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    ABSTRACT  

The groundbreaking astronomer Edwin Hubble developed Hubble's Law in 1929, which 
is a fundamental component of our knowledge of the universe. This fundamental 
concept illuminates the dynamic character of our cosmos by revealing a compelling link 
between the distance and recessional velocity of galaxies. Fundamentally, Hubble's Law 
offers strong proof that the universe is expanding. The Hubble constant captures the 
pace of this expansion. The linear relaFonship suggests that galaxies are, on average, 
moving apart from one another. The noFon that our universe is conFnuously expanding 
is supported by current evidence, and this has important ramificaFons for our 
comprehension of the universe's origins and future. In cosmology research, the Hubble 
constant is an essenFal parameter that holds the key to solving the mysteries of the 
universe. Through accurate measurements of galaxy distances and recessional 
velociFes, astronomers can calculate the Hubble constant, which helps them 
understand the universe's general structure and age. However, there are sFll difficulFes 
in determining the Hubble constant because different measuring techniques produce 
somewhat different results, necessitaFng further study and improvement. It is 
expressed as v = H0D, where H0 is the Hubble constant, or constant of proporFonality, 
between the speed of separaFon (i.e., the derivaFve of proper distance concerning the 
cosmological Fme coordinate) and the "proper distance" (D) to a galaxy. Unlike the 
moving distance, D can vary over Fme. The Hubble Law is emblemaFc of the cosmic 
fabric stretching over Fme. Analogous to an inflaFng balloon where dots placed on its 
surface move away from each other as the balloon expands, galaxies in our universe 
exhibit a similar behavior. The Hubble Law is not indicaFve of galaxies moving through 
space but rather suggests a more profound phenomenon: the very space between 
galaxies is expanding. This expansion conceptually traces backward to a singular point 
in the past, oTen referred to as the "Big Bang." The Hubble Law, therefore, provides a 
cosmic clock, offering a means to esFmate the age of the universe based on the current 
rate of expansion. 
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1. RedshiM and Magnitude 

The phenomenon known as redshiT occurs when electromagneFc radiaFon causes an object's 
wavelength to rise. BlueshiT, commonly referred to as negaFve redshiT, is the opposite of redshiT, 
when energy increases as a result of shorter wavelengths. RedshiT's primary causes are as follows: 

• The movement of objects in space as they get closer or farther apart is known as the Doppler effect. 
• GravitaFonal redshiT is caused by a strong gravitaFonal field. 
• A cosmological redshiT occurs when space expands to the point where things are separated but 

their posiFons remain unchanged. 

 

 

InterpretaDon of RedshiM and Distance: 

 

Fig. 1. Linear relaFonship between the redshiT and distance 

Above is the linear relaFonship between the redshiT and distance 

Z=Δλ/λ 

Where, 

z is the redshiM. 

Δλ is the shiM in wavelength in the spectra. 

λ is the wavelength. 
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The key forecasts of the Hubble law face inconsistency when compared to direct observaFons from 
comprehensive samples of extragalacFc sources across opFcal, infrared, and x-ray wavelengths. 
Specifically, the anFcipated variaFon in apparent magnitude consistently surpasses the observed 
values, making it challenging to a]ribute the dispariFes to hypotheFcal disturbances or irregulariFes. 
On the contrary, predicFons based on the Lundmark law, characterized by homogeneity and quadraFcs, 
align well with empirical data. AddiFonally, the Lundmark law not only aligns with observaFons but also 
consistently predicts deviaFons between Hubble law forecasts and actual observaFons, a phenomenon 
lacking an explanaFon within the Hubble law itself. 

The flux-redshiT law, denoted as F X (1 + z)/z, demonstrates compaFbility with equitable complete 
samples throughout the enFre observed redshiT range, especially when considering flux limitaFons 
using an opFmal staFsFcal approach. Assuming a fixed-sphere model for space, as proposed in the 
Einstein universe, this law implies a redshiT-distance relaFonship of z = tan^2(r/2R), where R represents 
the radius of the spherical space. This relaFonship coincides with the projecFons of chronometric 
cosmology, esFmaFng R at 160 ± 40 Mpc (1 parsec = 3.09 x 10^16 m) based on the proper moFon to 
redshiT relaFon of superluminal sources. Various tangenFal aspects, including staFsFcal methodology, 
fundamental physical theory, bright cluster galaxy samples, and proposed luminosity evoluFon, are 
briefly considered in this context. The posiFve development is the idenFficaFon of a straighiorward 
redshiT correlaFon that aligns consistently with observaFons in objecFvely defined samples across the 
opFcal, infrared, and x-ray spectrums. However, the drawback is that this correlaFon bears no 
resemblance to the Hubble law, which seems fundamentally incompaFble with the observed data. 

These insights emerge from a thorough examinaFon of redshiT observaFons and theory, a process 
recommended for all scienFfic theories, as emphasized in the NaFonal Academy of Sciences booklet 
"Science and CreaFonism" (1). Beyond the realms of logic and mathemaFcs, our criterion for 
disFnguishing between fact and speculaFon relies on probability, whose fundamental principles are 
universally accepted. A theory that yields predicFons markedly divergent from direct observaFon is 
deemed scienFfically incorrect, whereas one whose predicFons align with direct observaFon within 
staFsFcal fluctuaFons is scienFfically plausible and may be correct, albeit not conclusively so. A "theory" 
that evades discrepancies from direct observaFon by abstaining from making predicFons lacks the 
essence of a scienFfic theory, or in Pauli's terms, "isn't even good enough to be wrong. 

In 100 randomly generated samples, the projected values of Sm consistently surpass the observed value 
when constructed based on the assumpFon of Cl. However, when the construcFon of these random 
samples is grounded in the assumpFon of C2, the predicted values align with the observed ones. This 
offers addiFonal support for the findings of studies involving complete opFcal samples. Nevertheless, 
it's worth noFng that a significant moFon of the Galaxy could potenFally impact the results, possibly 
mimicking the configuraFon predicted by C2. Previous studies (13) have demonstrated that the relaFve 
fits of Cl and C2 remain insensiFve to assumed moFons for the enFre sky sample, but this may not hold 
true for a sample with limited sky coverage, as indicated in fig below. 



 
 

 

112 
 
 

 

Journal of Sustainable Science and Transformative Research - Reviews & Letters, 2 (2), 109-136 (2023) 
 

Journal of Sustainable Science and TransformaDve Research - Reviews & LeEers, 2 (2), 101-112 (2023) 
 

Journal of Sustainable Science and TransformaDve Research - Reviews & LeEers, 2 (2), 101-112 (2023) 
 

Research - Reviews & LeEers, 2 (2), 101-112 (2023) 
 

Journal of Sustainable Science and TransformaDve Research - Reviews & LeEers, 2 (2), 101-112 (2023) 
 

Journal of Sustainable Science and TransformaDve Research - Reviews & LeEers, 2 (2), 101-112 (2023) 
 

Journal of Sustainable Science and TransformaDve Research - Reviews & LeEers, 2 (2), 101-112 (2023) 
 

Journal of Sustainable Science and TransformaDve Research - Reviews & LeEers, 2 (2), 101-112 (2023) 
 

  

Fig. 2. llustraFon of the Hubble law. Galaxies at all points of the square grid are receding from the black 
galaxy at the centre, with velociFes proporFonal to their distance away from it. From the point of view 
of the second, green, galaxy two grid points to the leT, all velociFes are modified by vector addiFon of 
its velocity relaFve to the black galaxy (red arrows). When this is done, velociFes of galaxies as seen by 
the second galaxy are indicated by green arrows; they all appear to recede from this galaxy, again with 
a Hubble-law linear dependence of velocity on distance. 

