cosmological redshift in cosmology

Cosmological redshift in cosmology is a foundational concept that fundamentally reshaped
our understanding of the universe's nature and evolution. This phenomenon, observed as a
shift towards longer wavelengths in the light from distant celestial objects, is not merely a
Doppler effect, but rather a direct consequence of the expansion of spacetime itself. By
delving into its intricacies, we can unlock profound insights into the universe's history, its
current state, and its ultimate fate. This article will explore the definition and discovery of
cosmological redshift, its relationship with the expansion of the universe, how it's
measured, its implications for determining cosmic distances, its role in the Big Bang
model, and its connection to the cosmic microwave background radiation.
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What is Cosmological Redshift?

Cosmological redshift in cosmology is a phenomenon where electromagnetic radiation
from distant celestial objects experiences a shift towards longer wavelengths, appearing
"redder" than it would have been at its source. Unlike the Doppler effect, which is caused
by the relative motion of an object through space, cosmological redshift is a direct result
of the expansion of spacetime itself. As light travels across the vast distances of the
universe, the fabric of space through which it propagates is stretching. This stretching of
space literally pulls the wavelengths of the light outwards, increasing their length and
causing the observed redshift. Think of it like this: imagine drawing a wave on a rubber
sheet and then stretching the sheet. The wave itself gets longer, not because it's moving
across the sheet, but because the sheet it's drawn on is expanding. This is analogous to
how cosmological redshift works.

The magnitude of this redshift is directly proportional to the distance of the object. The
farther away a galaxy or quasar is, the more its light has been stretched by the expansion
of the universe during its journey to us, and thus, the greater its cosmological redshift.
This relationship is one of the most powerful tools cosmologists have for mapping the
universe and understanding its large-scale structure. It allows us to peer back in time, as
light from extremely distant objects has been traveling for billions of years, providing
snapshots of the universe in its infancy.



The Discovery of Redshift and Expanding
Universe

The journey to understanding cosmological redshift began in the early 20th century with
groundbreaking observations. Astronomers like Vesto Slipher, in the years following 1912,
were meticulously measuring the spectra of "spiral nebulae" (what we now know are
galaxies). He noticed that the spectral lines of most of these nebulae were shifted towards
the red end of the spectrum, indicating that they were moving away from us. This was a
surprising discovery, as many expected the universe to be static.

Building upon this, Edwin Hubble, in the late 1920s, combined Slipher's redshift
measurements with distance estimates for these nebulae. Hubble discovered a remarkable
correlation: the farther away a galaxy was, the faster it appeared to be receding from us.
This relationship, now famously known as Hubble's Law, provided compelling evidence
that the universe is not static but is, in fact, expanding. This expansion wasn't just the
random motion of galaxies through space; it was an intrinsic stretching of the universe
itself, a concept that was revolutionary at the time.

The implications of Hubble's findings were profound. If the universe is expanding, it
suggests that in the past, everything was much closer together. This observation formed
the bedrock of what would become the Big Bang theory, a model that describes the origin
and evolution of the universe from an extremely hot, dense state.

Cosmological Redshift vs. Doppler Redshift

It is crucial to distinguish cosmological redshift from the more familiar Doppler redshift.
Both phenomena involve a shift in wavelength, but their underlying causes are
fundamentally different. Doppler redshift occurs when an object is moving relative to an
observer through a static medium (like space). For instance, the change in pitch of a siren
as an ambulance approaches and then recedes is a sonic manifestation of the Doppler
effect. In the case of light, if a star is moving away from Earth, its emitted light waves are
stretched, causing a redshift. Conversely, if it's moving towards us, the waves are
compressed, leading to a blueshift.

Cosmological redshift, on the other hand, is a consequence of the expansion of spacetime
itself. Imagine a loaf of raisin bread in an oven. As the bread bakes and expands, the
raisins (galaxies) move farther apart from each other. A raisin doesn't move through the
dough; rather, the dough between the raisins is expanding. Similarly, galaxies are not
flying through space away from each other. Instead, the space between them is expanding,
carrying them apart. This expansion stretches the light waves traveling between these
galaxies, resulting in cosmological redshift. While both result in redshift, the former is
about relative motion within space, while the latter is about the stretching of space.

