbed, creating dark lines in the spectrum (absorption
lines). Conversely, when electrons in excited atoms within the object drop to lower energy levels, they
emit light at specific wavelengths, creating bright lines (emission lines). These lines are observed at
precise, known wavelengths under laboratory conditions.

Spectrographs

A spectrograph is an instrument that splits light into its component wavelengths. By passing the light
from a celestial object through a prism or diffraction grating, astronomers can spread out the light
into a spectrum. This allows them to identify the presence and position of spectral lines, which are
crucial for determining redshift. The higher the resolution of the spectrograph, the more precisely



these lines can be measured.

Interpreting Redshift Values

The redshift value, $z$, is a dimensionless quantity, but it carries immense cosmological information.
A $z$ of 0 means no redshift, indicating that the object is either very close or not moving relative to
us through space in a way that causes a detectable shift. As $z$ increases, it signifies that the light
has been stretched more, implying a greater distance and a higher recession velocity due to cosmic
expansion.

For low redshifts (typically $z < 0.1$), the relationship between redshift and distance is approximately
linear, a concept formalized by the Hubble Law. However, as redshifts become larger, this simple
linear relationship breaks down due to the complexities of the expanding universe, including the
curvature of spacetime and the changing rate of expansion throughout cosmic history. Calculating the
actual distance from redshift for very distant objects requires sophisticated cosmological models that
account for these factors, such as the Lambda-CDM model, which incorporates dark energy and dark
matter.

For instance, a galaxy with a redshift of $z = 1$ means that the light we are observing was emitted
when the universe was about half its current size. A redshift of $z = 10$ corresponds to light emitted
when the universe was only about one-tenth of its present size, allowing us to see galaxies in their
very early stages of formation. Extremely high redshifts, like those observed from the most distant
quasars and galaxies, probe the era of the universe's reionization and the formation of the first stars
and galaxies.

The Hubble Law and Cosmic Expansion

The Hubble Law, first formulated by Edwin Hubble in the late 1920s, is a cornerstone of modern
cosmology and is directly linked to redshift. Hubble observed that distant galaxies are moving away
from us, and crucially, that the further away a galaxy is, the faster it appears to be receding. This
relationship is expressed as $v = H_0 d$, where $v$ is the recession velocity, $d$ is the distance to
the galaxy, and $H_0$ is the Hubble Constant, representing the current rate of expansion of the
universe.

The recession velocity $v$ can be approximated by $c \times z$ for small redshifts ($z \Il 1$), where
$c$ is the speed of light. Therefore, for nearby galaxies, redshift is a direct proxy for their recession
velocity, and thus their distance. The Hubble Constant is a fundamental parameter in cosmology, and
its precise measurement is crucial for determining the age and size of the universe. Different
measurement techniques have yielded slightly different values for $H_0$, leading to ongoing
scientific debate known as the "Hubble tension."

The implication of the Hubble Law is profound: it provides strong evidence that the universe is
expanding uniformly in all directions. This is not to say that galaxies are flying away from a central
point; rather, it is the space between galaxies that is stretching. This expansion is consistent with the



Big Bang model, which posits that the universe began in a hot, dense state and has been expanding
and cooling ever since. The redshift of distant galaxies is our primary observational evidence for this
ongoing cosmic expansion.

Cosmological Redshift and the Big Bang

Cosmological redshift is inextricably linked to the Big Bang theory. The observation that virtually all
distant galaxies exhibit redshift, meaning they are receding from us, implies that the universe was
smaller and denser in the past. If we were to "rewind" the expansion of the universe, all matter and
energy would converge towards a single point. This is the essence of the Big Bang model - a moment
of origin from an incredibly hot and dense state, followed by continuous expansion and cooling.

The cosmic microwave background (CMB) radiation is another crucial piece of evidence for the Big
Bang, and its properties are also understood through the lens of cosmic expansion and redshift. The
CMB is the afterglow of the Big Bang, a bath of photons that has been traveling across the universe
for nearly 13.8 billion years. As the universe expanded, these photons have been significantly
redshifted from their initial high-energy state to microwave wavelengths. The uniformity and specific
spectrum of the CMB provide a snapshot of the early universe, a snapshot that is only fully
interpretable with an understanding of cosmological redshift and expansion.

The existence of a maximum observable redshift also provides insight into the age and evolution of
the universe. The furthest objects we can detect are those whose light has been traveling to us since
very early in the universe's history, near the "cosmic horizon." Their extreme redshifts are a
testament to the vastness of cosmic time and distance that we can probe with astronomical
observation.

Redshift Surveys and Mapping the Universe

Cosmological redshift is an indispensable tool for mapping the large-scale structure of the universe.
By measuring the redshift of thousands, even millions, of galaxies, astronomers can create three-
dimensional maps of the cosmos. These surveys reveal that galaxies are not randomly distributed but
are organized into vast filaments, clusters, and voids. This cosmic web is a direct consequence of the
gravitational interactions of matter and the underlying expansion of space.