The more extensive sample analyzed by provides a foundaFon for miFgaFng sensiFvity to the moFon 
of the Galaxy. Parallel staFsFcal analyses of this sample, tesFng both Cl and C2 using the same approach 
as earlier studies, were conducted within the redshiT range of 500 < cz < 30,000 km/s, typically 
considered pre-evoluFonary and comprising 2551 galaxies. UFlizing the ROBUST LF determined from 
the assumed Cp as SLFp, correcFons were applied to naive sample staFsFcs, such as the correlaFon pp 
of absolute magnitude with log redshiT and the standard deviaFon o-p of the residuals in the 
magnitude-redshiT relaFon. This correcFon, detailed in opFcal sample references, was derived from 
SLFp and resulted in a notable increase in the naive p1 from -0.91 to 0.02, and a decrease in the naive 
a-1 from 1.73 to 1.56 mag, affirming the effecFveness of ROBUST. 

For C2, a naive p2 of -0.67 increased to 0.05, and the naive a-2 increased from 0.90 to 1.08 mag. The 
differences in a-1 and o-2 reflect the relaFve impact of the flux cutoff as perceived from the perspecFves 
of Cl and C2. On this basis, there isn't a significant disFncFon between Cl and C2, except for the lower 
dispersions for C2, which aren't conclusive. However, the predicFon errors for (ml z) in the Cl model are 
approximately twice those for C2. AddiFonally, the Cl predicFon is notably brighter at the lowest 
redshiTs, and there is a discernible trend with redshiT in the Cl predicFon errors, corresponding to an 
exaggerated slope in the regression of the predicted (ml z) on logs, while no such trend is observed for 
C2. 
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1.1 Background and History behind the Hypothesis 

Early Concepts: In the early 1900s, Albert Einstein formulated his general theory of relaFvity (1915), 
which explained how ma]er and spaceFme's curvature interact gravitaFonally. In the 1920s, Einstein's 
equaFons were separately applied to cosmology by Belgian astronomer Georges Lemaître and Russian 
scienFst Alexander Friedmann. Their soluFons pointed to the possibility of an expanding cosmos. 

Edwin Hubble's ObservaDons: Hubble was able to determine the distance of the Andromeda Galaxy in 
1923 when he discovered Cepheid variable stars within it. This proved that Andromeda was a galaxy 
apart from the Milky Way. Hubble's groundbreaking study, which established the redshiT-distance link, 
was published in 1929. He discovered a relaFonship between the distances of galaxies and their 
redshiTs, which show how far away they are from us. A galaxy's speed of departure increases with its 
distance from us, indicaFng an expanding cosmos. 

VerificaDon and AddiDonal Developments: Other astronomers who contributed to Hubble's study, 
such as Milton Humason and Vesto Melvin Slipher, provided more evidence in favor of the expanding 
universe theory. The discovery of the cosmic microwave background radiaFon in 1965 added to the 
body of data supporFng the early universe's hot and dense state. 

Big Bang Theory Development: The Big Bang Theory, which postulates that the universe originated in 
a very hot and dense state and has been expanding ever since, was developed because of Hubble's 
observaFons. 

In one of the most renowned papers in the history of science, Edwin Hubble's 1929 arFcle in the 
Proceedings of the NaFonal Academy of Sciences (PNAS) introduced the Hubble Law, revealing the 
connecFon between the distance and recession velocity of galaxies. This groundbreaking work 
fundamentally transformed our comprehension of the cosmos, marking the incepFon of observaFonal 
cosmology. Over the past 90 years, this field has unveiled a vast and evolving universe, expanding for 
approximately 14 billion years and comprising dark ma]er, dark energy, and billions of galaxies. 

It's challenging to fathom that merely nine decades ago, much of the universe remained unknown to 
us. From today's standpoint, the concept of an expansive, ancient universe teeming with billions of 
galaxies, steadily moving away from each other as a result of the cosmic expansion iniFated by a "Big 
Bang" billions of years ago, seems so ingrained in our understanding that we might assume it has been 
common knowledge for centuries. However, this was not the case. Edwin Hubble's pivotal 1929 PNAS 
paper, Ftled "A relaFon between distance and radial velocity among extra-galacFc nebulae" (1), served 
as a turning point in our comprehension of the universe. In this concise publicaFon, Hubble presented 
observaFonal evidence for one of the most significant discoveries in science—the expansion of the 
universe. His findings demonstrated that galaxies exhibit a recession velocity proporFonal to their 
distance from us, revealing that more distant galaxies recede at higher velociFes than those closer to 
us. 
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1.2 RelaDve Distances and Absolute Magnitude 
The measurement of the relaFve distances of galaxies forms the basis of Hubble's Law. The recessional 
velocity of a galaxy can be inferred from its redshiT. SFll, precise distance measurements to these 
galaxies are necessary to calculate the Hubble constant and the universe's true expansion rate. 
RelaFve distances are measured using a variety of methods, such as standard candles such as Type 
supernovae or Cepheid variable stars. Astronomers can determine the distance of these objects by 
comparing their apparent brightness with their absolute magnitude because they have known intrinsic 
brightness. 
When comparing the inherent brightness of galaxies or other astronomical objects, absolute magnitude 
is essenFal. It enables astronomers to standardize their observaFons and perform precise comparisons 
in the framework of Hubble's Law, parFcularly for determining the luminosity of galaxies at various 
distances. The observed brightness is adjusted for distance using absolute magnitude. By comparing 
the apparent magnitude of a galaxy to the absolute magnitude of a standard candle, astronomers can 
uFlize standard candles with known absolute magnitudes to calculate the distance to the galaxy 
according to Hubble's Law. 

 

Fig. 3. The velocity against distance from Earth 

The well-established Hubble Law, visually represented by the Hubble Diagram, describes a consistent 
expansion of the universe. Analogous to an enlarging raisin cake, where galaxies, akin to raisins, move 
away from each other at a constant rate per unit distance, this law reveals that more distant objects 
exhibit higher speeds of recession than those in proximity. The slope of this relaFonship is denoted as 
Ho, represenFng the Hubble Constant. This constant signifies the unchanging rate of cosmic expansion 
resulFng from the stretching of space-Fme itself. 

While the expansion rate remains constant in all direcFons at any given moment, it undergoes changes 
over Fme throughout the universe's existence. When expressed as a funcFon of cosmic Fme, denoted 
as H(t), it transforms into the Hubble Parameter. The current expansion rate, represented by Ho, is 
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approximately 70 km/s/Mpc (where 1 Mpc equals 10^6 parsecs or 3.26 × 10^6 light-years). The 
reciprocal of the Hubble Constant gives rise to the Hubble Time, denoted as tH = d/v = 1/Ho. This 
parameter reflects the Fme elapsed since the commencement of a linear cosmic expansion, 
extrapolaFng a linear Hubble Law back to t = 0. Consequently, it is intricately linked to the age of the 
Universe, spanning from the Big Bang to the present day. For the specified Ho value, tH is approximately 
14 billion years. 