The mathematical relationship for Doppler redshift is dependent on velocity and distance
in a specific way. Cosmological redshift, particularly at large distances, follows a different



mathematical formulation related to the scale factor of the universe. For nearby objects,
the two effects can be similar, but for very distant objects, the cosmological redshift
dominates and is the correct interpretation.

Measuring Cosmological Redshift

Measuring cosmological redshift is a cornerstone of observational cosmology and relies on
analyzing the light from distant celestial objects. The process typically involves
spectroscopy, where light is dispersed into its constituent wavelengths, much like a prism
splits white light into a rainbow. Within this spectrum, there are specific "fingerprints" -
absorption or emission lines - that correspond to the chemical elements present in the
object's atmosphere.

These spectral lines are characteristic of particular elements at specific wavelengths when
observed in a laboratory on Earth. When we observe light from a distant galaxy, we look
for these same patterns of lines. If the galaxy is moving away from us due to the expansion
of the universe, these spectral lines will be shifted towards longer, redder wavelengths
compared to their laboratory values. The amount of this shift, quantified as 'z', is the
redshift value.

The formula to calculate redshift is straightforward: z = (observed wavelength - emitted
wavelength) / emitted wavelength. A positive value of 'z' indicates a redshift (object is
moving away), while a negative value would indicate a blueshift (object is moving towards
us). Modern telescopes equipped with sensitive spectrographs can detect these subtle
shifts even for very faint and distant objects, allowing astronomers to determine their
redshift with remarkable precision. This measured redshift is then the primary indicator of
how far away the object is and, consequently, how far back in time we are looking.

Cosmological Redshift and Cosmic Distances

One of the most significant applications of cosmological redshift is its use in determining
distances to celestial objects. The relationship discovered by Edwin Hubble, known as
Hubble's Law, states that the recessional velocity of a galaxy is directly proportional to its
distance. While initially velocity was inferred from redshift, we now understand that the
redshift itself, in the context of an expanding universe, is the key.

For relatively nearby galaxies, the redshift is approximately proportional to distance. This
means that if we measure a certain redshift, we can infer how far away the galaxy is.
However, as we look at more distant objects, the universe's expansion rate hasn't been
constant throughout its history. This means that a simple linear relationship doesn't hold
perfectly for very large distances. Cosmologists use more sophisticated models of the
universe, incorporating parameters like the Hubble constant (which describes the current
expansion rate) and the universe's composition (dark matter and dark energy), to convert
redshift into accurate distance measurements.



This ability to measure cosmic distances is fundamental to understanding the scale of the
universe, the distribution of galaxies, and the evolution of cosmic structures over time.
Without cosmological redshift, our map of the cosmos would be largely two-dimensional,
lacking the crucial third dimension of depth and temporal information that allows us to
reconstruct cosmic history.

Cosmological Redshift and the Big Bang Model

Cosmological redshift is not just evidence for the expansion of the universe; it is a pillar of
the Big Bang model. The Big Bang theory posits that the universe began in an extremely
hot and dense state and has been expanding and cooling ever since. The observed redshift
of distant galaxies provides strong observational support for this expansion. If the universe
is expanding today, then extrapolating backward in time implies that everything was once
much closer together.

The farther back we look in terms of redshift, the smaller and denser the universe was.
This aligns perfectly with the Big Bang scenario. The universe began in a singularity and
has been growing ever since. The light from the earliest moments of the universe, such as
that from the formation of the first stars and galaxies, carries a very high redshift due to
the immense expansion that has occurred since then. Studying these highly redshifted
objects allows us to probe the conditions of the early universe, testing the predictions of
the Big Bang model.