Large-scale redshift surveys, such as the Sloan Digital Sky Survey (SDSS) and the Dark Energy Survey
(DES), have revolutionized our understanding of cosmic structure. By determining the distance to
each galaxy through its redshift, scientists can visualize the distribution of matter across billions of
light-years. These maps help us understand how structures formed and evolved over cosmic time and
provide crucial data for testing cosmological models, including the role of dark matter and dark
energy in shaping the universe.

The patterns observed in these maps are not random. They reflect the initial conditions of the
universe imprinted on the CMB and amplified by gravity over billions of years. Studying the statistical
properties of these structures, such as the correlation function of galaxies, allows cosmologists to



infer fundamental parameters about the universe, including its composition and its expansion history.
Redshift surveys are essentially building a cosmic census, allowing us to understand our place within
this grand, expanding structure.

Beyond Visible Light: Different Types of Redshift

While we often discuss redshift in terms of visible light shifting towards red, the concept applies to all
forms of electromagnetic radiation. Radio waves, infrared, ultraviolet, X-rays, and gamma rays can all
be redshifted. The principle remains the same: as space expands, the wavelengths of all forms of
radiation traveling through it are stretched.

Beyond the Doppler and cosmological redshifts, there are other, less common types:

e Gravitational Redshift: This occurs when light escapes from a strong gravitational field, such as
near a black hole or neutron star. The energy of the photon is used to do work against gravity,
causing its wavelength to increase. This is predicted by General Relativity but is a much weaker
effect than cosmological redshift on large scales.

¢ Kinematic Redshift: This is another term often used interchangeably with Doppler redshift,
referring to redshift caused by the relative motion of objects through space.

In the context of extragalactic astronomy and cosmology, cosmological redshift is by far the most
significant and widely studied type. The immense distances involved mean that the expansion of
space dominates any peculiar motions of galaxies, making cosmological redshift the primary indicator
of their distance and the expansion rate of the universe.

The Significance of Cosmological Redshift

Cosmological redshift is more than just a curious optical effect; it's a fundamental pillar of modern
astronomy and cosmology. Its discovery and interpretation have allowed us to confirm the expansion
of the universe, validate the Big Bang theory, and begin to unravel the mysteries of dark matter and
dark energy. By measuring the redshift of distant objects, we can:

Estimate the distances to galaxies and quasars.

Determine the recession velocities of celestial objects.

Infer the age and size of the observable universe.

Map the large-scale structure of the cosmos.

Study the evolution of galaxies and cosmic structures over time.

Probe the conditions of the early universe.



Without the concept of cosmological redshift, our understanding of the universe would be vastly
different, confined to a static and perhaps unchanging cosmos. It is this stretching of light that allows
us to witness the universe's grand, unfolding history, providing an ever-expanding window into the
past and a deeper appreciation for our place within it.

Q: What is the primary difference between Doppler redshift
and cosmological redshift?

A: Doppler redshift is caused by the motion of an object through space relative to an observer, similar
to the changing pitch of a siren. Cosmological redshift, on the other hand, is caused by the expansion
of spacetime itself carrying galaxies further apart, stretching the wavelengths of light as they travel.

Q: How does cosmological redshift help us determine the age
of the universe?

A: By measuring the redshift of the most distant objects and the cosmic microwave background
radiation, astronomers can infer how much the universe has expanded since those emissions
occurred. This, combined with the Hubble Constant (the rate of expansion), allows us to calculate the
time elapsed since the Big Bang, thus estimating the age of the universe.

Q: Can a galaxy have both Doppler and cosmological redshift?

A: Yes, a galaxy can exhibit both. Cosmological redshift is due to the overall expansion of space.
However, galaxies also have their own peculiar velocities (motion through space relative to the
Hubble flow). This peculiar motion can add to or subtract from the cosmological redshift, creating a
net observed redshift that is a combination of both effects.

Q: Why do we observe redshift and not blueshift from most
distant galaxies?

A: We observe redshift from most distant galaxies because the universe is expanding. This expansion
stretches the wavelengths of light traveling from them. Blueshift would occur if the space between us
and the object were contracting, or if the object had a significant peculiar velocity towards us. On
cosmological scales, expansion dominates.

Q: What is the significance of the Hubble Constant ($H_0$) in
relation to cosmological redshift?

A: The Hubble Constant ($H_0$) represents the current rate at which the universe is expanding. For
nearby galaxies, redshift is approximately proportional to distance, and the Hubble Constant is the
constant of proportionality ($v \approx H_0 d$). It is a key parameter used to interpret redshift
measurements in terms of distance and the universe's expansion rate.



Q: Can we ever see an object with an infinite redshift?

A: Theoretically, an object emitted at the very beginning of the universe (at the Big Bang itself) would
have an infinite redshift if we could observe it. However, we are limited by the age of the universe
and the speed of light; the furthest we can see are objects whose light has had time to reach us since
shortly after the Big Bang.
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