1.3 ResoluDon Derived: 

The following data gives me more insight into making an inference that the recessional velocity 
of a galaxy increases as it travels farther away from us. Thus, proving to us that the universe is 
expanding at an accelerated rate. 

Using Hubble's Law: 

v=H ×d 

‘V’ is the velocity of the galaxy expanding away from the observer. ‘H’ is Hubble's constant1. and 
‘d’ is the distance between the observer and the galaxy (replaced as magnitude). 
 
 
The data pertaining to the thesis paper can imply the following: 
 
 
1 The data supports Hubble's theory of cosmic expansion. 
2 The observaFons help us derive Hubble's constant.1 
3 Further reading into derivaFon of Hubble's constant suggests external influences causing the 

expansion.2 
The revelaFon of a linear redshiT-distance relaFon, exemplified by Hubble's law in the late 1920s, 
played a pivotal role in establishing the concept of an expanding universe, stemming from an 
enigmaFc event termed the big bang approximately 13.8 billion years ago. Subsequent 
observaFons, parFcularly the idenFficaFon of a less-than-linear redshiT-distance relaFon for 
distant type Ia supernovae almost two decades ago, led scienFsts to widely acknowledge the 
universe's acceleraFon, a]ributed to an elusive force known as dark energy. The Fme dilaFon 
observed for type Ia supernovae served as direct evidence supporFng the expansion of the 
universe. However, recent scruFny of standard templates used to gauge the width of light curves, 
proporFonal to the emi]ed wavelength, has unearthed an anomaly that eliminates the observed 
supernova Fme dilaFon. This discovery challenges the prevailing noFon that recessional moFons 
of galaxies or the expansion of space are the sole causes of redshiTs. AddiFonally, the absence of 
similar Fme dilaFons in quasars and gamma-ray bursts suggests alternaFve explanaFons for 
redshiT phenomena. 
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In response to these challenges, a novel redshiT-distance relaFon has been derived from Mach's 
principle within the framework of light relaFvity. According to this principle, a moving object or 
photon, due to its conFnuous displacement, perturbs or distorts the spaceFme of the enFre 
universe. This distorFon results in an effecFve gravitaFonal force, acFng in opposiFon to or 
dragging the moving object or photon, consequently reducing the object's inerFa or the photon's 
frequency. Despite the extremely weak disturbance of spaceFme by a photon, the effecFve 
gravitaFonal force has been modelled as Newtonian. 
 
The outcome of this modelling effort not only impeccably explains the redshiT-distance 
measurements of distant type Ia supernovae but also inherently yields Hubble's law as an 
approximaFon at small redshiTs. Contrary to the prevailing paradigm of an expanding and 
acceleraFng universe, the results obtained from this study lean towards Einstein's simplest 
cosmology of a staFc universe or a recently developed cosmology incorporaFng dynamic aspects 
within the framework of a black hole universe. This alternaFve perspecFve challenges exisFng 
cosmological models, opening avenues for further exploraFon and refinement of our 
understanding of the cosmos. 
 
1.3.1 Hubble's Constant (DerivaDon from Friedmann EquaDons) 

 
Derivation of Hubble's Law can be made from the dopplers effect or from the Friedmann- Lemaître 
equations. The Friedmann Equations are a set of mathematical postulates that describe the 
evolution of the universe based on Einstein's principle of General Relativity.1 
 
 
The relationship between the distance to the galaxy and the scale factor is given by: 

𝑑 = 𝑎𝑅 

The rate of change of the distance to the galaxy can be expressed as: 

V=!&
!#

= 𝑎𝑅& 

Combining the 2 equations we get the Hubble's Equation: 

v=H ×d 

where H = Ṙ/R is the Hubble constant. 
Compton scattering has faced rejection due to its inherent particle-particle interaction characteristics, 
leading to the scattering of photons at various angles and frequencies. This phenomenon results in 
image blurring, making it an unsatisfactory explanation. Various alternative mechanisms have been 
proposed over the years, such as photon energy loss in a radiation field, inelastic scattering by gaseous 
atoms and molecules, or a dispersive-extinction effect by the space medium. One previously 
unexplored perspective considers photons as waves, interacting with intergalactic free electrons in a 
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wave-particle manner, departing from the principle of complementarity. 
 
While it is established that very short-wavelength photons, such as gamma rays, can interact with 
electrons through particle-particle interactions like Compton scattering, this article suggests that 
longer-wavelength photons, exceeding gamma ray lengths, could engage in a wave-particle interaction. 
In this scenario, electrons respond to the photon's electric field. Given that the wavelength of visible 
light is significantly larger than that of an electron, a visible wavelength photon would theoretically pass 
over an electron without altering its direction, minimizing image blurring. This proposal addresses 
historical objections to Compton scattering raised by Zwicky, specifically concerning image blurring, 
and aligns with the idea that photons travel with minimal transverse deflection. 
 
Moreover, any objections to Compton scattering as an explanation for the cosmological redshift are 
considered irrelevant to the thesis of this article. The article does not advocate for Compton scattering 
but introduces a fundamentally distinct redshift mechanism based on a wave-particle interaction. The 
theoretical prediction presented in this article proposes a novel way in which photons could interact 
with free electrons in deep space, offering an alternative perspective. The theoretical model finds 
support in the subsequent calculations, revealing a predicted cosmological redshift that aligns with the 
observational data represented in the Hubble diagram. 
 
1.The redshift of galaxies outward is a phenomenon confirmed to obey the laws of physics using 
Einstein's General Relativity (Refer Study: Gravitational redshift of galaxies in clusters as predicted by 
general relativity, Radoslaw Wojtak, Steen H. Hansen & Jens Hjorth Dark Cosmology Centre, Niels 
Bohr Institute, University of Copenhagen). 
 
1.3.2 DerivaDon from Doppler's Effect 

Hubble's law can be derived from the Doppler effect*, which is the phenomenon that the frequency 
of a wave changes as the source or observer moves relative to each other. With respect to light, this 
effect causes light to be redshifted. 
 
 
The amount of redshift, denoted by z, is given by: 

𝑧 = $
$%

 – 1 = v/c 

 
Combining the 2 eq. We get: 

 
Rearranging, we get: 
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• λ is the observed wavelength of the light 

• λ₀ is the rest wavelength of the light 

• c is the speed of light 

• L is the intrinsic luminosity of the object 

• F is the observed flux 

• The distance to the galaxy can be expressed using the luminosity distance 𝐷𝐿 
 
*Refer: (Source: nasa.gov) for a further intricate explanation into Doppler Shift. 
 
2. Cosmic Microwave Background 

 

Fig. 4. Temperature of the cosmic background radiaFon spectrum based on COBE data 

The universe is filled with a faint glow of radiaFon known as the Cosmic Microwave Background (CMB), 
which is an important piece of evidence for the Big Bang theory. The Cosmic Microwave Background 
has the following important features: 

Source: It was during the early cosmos, some 380,000 years ago, that the CMB first appeared. The 
universe was formerly opaque to electromagneFc radiaFon due to its high heat and density. The 
universe became transparent to radiaFon when protons and electrons merged to form neutral 
hydrogen atoms during the universe's expansion and cooling. 
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Temperature: The temperature of the CMB is roughly 2.7 Kelvin, or -270.45 degrees Celsius or -454.81 
degrees Fahrenheit, almost everywhere. This is a very cold temperature, which is consistent with low-
energy radiaFon from the universe's early cooling. 

