cosmological redshift tutorial

Cosmological Redshift Tutorial: Understanding the Expanding Universe

cosmological redshift tutorial will guide you through the fascinating phenomenon that
reveals the vastness and ongoing expansion of our universe. This article will demystify the
concept of redshift, explaining what it is, why it occurs, and how astronomers use it to
measure cosmic distances and understand the universe's history. We'll delve into the
underlying physics, differentiate it from other types of redshift, and explore its profound
implications for cosmology. By the end of this comprehensive tutorial, you'll have a solid
grasp of this fundamental astronomical tool and its significance in piecing together the
grand cosmic narrative.
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What is Cosmological Redshift?

At its core, cosmological redshift is the stretching of light waves as they travel through an
expanding universe. Imagine light emitted from a distant galaxy as a wave. As the space
between us and that galaxy stretches, the wave itself gets stretched, causing its
wavelength to increase. Longer wavelengths of visible light shift towards the red end of
the spectrum, hence the term "redshift." This phenomenon is not due to objects moving
through space, but rather the expansion of space itself carrying the light source away
from us.

This stretching effect means that light from very distant objects appears redder than it
would if it were emitted nearby. The further away an object is, the more the universe has
expanded during the light's journey, and thus the greater the redshift. This is a key piece
of evidence supporting the Big Bang theory and the ongoing expansion of the cosmos. It's
a direct observable consequence of the dynamic nature of spacetime as described by
Einstein's theory of general relativity.



The Physics Behind Redshift

To understand cosmological redshift, we need to touch upon the fundamental nature of
light and the fabric of spacetime. Light is an electromagnetic wave, characterized by its
wavelength and frequency. When these waves travel, they are influenced by the medium
through which they propagate. In the case of cosmological redshift, that medium is the
expanding universe itself.

The expansion of the universe means that the scale factor of the universe, often denoted
by 'a', is increasing over time. If light is emitted at a time when the scale factor was

$a {emit}$ and observed at a time when the scale factor is $a {obs}$, then the observed
wavelength $\lambda {obs}$ will be related to the emitted wavelength $\lambda {emit}$
by the simple equation: $\lambda {obs} = \lambda {emit} \times (a {obs} /a {emit})$.
The ratio $a {obs} /a {emit}$ is often represented by $(1+2z)$, where $z$ is the redshift
value.

This relationship highlights that the redshift is directly proportional to the amount of
expansion that has occurred since the light was emitted. It's a geometric effect inherent to
the stretching of the universe's spatial dimensions. The energy of the photons is also
reduced as their wavelengths increase, meaning they carry less energy than when they
were first emitted.

Why Does the Universe Redshift?

The universe redshifts because space itself is expanding. This is not an explosion in pre-
existing space, but rather an expansion from within. Think of a balloon with dots drawn on
its surface. As you inflate the balloon, the dots move further apart from each other, not
because they are walking on the surface, but because the surface itself is stretching.
Similarly, galaxies are not moving through space away from each other in the traditional
sense; rather, the space between them is growing.

This expansion is a consequence of the Big Bang, the event that marked the beginning of
our universe. Since that initial hot, dense state, the universe has been continuously
expanding and cooling. Light emitted from any point in the universe will encounter this
stretching space as it travels, leading to an increase in its wavelength. The further the
light travels, the more expansion it experiences, and therefore, the greater its redshift.

It's crucial to understand that this expansion is uniform on large scales. While local
gravitational forces can cause galaxies to cluster together and even move towards each
other (leading to blueshift in some rare cases), on vast intergalactic scales, the dominant
effect is the expansion of space itself, leading to the ubiquitous cosmological redshift we
observe.



Distinguishing Cosmological Redshift from Other
Types

While cosmological redshift is a primary focus in understanding cosmic expansion, it's
important to distinguish it from other forms of redshift observed in astronomy. These
distinctions are critical for accurate interpretation of astronomical data.

e Doppler Redshift: This occurs when an object is moving through space away from
an observer. Similar to the change in pitch of a siren as an ambulance passes, the
wavelength of light is stretched if the source is receding and compressed if it's
approaching. While galaxies can have individual Doppler motions, the overwhelming
redshift of distant galaxies is cosmological.

e Gravitational Redshift: This phenomenon arises from Einstein's theory of general
relativity, where light loses energy as it escapes a strong gravitational field. Light
emitted from near a black hole, for instance, will be gravitationally redshifted. This
effect is localized to massive objects and is distinct from the universal stretching of
space.

e Kinematic Redshift: This is a broader term that can encompass both Doppler and
cosmological redshift, referring to any redshift caused by relative motion, whether
through space or due to the expansion of space itself. However, in cosmological
contexts, we specifically isolate the effect of cosmic expansion.