Furthermore, the Big Bang model predicts a specific relationship between redshift and
time. By measuring the redshift of galaxies, astronomers can estimate their age and thus
reconstruct a timeline of cosmic evolution. The distribution of galaxies at different
redshifts provides insights into how structures formed and evolved over billions of years,
validating the core tenets of the Big Bang cosmology.

Cosmological Redshift and the Cosmic Microwave
Background

The Cosmic Microwave Background (CMB) radiation is another critical piece of evidence
directly linked to cosmological redshift and the Big Bang model. The CMB is a faint glow
of microwave radiation that permeates all of space, a relic from the very early universe,
approximately 380,000 years after the Big Bang.

At that epoch, the universe was a hot, dense plasma. As it expanded and cooled, neutral
atoms began to form, allowing photons to travel freely. These photons have been traveling
across the universe ever since, and due to the continuous expansion of spacetime, their
wavelengths have been dramatically stretched. This stretching has shifted the initially
visible light all the way into the microwave portion of the electromagnetic spectrum,
hence the name Cosmic Microwave Background.



The CMB exhibits an almost perfect blackbody spectrum, with a temperature of about 2.7
Kelvin. This spectrum is a direct consequence of the expansion of the universe and the
redshift of these primordial photons. The tiny temperature fluctuations observed in the
CMB are incredibly important. They represent the seeds from which all large-scale
structures, like galaxies and galaxy clusters, eventually formed. Studying these
fluctuations and their characteristic scales, which are themselves influenced by the
expansion history and therefore redshift, provides crucial parameters for refining
cosmological models, including the age, composition, and geometry of the universe.

FAQ

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

A: The primary difference lies in their cause. Doppler redshift is caused by the motion of
an object through space relative to an observer, while cosmological redshift is caused by
the expansion of spacetime itself stretching the wavelengths of light as it travels.

Q: How is cosmological redshift measured?

A: Cosmological redshift is measured using spectroscopy. Astronomers analyze the light
from distant objects, identifying characteristic spectral lines (like those from hydrogen or
other elements) and comparing their observed wavelengths to their known wavelengths
measured on Earth. The difference, divided by the emitted wavelength, gives the redshift

(2).

Q: Can cosmological redshift be blueshifted?

A: While the term "redshift" implies a shift towards longer, redder wavelengths, it's a
convention. If an object were somehow moving towards us due to a negative expansion
rate (which is not observed), or if we were considering relative motion in a non-expanding
universe, we would see a blueshift (shift towards shorter, bluer wavelengths). However, in
the context of the universe's expansion, we overwhelmingly observe cosmological redshift
for distant objects.

Q: What is the Hubble constant, and how does it relate
to cosmological redshift?

A: The Hubble constant ($H 0$) is a measure of the current rate at which the universe is
expanding. It relates the recessional velocity of a galaxy to its distance. While redshift
doesn't directly equal velocity, for nearby galaxies, redshift is approximately proportional
to velocity, and therefore, the Hubble constant is fundamental in converting measured
redshift into inferred distance.



Q: Does cosmological redshift imply that galaxies are
moving away from a central point?

A: No, cosmological redshift does not imply a central point of expansion. The expansion is
happening everywhere simultaneously. It's more like the surface of an inflating balloon,
where every point moves away from every other point, and there's no single "center" on
the surface.

Q: How far back in time can we see using cosmological
redshift?

A: The farther away an object is, the higher its cosmological redshift, and the older its
light is. By observing objects with very high redshifts (like quasars and the CMB), we can
look back billions of years, seeing the universe as it was in its infancy.

Q: Is cosmological redshift a form of intrinsic redshift?

A: No, cosmological redshift is not an intrinsic property of the light source itself, nor is it
caused by the object moving through space (Doppler effect). It is a consequence of the
geometry and expansion of the universe.

Q: What role does dark energy play in cosmological
redshift?

A: Dark energy is thought to be responsible for the accelerated expansion of the universe.
This acceleration affects the relationship between redshift and distance, particularly at
very large distances, making objects appear farther away for a given redshift than they
would in a universe that was only expanding at a constant or decelerating rate.
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