Discovery: In the 1940s, George Gamow, Ralph Alpher, and Robert Herman postulated the existence of 
the CMB as a leTover from the Big Bang. In 1964, while conducFng radio astronomy experiments, Arno 
Penzias and Robert Wilson detected an unexpected, homogeneous background noise in the microwave 
frequency band, which led them to prove its existence. 

Homogeneity and Isotropy: The CMB exhibits excellent homogeneity and isotropy, indicaFng that its 
temperature is almost constant in all direcFons. Important details regarding the early condiFons of the 
universe can be learned from the Fny temperature fluctuaFons that have been seen (on the order of 
microKelvins). 

Cosmic Microwave Background RadiaDon Spectrum: The Planck spectrum, which is the spectrum of a 
blackbody, is closely followed by that of the CMB. Strong evidence for the Big Bang concept can be 
found in this agreement with the blackbody spectrum. 

 

Fig. 5. An illustraFon of the cosmic radiaFon background at various redshiTs in the Universe 

 

The Hubble Law's observaFonal power is derived from the careful analysis of galaxies and their 
redshiTs. RedshiT is the result of the universe's expansion, which causes light from a far-off object to 
move toward longer, redder wavelengths. As a cosmic odometer, the degree of redshiT indicates a 
galaxy's moFon and, in turn, its distance. Among other astronomical tools, the Hubble Space Telescope 
has been essenFal in helping us be]er comprehend the Hubble Law. Through observing galaxies over 
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great distances, astronomers have pieced together a cosmic fabric that is consistent with the theories 
of an expanding universe. 

Using an esFmate of Hubble's constant as the inverse of 13.7 billion years, the value of n is computed 
to be 116 electrons per cubic meter (e/m³). This specific electron density yields a linear relaFonship 
between distance and redshiT that aligns precisely with Hubble's constant, demonstraFng how a 
modest quanFty of intergalacFc free electrons can account for the observed cosmological redshiT in 
the spectral lines of celesFal objects. It is important to note that the observed spectrum originates at a 
star's surface, and the cosmological redshiT intensifies as photons traverse extensive regions of deep 
space populated by numerous free electrons over billions of years. 

It is essenFal to acknowledge the challenge in directly measuring the average electron density in deep 
space, especially with the discovery of voids and supervoids. This discovery complicates the task of 
obtaining an effecFve average electron density for deep space. The assumpFons made in this arFcle are 
rooted in the implicit idea that electron density in deep space is both spaFally and temporally 
homogeneous. While models of the Big Bang theory provide predicFons for the mass density of the 
universe, these predicFons become irrelevant if one rejects the Big Bang theory in favor of alternaFve 
explanaFons. The calculated average effecFve density of 116 e/m³ finds support in its precise 
agreement with the current value of Hubble's constant. Regarding laboratory confirmaFon of the 
proposed explanaFon for the cosmological redshiT, detecFng a redshiT in a laboratory se}ng poses 
challenges due to the typically low electron densiFes achievable in laboratory plasmas. However, the 
observed effect seems to manifest over astronomical distances, where an abundance of free electrons 
is available. 

2.1 Cosmic Background RadiaDon 
 
The lingering radiaFon from the early cosmos is known as the CMB. It began to form at the beginning 
of the universe, some 380,000 years ago, signalling the change from a hot, dense state to a translucent 
one. Since then, as the universe has expanded, the radiaFon that was released at this locaFon has 
cooled and stretched, giving rise to the dim, almost uniform glow that is currently seen in the microwave 
area of the electromagneFc spectrum. The cosmic microwave background (CMB or CMBR) is a pervasive 
form of microwave radiaFon that permeates all of space within the observable universe. It represents 
a remnant from the early universe and serves as a crucial source of informaFon about its primordial 
condiFons. When observed with a standard opFcal telescope, the background space, situated between 
stars and galaxies, appears almost enFrely dark. However, a sufficiently sensiFve radio telescope is 
capable of detecFng a faint, nearly uniform background glow that lacks any associaFon with stars, 
galaxies, or other celesFal objects. This glow is most prominent in the microwave region of the radio 
spectrum. 

The accidental discovery of the CMB in 1965 stands as a significant milestone in the field, credited to 
American radio astronomers Arno Penzias and Robert Wilson. This discovery marked the culminaFon 
of efforts iniFated in the 1940s, unveiling a cosmic radiaFon that has since become a crucial element in 
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our understanding of the early universe. Throughout the electromagneFc spectrum, there are several 
types of cosmic background radiaFon. Among them are: 

Cosmic Infrared Background (CIB): The diffuse cosmic radiaFon in the infrared wavelength region is 
known as the cosmic infrared background (CIB). It originates from causes like star formaFon in galaxies 
that is veiled by dust. 

Cosmic X-ray Background (CXB): The universe's total X-ray radiaFon, known as the Cosmic X-ray 
Background (CXB), comes from a variety of sources, such as galaxy clusters, acFve galacFc nuclei, and 
other high-energy astrophysical phenomena. 

Cosmic Gamma-ray Background (CGB):  The universe's ubiquitous gamma-ray radiaFon, which 
originates from high-energy events like gamma-ray bursts and distant galaxies, is known as the Cosmic 
Gamma-ray Background (CGB). 

Edwin Hubble's pivotal work, "A RelaFon between Distance and Radial Velocity among Extra-galacFc 
Nebulae," stands as a landmark in the comprehension of the universe. In this concise report, Hubble 
presented compelling evidence for one of the most significant discoveries in 20th-century science – the 
expanding universe. His findings revealed a fundamental cosmic principle: galaxies move away from us 
in all direcFons, with more distant ones receding at a proporFonally higher rate. The graphical 
representaFon of velocity against distance, known as the Hubble diagram, featured a linear fit described 
by the equaFon velocity = Ho distance. Here, Ho represents the Hubble constant, and the slope of this 
line signifies the rate of cosmic expansion. 

Hubble's groundbreaking publicaFon, which showcased the original Hubble diagram, Hubble's Law, and 
the Hubble constant, played a pivotal role in convincing the scienFfic community that we inhabit an 
expanding universe. Due to its paramount significance, astronomers have coined eponymous Hubble 
enFFes to refer to this astonishing discovery without constant reliance on the original PNAS publicaFon. 

Seventy years later, the scienFfic foundaFon laid by Hubble's work has been forFfied by meFculous 
observaFons of the cosmic microwave background, measurements of light elements synthesized in the 
universe's first minutes, and contemporary formulaFons of Hubble's Law. Together, these elements 
create a robust triangular foundaFon for modern cosmology. Present-day confidence in the 
understanding of a geometrically flat universe expanding for the past 14 billion years has been bolstered 
by observaFons revealing the universe's transformaFon from a hot, smooth Big Bang to the intricate 
and diverse cosmos we observe today. The acknowledgment of a dark and exoFc universe, comprising 
approximately 30% dark ma]er and a mere 4% of familiar protons and neutrons, has become an integral 
aspect of our comprehension. Notably, most of this familiar material is invisible to our observaFons, 
underscoring the mysterious nature of the universe we inhabit. 