The key differentiator for cosmological redshift is that it is a direct consequence of the
expansion of spacetime itself, affecting all light traveling across cosmic distances. Doppler
redshift is about motion within space, while gravitational redshift is about the influence of
gravity on spacetime curvature.

How Astronomers Measure Cosmological Redshift

Measuring cosmological redshift is a cornerstone of observational cosmology.
Astronomers achieve this by analyzing the spectrum of light from distant celestial objects.
When light from stars or galaxies is passed through a spectrograph, it splits into its
constituent wavelengths, revealing a unique pattern of absorption or emission lines.

These spectral lines correspond to specific chemical elements absorbing or emitting light
at precise wavelengths in their rest frame (i.e., the wavelengths they would have if the
source were stationary and not in a strong gravitational field). By comparing the observed
wavelengths of these spectral lines in the light from a distant galaxy to their known rest-
frame wavelengths, astronomers can calculate the shift. If the observed lines are shifted
towards longer (redder) wavelengths, it indicates a redshift. The amount of this shift
directly tells us the redshift value, $z$.



For example, if a hydrogen emission line that is normally observed at 486.1 nanometers
(nm) in a laboratory setting is detected at 729.15 nm in the spectrum of a distant galaxy,
the redshift can be calculated as $z = (\lambda {obs} - \lambda {emit}) /\lambda {emit}
= (729.15-486.1) / 486.1 \approx 0.5%$. This $z$ value is the direct measure of how much
the universe has expanded since that light left the galaxy.

The Hubble-Lemaitre Law and Cosmic Expansion

The relationship between redshift and distance is a fundamental principle in cosmology,
famously described by the Hubble-Lemaitre Law. In the early 20th century, Edwin Hubble,
building on the work of Georges Lemaitre, observed that galaxies are generally moving
away from us, and the further away a galaxy is, the faster it is receding. This recession
velocity is directly proportional to the galaxy's distance.

Mathematically, the Hubble-Lemaitre Law is often expressed as $v = H 0 d$, where $v$ is
the recession velocity, $d$ is the distance, and $H 0$ is the Hubble constant, representing
the current rate of expansion of the universe. For small redshifts ($z \ll 1$), the recession
velocity is approximately $v \approx c z$, where $c$ is the speed of light. Thus, the law
can also be stated in terms of redshift: $c z \approx H 0 d$. This means that by measuring
the redshift of a distant object, we can estimate its distance.

However, it's important to note that for very distant objects, where redshifts are large, this
linear approximation breaks down. More complex cosmological models are needed to
accurately relate redshift to distance, accounting for the changing rate of cosmic
expansion over time. Nevertheless, the principle that higher redshift generally implies
greater distance remains a cornerstone of our understanding of cosmic structure.

Implications of Cosmological Redshift

The discovery and understanding of cosmological redshift have profound implications for
our comprehension of the universe. It provides compelling evidence for the Big Bang
theory, suggesting that the universe originated from an extremely hot, dense state and has
been expanding ever since.

Furthermore, redshift allows us to probe the universe's history. By observing light from
increasingly distant objects, we are essentially looking back in time, as the light has taken
billions of years to reach us. This enables astronomers to study the formation and
evolution of galaxies, the cosmic microwave background radiation, and the distribution of
matter in the early universe.

The redshift-distance relationship also plays a crucial role in determining the geometry
and fate of the universe. By mapping the distribution of galaxies and their redshifts,
cosmologists can infer whether the universe is flat, open, or closed, and whether its
expansion will continue indefinitely or eventually slow down and recollapse.