2.2 CMB Anisotropy 
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Fig. 6. The theoreFcal CMB anisotropy power spectrum, using a standard ΛCDM model from 
CMBFAST. The x-axis is logarithmic here. The regions, each covering roughly a decade in , are labelled 

as in the text: the ISW rise; Sachs-Wolfe plateau; acousFc peaks; and damping tail. 

The term "Cosmic Microwave Background (CMB) anisotropy" describes the Fny temperature variaFons 
seen in the radiaFon from the CMB. On vast scales, the CMB—a remnant of the early universe—is 
surprisingly consistent, but there are minute temperature differences on smaller ones. Anisotropies, or 
variaFons in temperature, offer important new informaFon about the universe's early condiFons and 
development. Key elements of CMB anisotropy are as follows: 

CMB's beginnings Anisotropy 

Quantum fluctuaFons in the early universe's ma]er density are the main causes of CMB anisotropy. 
The large-scale structure we see in the universe today was seeded by these fluctuaFons, which were 
imprinted during the cosmic inflaFonary phase. 

Anisotropie Scale: The angular scale of the CMB's anisotropies is commonly used to describe them. 
They are expressed in terms of angular sizes, which are frequently expressed as angular wavenumbers 
(l-values) or spherical harmonics. These variaFons are staFsFcally described by the CMB's angular 
power spectrum. 

Methods of ObservaDon: The CMB anisotropies have been precisely mapped by spacecraT and ground-
based observatories ouii]ed with specialist sensors, such as the Planck satellite and previous 
invesFgaFons like the Cosmic Microwave Background Explorer (COBE) and the Wilkinson Microwave 
Anisotropy Probe (WMAP). Astronomers have been able to produce intricate maps of the CMB 
temperature fluctuaFons because to these invesFgaFons. 

Reading Hubble's arFcle serves as a valuable reminder of how clarity oTen emerges with the benefit of 
70 years of hindsight. Despite the foundaFonal role of Cepheids in Hubble's distance scale, it's 
noteworthy that the distances in his 1929 arFcle were primarily determined by factors such as the 
brightest stars in galaxies or the luminosity of the galaxies themselves. Recent advancements, 
parFcularly with the Hubble Space Telescope, have enabled the measurement of individual Cepheids in 
distant galaxies, some of which are featured in Hubble's original table of galaxy redshiTs and distances. 
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However, the quanFtaFve comparison of modern measurements with Hubble's original distance scale 
reveals a significant disparity. Modern distances to the same galaxies, considered accurate to 10%, are 
seven Fmes larger than those plo]ed by Hubble in 1929. Despite the errors in Hubble's original 
distances, arising from confusion between Cepheid types and the blurring of gas clouds with bright 
stars, his crucial contribuFon lies in establishing a consistent set of distances that unveiled the 
underlying relaFonship between distance and velocity. The Hubble diagram, illustraFng velocity against 
distance, not only confirms our existence in a vast universe populated by billions of galaxies but also 
reveals that galaxies are immersed in an expanding fabric of space and Fme. This diagram is constructed 
by measuring a galaxy's velocity from its spectrum, observing the shiTs in wavelengths as a result of the 
Doppler effect – blue shiTs for objects approaching and redshiTs for objects receding. Hubble's 
collaboraFon with Milton Humason at the Mount Wilson Observatory significantly expanded the 
Hubble diagram's scope, showcasing velociFes beyond the iniFal 1,000 km/s. 

Hubble's work was conducted against the backdrop of general relaFvity and its implicaFons for cosmic 
velociFes. In 1917, Einstein introduced a "cosmological constant" to achieve a staFc universe, aligning 
with the prevailing noFon of a small and staFc universe confined to the Milky Way's stars. Willem de 
Si]er's staFc soluFon, predicFng a redshiT in signals sent between observers, intrigued Hubble. His 
diagram reflects the observed pa]ern that aligns with the expectaFons of an expanding universe in all 
direcFons, challenging the staFc universe assumpFon. Notably, Hubble's arFcle alludes to the de Si]er 
effect, suggesFng the possibility of apparent acceleraFon. While this aspect seemed quaint and puzzling 
for many years, recent research indicaFng an acceleraFng universe of the Einstein–de Si]er type, in line 
with Euclidean space, adds a layer of prescience to Hubble's menFon of acceleraFon. Today, with a 
renewed focus on cosmic acceleraFon, Hubble's work conFnues to resonate and contribute to our 
evolving understanding of the cosmos. 

2.2.1 Comparing Sound Horizon and CMB Dipole Anisotropic Mapping 
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Fig. 7. he CMB anisotropy polarizaFon map may be decomposed into curl-free even-parity E-modes 
and divergence- free odd-parity B-modes. 

Feature Sound Horizon CMB Dipole Anisotropic Mapping 

DefiniDon Maximum distance a sound wave 
could travel in the early universe 
before freezing in. 

Anisotropy in the Cosmic Microwave 
Background (CMB) temperature due to 
Earth's moFon relaFve to the CMB rest 
frame. 

Significance Reflects acousFc oscillaFons and 
density fluctuaFons in the early 
plasma, providing informaFon about 
the large-scale structure of the 
universe. 

Indicates the moFon of the Earth 
relaFve to the CMB, allowing 
correcFon for Earth's moFon in CMB 
temperature maps. 

ObservaDonal 
Techniques 

Derived from measurements of baryon 
acousFc oscillaFons (BAO) in the 
distribuFon of galaxies. 

Measured by satellites such as COBE 
and Planck, which observe the 
temperature variaFons in the CMB. 

ApplicaDon Provides insights into the density and 
distribuFon of ma]er in the early 
universe. 

Allows astronomers to correct for 
Earth's moFon in CMB temperature 
maps, revealing more subtle 
anisotropies related to large-scale 
structure. 

RelaDonship to 
Large-Scale 
Structure 

Directly related to the characterisFc 
scale of acousFc oscillaFons in the 
early plasma, influencing the 
distribuFon of ma]er. 

Corrects for the moFon of the Earth in 
the CMB rest frame, allowing a more 
accurate mapping of temperature 
fluctuaFons related to large-scale 
structure. 

 

2.2.2 Approach and Likelihoods 
 
A method of determining the Hubble constant involves observing galaxies that are far away. The cosmos 
is expanding, which causes light traveling from a far-off galaxy to appear stretched out when it gets 
here. We refer to this as redshiT. A galaxy is farther away from us because its light is moving away from 
us faster the more redshiTed it is. The Hubble constant is determined by astronomers through the 
measurement of galaxy redshiT. 

Observing the cosmic microwave background provides an addiFonal method of determining the Hubble 
constant (CMB). The remnants of the Big Bang radiaFon are known as the CMB. The temperature varies 
slightly, but it is quite constant across the sky. Quantum fluctuaFons that happened in the early universe 
are assumed to be the origin of these variances. Astronomers can compute the Hubble constant by 
measuring the CMB. 
The examinaFon of a proposed redshiT-distance relaFon necessitates a comprehensive approach 
involving both theoreFcal consideraFons and the staFsFcal analysis of direct observaFons, as 
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menFoned earlier. This prompts inquiries into whether Chronometric Cosmology (CC) is applicable 
solely in extragalacFc astronomy or extends to the microscopic scale. Furthermore, there's a quesFon 
of whether CC is an effecFve theory rather than a fundamental one. Understanding the origin and 
historical development of Friedmann-Lemaître Cosmology (FLC) and CC is crucial for evaluaFng their 
respecFve redshiT-distance laws. 
 