Applications in Modern Cosmology

Cosmological redshift is not just a theoretical concept; it's an indispensable tool in modern
cosmology. Astronomers utilize redshift in a myriad of ways to unravel the universe's
mysteries.

e Mapping Large-Scale Structures: By measuring the redshifts of millions of
galaxies, astronomers can create three-dimensional maps of the universe, revealing
the intricate cosmic web of galaxies, clusters, and voids.

e Studying Galaxy Evolution: Redshift allows us to observe galaxies at different
stages of their development. Early galaxies, characterized by high redshifts, appear
different from nearby galaxies, providing insights into how galaxies form, grow, and
merge over cosmic time.

e Cosmic Microwave Background (CMB) Analysis: The CMB, the afterglow of the
Big Bang, is observed as microwave radiation. Its redshift provides critical
information about the early universe's composition and structure, helping to
constrain cosmological models.

¢ Discovering Distant Objects: Powerful telescopes like the Hubble Space Telescope
and the James Webb Space Telescope use redshift to identify and study the most
distant galaxies and quasars ever observed, pushing the boundaries of our
observable universe.

e Measuring Cosmic Distances: As discussed with the Hubble-Lemaitre Law,
redshift is a primary method for estimating distances to galaxies and other
extragalactic objects, a fundamental step in understanding the universe's scale.

The precision with which we can measure redshift has led to incredible advancements in
our understanding of cosmology, allowing us to test and refine fundamental theories about
the universe's origin, evolution, and ultimate destiny.

Common Misconceptions About Redshift

Despite its fundamental importance, cosmological redshift is sometimes misunderstood.
It's helpful to clarify some common misconceptions to ensure a clear understanding of this
phenomenon.

One common misconception is that redshift implies all objects are moving away from a
central point. This is not the case. The expansion of the universe is happening everywhere
simultaneously. Every point in the universe sees all other distant points receding from it,
regardless of their location.



Another misconception is that redshift is solely due to Doppler effect. While Doppler
redshift exists, the overwhelming redshift observed in distant galaxies is a direct result of
the expansion of space itself, stretching the light waves as they traverse the cosmos. The
universe is not expanding into anything; rather, space itself is growing.

Finally, some might think that if an object is redshifted, it must be moving at an incredibly
high speed. While high redshift does imply a large recession velocity due to cosmic
expansion, this velocity can exceed the speed of light. This is not a violation of relativity
because it's the space between us and the object that is expanding, not the object moving
through space at such speeds.

Frequently Asked Questions

Q: What is the most basic definition of cosmological

redshift?

A: Cosmological redshift is the stretching of light waves as they travel through the
expanding fabric of space in the universe.

Q: Does cosmological redshift mean galaxies are moving
away from us?

A: Yes, but it's more accurate to say that the space between us and distant galaxies is
expanding, carrying them further away.

Q: How do astronomers measure cosmological redshift?

A: They analyze the spectrum of light from celestial objects, comparing the observed
wavelengths of spectral lines to their known rest-frame wavelengths.

Q: Is cosmological redshift the same as Doppler
redshift?

A: No, while both result in redshift, Doppler redshift is caused by an object's motion
through space, whereas cosmological redshift is due to the expansion of space itself.

Q: What is the Hubble-Lemaitre Law?

A: It's the relationship stating that the recession velocity of a galaxy is directly
proportional to its distance from us, and it's measured using redshift.



Q: Can objects have a blueshift due to cosmology?

A: Cosmological redshift is always a stretching of light, leading to a redder color. Blueshift
due to cosmological expansion is not observed; however, local gravitational forces or
peculiar velocities can cause blueshift.

Q: Why is cosmological redshift important for
understanding the universe?

A: It provides key evidence for the Big Bang theory, allows us to estimate distances to
galaxies, and helps us study the universe's evolution by looking back in time.

Q: Does the expansion of the universe affect all light?

A: Yes, any light that travels across sufficiently large distances within the expanding
universe will experience cosmological redshift.

Q: What does a high redshift value signify?

A: A high redshift value indicates that an object is very distant and that a significant
amount of cosmic expansion has occurred since the light was emitted.

Q: Is it possible for an object to recede faster than the
speed of light due to cosmic expansion?

A: Yes, for very distant objects, the expansion of space between us and them can cause
their recession velocity to exceed the speed of light. This does not violate relativity
because it's space expanding, not the object moving through space.
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