Some criFcs argue that CC deviates from established principles of local physics, casFng doubts on its 
validity. However, CC aligns well with contemporary theoreFcal physics, tracing its roots from Maxwell, 
Mach, and Einstein to parFcle physics. Conversely, it is FLC that introduces radical concepts, parFcularly 
the noFon of an intrinsically Expanding Universe—a departure from tradiFonal physics that prompts 
philosophical scepFcism. In CC, space remains fixed, consistent with tradiFonal physics. AddiFonally, 
FLC introduces a global Doppler theory that abandons the conservaFon of energy, a concept 
fundamental to classical physics. In contrast, CC maintains energy conservaFon, as observed in 
tradiFonal and modern microphysics. The redshiT in CC is explained by the diffusion of energy, with 
only a local component being directly observed by telescopes. 

 
Fig. 8. VariaFon of fracFonal shiT in the spectral wavelength Z with respect to Absolute magnitude M 

 
CC originated as an extension of Minkowski's "ansatz," elucidaFng the core idea of special relaFvity 
(SR). In this context, SR is considered a deformaFon of Newtonian physics, converging toward it as the 
speed of light approaches infinity. Analogously, quantum theory can be viewed as a deformaFon of 
classical physics as the Planck constant approaches zero. However, the three fundamental units required 
by physics, including a fundamental length proposed by Heisenberg in 1946, were not fully addressed 
unFl CC connected Minkowski's ansatz with Heisenberg's proposal. Surprisingly, CC introduces a cosmic 
distance scale (R), which acts as the missing fundamental unit in physics. This length, paradoxically, 
remains invariant under symmetry transformaFons and effecFvely addresses prototypical ultraviolet 
divergences in nonlinear quantum field theory, a problem Heisenberg sought to resolve with the 
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introducFon of a microscopic length. 
 
The challenges posed by ultraviolet divergences in quantum field theory, as noted by Schwinger, led to 
the conclusion that a convergent quantum field theory couldn't be formulated within the exisFng space-
Fme concepts. CC, fundamentally altering these concepts, posits that the proper space-Fme framework 
for fundamental physics is a variant of Minkowski space, termed the Einstein-Maxwell cosmos. This 
space is conformally equivalent to the Einstein universe and serves as the maximal space-Fme to which 
soluFons of Maxwell's equaFons (or those of Yang-Mills, etc.) canonically extend. 
 
Case Study: What the Doppler Effect Tells Us About Distant Stars & Planets 
 
BACKGROUND: The Doppler Effect, a phenomenon widely utilized by professionals like police 
officers, air traffic controllers, and astronomers, serves as a crucial tool for determining the speed 
of objects in motion, be it approaching or receding from their respective radars or telescopes. This 
effect manifests as a change in the frequency of waves emitted by a moving object, and this change 
is directly proportional to the speed of the object's approach or recession. By analyzing the altered 
frequency, professionals can ascertain whether the source is moving closer or farther away. 

 
Christian Doppler first elucidated what is now known as the Doppler Effect in 1842. However, over 
the subsequent two decades, independent explanations were developed by Armand-Hippolyte-
Louis Fizeau and Ernst Mach. In France, the phenomenon is even referred to as the Doppler-Fizeau 
effect. Since the 1860s, astronomers have been employing the Doppler Effect to measure the 
speed of starlight and determine the line-of-sight speeds of stars. This involves calculating the 
stellar velocities across the line of sight by considering the observed change in stellar position over 
time, known as proper motion, in conjunction with the star's distance from Earth. This 
comprehensive approach enables astronomers to determine the velocity of a star in space, termed 
the "space velocity." 

 
A significant milestone in applying the Doppler Effect to celestial observations occurred in 1991 
when planets were discovered orbiting the pulsar PSR 1257. The repetitive changes in the timing 
of pulses emitted by the pulsar provided evidence of the planets' presence, underscoring the 
effectiveness of the Doppler Effect in unveiling celestial dynamics. Subsequently, in 1995, precision 
measurements at optical wavelengths, known for their challenging nature due to their accuracy 
requirements (on the order of a few meters/second), confirmed the existence of planets orbiting 
Sun-like stars. This discovery further solidified the Doppler Effect's role in advancing our 
understanding of celestial bodies and their interactions. 
 
OBJECTIVE: Engage in firsthand encounters with the Doppler Effect for sound. Illustrate the impact 
of the cosine effect on the Doppler shift, highlighting how the orientation of a source's orbit plane 
influences the observed frequency shift concerning the line of sight. Students are encouraged to 
calculate the frequency alteration for motion along the line of sight (LOS) and ascertain the vector 
LOS component for motions slightly off-axis. 
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The fundamental principles are elaborated in Appendix 1, with additional lesson extensions 
detailed in Appendix 2. 
 
(1) 12VDC piezo buzzer (e.g., Radio Shack no. 273-059, about $5) connected to a 9V baEery. If 

you possess soldering skills, acquire 9V ba]ery connectors (approximately $2 for a set of five) 
and solder the buzzer leads to the corresponding ba]ery connector leads, ensuring red aligns 
with red and black with black. This facilitates swiT and effortless control over turning the 
buzzer on/off. AlternaFvely, if soldering is not an opFon, connect the red lead of the buzzer 
to the + contact on the ba]ery and the black lead to the – (minus) contact on the ba]ery. 
Take note of the buzzer's frequency, as indicated on the packaging. Exercise cauFon, as the 
sound produced can be quite bothersome, and it is advisable to keep demonstraFons brief. 

 
(2) Approximately 30” of strong string or shoe lace. UFlize a package knot, and if available, seek 

assistance from a Boy Scout for guidance, to firmly secure the ba]ery and buzzer assembly 
at one end of the string. If an insulated twist-Fe is employed to fasten the buzzer to the 
ba]ery, ensure a secure knot is Fed on a segment of the twist-Fe opposite the ba]ery 
terminals. Introduce knots at regular intervals along the string, and incorporate a finger loop 
at the opposite end of the string to enhance grip for various swing or "orbit" radii. For more 
controlled and repeatable experiments, consider a]aching the buzzer and ba]ery to a freely 
spinning bicycle wheel using duct tape on the spokes or rim. AlternaFvely, an electric hand 
drill equipped with a cylindrical sanding drum a]achment can be employed to spin up the 
wheel. 

 

(3) Cheap rubber ball. approximately 3 inches in diameter, readily available from toy stores for 
around $1. CraT the opening to be spacious enough to securely lodge the ba]ery and buzzer 
assembly, a]ached with a string, into the ball. Ensure a snug fit, relying on the fricFon 
between the ba]ery+buzzer and the remaining interior of the ball, to keep the ball in place 
on the sound source when swung in circular moFons using the string. If needed, create an 
addiFonal tunnel to allow the sound from the buzzer to escape the ball, prevenFng 
absorpFon by the rubber. 

 
(4) A watch with second hand or a stop watch. This can be used to determine the                                                              speed of the 

buzzer, if desired. 
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Fig. 9. The piezo buzzer is attached to the 9V battery with a long, insulated wire twist-tie through 
its holes and around the battery. A battery connector was soldered to the buzzer leads. The shoe 
string is attached to the twist-tie, at the end opposite the battery terminals. The whole assembly 
is jammed into the ball, with the buzzer facing the small hole that lets its sound escape (near the 
top of the ball in the pictures). 
 
PROCEDURE: Introduce the Doppler Effect for sound by citing familiar examples: a train or 
automobile horn blowing as it passes an observer. Note that most people do not distinguish 
between the change in volume (amplitude) of the horn and its apparent change in frequency 
(pitch). Demonstrate the distinction by swinging the buzzer in horizontal circles with the attached 
string. Point out that the difference in distance due to the buzzer’s “orbit” is much less than the 
distance from your hand (the orbit’s center) to the listeners in the classroom. The variations the 
students are hearing are due to the Doppler Effect rather than volume changes. 
 
(Tangential Discussion: This can be demonstrated with a calculation based on the inverse square 
law: Measure the distance between the buzzer’s orbit’s center and (1) the nearest student in the 
room and (2) the farthest student in the room. For each student calculate the signal strength ratio 
 

(distance + [orbital radius])2/(distance - [orbital radius])2 (1) 
 
the ratio of the signal strength, farther/nearer, from the buzzer when it is at either end of its orbit 
with respect to the nearest and farthest students. The result, especially for the more distant 
student, will be that the signal strength ratio is quite small, implying that the variation heard by the 
students is not related to amplitude (sound volume) changes but is the result of the Doppler Effect. 
If your buzzer is encased in a soft rubber ball, gently toss the ball to different students around the 
room, encouraging everyone to listen with each throw from you or back to you. The amplitude 
change is apparent but the Doppler shift can be quite noticeable as the ball goes by students 
along the line of flight. Those off the line may notice a much- diminished effect, which is the point 
of this lesson. 
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Resume the demonstration by orbiting the buzzer horizontally again.   With a vertical orbit plane, 
have the buzzer make several revolutions in one orientation with respect to a nearby wall. Change 
the plane of the orbit with respect to the wall and make several revolutions. Repeat this several 
more times so students hear the differences that being in the plane or varying degrees out of the 
plane of the orbit make. 
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Institute of Technology, under a contract with the National Aeronautics and Space Administration. 
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trademark, manufacturer, or otherwise, does not constitute or imply its endorsement by the 
United States Government or the Jet Propulsion Laboratory, California Institute of Technology. 
 

Appendix 1 
 

THE UNDERLYING PRINCIPLES: The frequency (pitch) heard by a staFonary observer is given by the 
equaFon 

 
ν' = ν0 x (c)/(c + vs) (2a) 

 
where ν' = the shifted frequency, 

ν0 = the frequency of the source when it is stationary, c = 
the speed of the wave, and 
vs = the speed of the source along the line of sight 

 
The choice of + or – is made so the frequency is lower for a receding source (a “red” shift), i.e., use 
the + sign. Use the – sign for an approaching source, since the frequency is higher (a “blue” shift). 
 
The Doppler Effect also manifests itself if the source is stationary and the observer is moving. In 
that situation, the equation reads 

 
ν' = ν0 x (c + vm)/c (2b) 

 
where vm = the speed of the observer and same sign convention applies: for recession (a red shift) 
use the – sign; for approach (a blue shift) use the + sign. 
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Equations 2 assume that the motion is in the line of sight. If that is not the case, the change in 
frequency is a function of the angle between the line of sight and the line of motion. The vector 
component of velocity in the direction of the observer vobs, is 

vobs = vs x cos α (3) 
 
where α = the angle between the direction of motion and the observer. Note that as the observer 
gets closer to the line of sight, α goes to zero, cos α goes to 1, and therefore the speed of the 
source, used in equation (2a), reaches its maximum value and so does the Doppler shift. As α goes 
to 90 degrees, cos α goes to zero, the apparent speed of the source along the line of sight goes to 
zero, and the Doppler shift goes to zero (Figure 2). 

 

                                                                                                                                              

 
 

 

Figure 10. (a)   The geometry for the Doppler shift of a moving source. As angle α reaches 0°, the 
maximum Doppler shift will be observed because the observer is in the line of motion. As angle α 
reaches 90°, all motion is across the line of sight and the Doppler shift is zero. 
 (b) This Dopplergram of the Sun, in false color, illustrates the intensity of the blue and red shifts 
due to solar rotation. The spherical shape of the Sun provides the change in angle α. Note how the 
shift zeroes out along the central meridian, where all motion is across the line of sight. The mottled 
appearance is due to smaller, independent motions of gases in the solar photosphere. (Motion of 
the Sun, or a star, about the center of mass of its system of planets, is not illustrated here and would 
not have this appearance.) 
 

Planets orbiting other stars are detected by the periodic Doppler shift observed in the motion of 
the parent star (caused by its orbit about the center of mass of the star-planet system). When the 
normal to the plane of a planetary orbit is not known, the speed of the 
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planet carries a factor of cos α. The mass of the planet can be inferred from the parent star’s orbit 
and if angle α is close to zero, the result will be close to correct. But if the system is being observed 
nearly perpendicular to the plane of the orbit, a large planetary mass is required to cause the 
observed Doppler shift. So if α is unknown, we can infer only a minimum mass for the planet. 
 
To quantify the observed Doppler effect, you need the speed of the buzzer, which can be 
determined as follows: 
 
A. The radius, r, of the orbit, from the pivot at the finger-center or knot to the buzzer output must 

be measured. Count the number of revoluFons, n, in a convenient (10 - 60 second) period. 
Then the distance traveled is 

 
d = (circumference of the orbit) x (number of revolutions) 

= (2πr)n (4) 
 
and the speed of motion is 
 

v = (2πr)n/(measurement period in seconds) [length units/second] (5) 
 
B. Measure the distance L traversed by the buzzer as it is thrown across the room. 
With a stopwatch, time the flight duration, t. Then the speed of flight is 
 

v = L/t [length units/second] (6) 
 

Note that this speed has much less accuracy, primarily because the duration of flight is short and 
the reaction time of the stop watch operator (at the release of the throw and at the catch) is going 
to be a significant fraction of the true duration in most average-size classrooms). 
 
Waves are sometimes described not by their frequency or pitch, but by their wavelength, the 
distance between peaks or valleys in a wave train. The Doppler Effect stretches (red shift) or 
compresses (blue shift) the wavelength. Many attributes of waves depend on their wavelengths. 
Scientists describe waves by their frequency or wavelength depending on which is more convenient 
for the work they are doing. 
 
For a wave traveling at speed c, there is a simple relationship between wave speed, frequency, and 
wavelength: 
 

λ = c/ν (7) 
 
where λ = the wavelength of the wave. From this, you would expect that if the frequency of the 
source goes up (e.g., an approaching object), the wavelength will decrease. (Since the shortest 
visible wavelengths of light are at the blue end of the spectrum, this is called a “blue shift.”) [One 
caveat: in some cases, the wave speed itself depends on its 
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frequency.] The most interesting wave speeds for this lesson are the speed of sound, approximately 
340 m/s at sea level and the speed of light, 299,792,458 m/s in a vacuum. 
 
DISCUSSION: The recognition that the motion of astronomical objects in the line of sight could be 
measured opened new areas of investigation for astronomers. The motions of stars in the Milky 
Way could be analyzed and conclusions drawn with appropriate statistical analyses.   Perhaps the 
most famous result based on the use of the Doppler Effect was Edwin P. Hubble’s demonstration 
that the universe is expanding. 
 
More recently, precision Doppler measurements have been used to detect the reflex motion of a 
star as the gravity of a planet orbiting it forces the star to orbit their mutual center of mass. The 
velocities involved are only a few meters per second. To be seen these measurements require very 
high precision. The analysis of these observations involves not simply measuring a Doppler shift 
relative to a stationary source at the telescope. The orbital and rotational motion, among others, 
of Earth, and the direction of the star with respect to the plane of Earth’s orbit must be accounted 
for (using equation (2b) and the cosines of the angles involved). 
 

 

 

 

(a) Tilted Circular Orbits and Face-on Circular Orbits 

Figure 11. (a) The orbits of a planet (solid curve) and its parent star (dashed curve) around the system 
center of mass are illustrated here. Both objects revolve around the center of mass of the system. The 
maximum Doppler shift occurs at the ansae of the tilted system (at the arrows), with the effect at a 
maximum if the tilt places the orbital plane exactly in the observer’s line of sight. There is no Doppler 
shift if the observer is normal to the plane of the orbits, viewing them face on (illustrated on the right). 
Planetary searches observe the Doppler Effect on light from the parent star as it moves about the 
system’s center of mass. The illustrations are schematic, with the star’s and planet’s sizes and the star’s 
motion greatly exaggerated. 
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Fig. 11. (b) The Doppler shift of a star’s light depends on where in its orbit around the star-planet 
center of mass it is. Two extreme positions of the star are shown, where the shift is maximum. The 
unseen planet is illustrated in positions when the star’s maximum Doppler shift is exhibited and it 
would be on the line extending from the star through the center of mass of the system. This 
illustration is schematic and not to scale in any sense. 
 
The interpretation of these results must be couched in an important qualifier: the mass of the 
inferred planet is always a lower limit unless the tilt of the orbital plane is known. Such knowledge 
is rare: only a few stars’ planets transit the parent star, telling us that we are in the plane of the 
planet’s orbit and therefore the cosine of the tilt angle, 0 degrees, is 1. 
 

Appendix 2 
 

EXTENSION: A much more elaborate demonstration can use either (1) a microphone, amplifier, 
and oscilloscope to capture and present the wave form of the sound from the buzzer and its 
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changes in amplitude and wavelength due to the Doppler shift or, with greater flexibility, (2) a 
microphone software combination (available from several vendors) that allows data to be 
acquired, recorded, and plotted under computer control, capturing the same effects. 
Computerized data acquisition is common on spacecraft and in laboratories and observatories on 
Earth. 
 
Repeat the orbiting buzzer and thrown buzzer experiments with the microphone in the plane of 
the orbit, out of the plane of the orbit, along the line of flight, and well off of the line of flight. If 
you can control the orbital speed of the buzzer well enough, the calculation of the shifted 
frequencies can be directly checked against the measured maximum and minimum frequencies 
captured by the microphone. (Check the frequency of the stationary buzzer in the course of your 
measurements.) Variations in the amplitude of the buzzer signal, due to the changing distance 
between buzzer and microphone, can be used to determine the rotation rate if the data are 
collected with a time signal (common with software data acquisition systems). 
 
If you can control the plane of the orbit well enough (using a bicycle wheel makes this much easier), 
measure the angle of the normal to the plane to the normal of the wall for each set of wave form 
data. The angle data can be used in the analysis of the wave forms to compare the effect of in-
plane vs. out-of-plane Doppler shifts. Be aware that echoes from the walls may confuse the results. 
 
The wave form data alone, specifically the wavelength and amplitude at selected times/positions, 
will nicely demonstrate what the students are hearing. 
 
2.2.3 CMB Dipole Anisotropy QuanDtaDve Comparison 

The measured temperature difference between opposing direcFons in the sky, brought about by Earth's 
moFon concerning the CMB's rest frame, is known as the dipole anisotropy of the Cosmic Microwave 
Background (CMB). The CMB photons undergo a Doppler shiT as a result of the travel, which produces 
a dipole pa]ern. Here, a numerical comparison of the dipole anisotropy of the CMB: 

 
 
1. Magnitude of the Dipole: The CMB dipole is characterized by a temperature difference between 

opposite direcFons in the sky. The magnitude of this dipole is approximately 3.4 mK. This means 
that, on average, one side of the sky appears warmer by about 3.4 mK than the opposite side. 

 

2. Cause of the Dipole: The primary cause of the CMB dipole is the moFon of the Earth in its orbit 
around the Sun and the Sun's moFon within the Milky Way galaxy. The Earth's moFon induces a 
Doppler shiT on the CMB photons, leading to a higher temperature in the direcFon of moFon and 
a lower temperature in the opposite direcFon. 
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3. DirecDon of the Dipole: The direcFon of the CMB dipole points towards the constellaFon Leo, 
which is the direcFon of the Earth's moFon in the cosmic microwave background. 

4. CMB Frame: The CMB dipole provides a reference frame called the CMB rest frame. In this frame, 
the CMB is isotropic, and any observed anisotropy is a]ributed to the moFon of the observer 
(Earth). 

5. Solar System MoDon: The moFon of the Solar System is relaFvely constant over Fme. The dipole 
pa]ern in the CMB allows astronomers to determine the moFon of the Solar System in the cosmic 
frame and provides a reference for other measurements. 

6. Comparison to Other CMB Anisotropies: The CMB dipole is a large-scale anisotropy, and its 
removal is necessary for studying smaller-scale anisotropies that are cosmologically significant. 
Removing the dipole allows astronomers to study the intrinsic fluctuaFons in the CMB, such as 
those related to the formaFon of structures in the early universe. 

 

2.3 ResoluDon Derived: 

The universe likely exhibits some unsymmetrical expansion (Ref. 2) however it is safe to say that this 
may not apply to the rest of the universe and can only be conclusively defined about the local 
observable universe. Although using Dipole Anisotropy throughout the universe and the sound horizon 
and solely relying on these two factors to confirm the existence of an unsymmetrical universe is 
difficult to conclude with. However, with the current data and the recent development of the James 
Webb Telescope8 the prospects for research into deep space are promising. 

2.4 Conclusion 

The evaluaFon of redshiT observaFons and theories follows the principles of scienFfic scruFny, 
emphasizing the importance of alignment with direct observaFons. The discrepancies observed in the 
comparison of different models underscore the challenges in developing a comprehensive 
understanding of cosmic phenomena. The inclusion of staFsFcal analyses and correcFons based on 
sample characterisFcs further adds nuance to the discussion. While certain models show promise in 
miFgaFng sensiFvity to observaFonal constraints, the complexity of the cosmic landscape necessitates 
conFnued research and refinement of our cosmological models. In essence, the exploraFon of 
Hubble's Law, redshiT phenomena, and alternaFve models is an ongoing journey in the quest to 
unravel the mysteries of the universe. The inherent complexiFes underscore the dynamic nature of 
scienFfic inquiry, where each discovery opens new avenues for exploraFon and prompts further 
refinement of our understanding of the cosmos. 
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