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‭Abstract‬

‭While the Big Bang theory has been adopted by many, further research ponders on the Cosmic Microwave Background‬
‭(CMB) which is the relic radiation from the Big Bang that records much relevant and crucial information. Not only does‬
‭CMB reveal traits of later formations of cosmological structures, but it is also closely related to how our universe started and‬
‭consequently behaved. In this paper, I will delve into further studies regarding the CMB of our current universe, as well as‬
‭providing similar studies of a hypothetical universe for comparison.‬
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‭1. Introduction‬

‭The Cosmic Microwave Background (CMB) is relic‬
‭radiation from the Big Bang and serves as an important tool‬
‭for exploring the initial conditions of the universe.‬
‭Microscopic scales of temperature and polarisation‬
‭fluctuations of the CMB are evidence of early cosmic events‬
‭(e.g. [1, 2]). CMB temperature and polarisation‬
‭measurements have allowed physicists to constrain the age,‬
‭geometry, and distribution of matter in the universe, while‬
‭also providing evidence for dark energy (e.g. [2, 3, 4]).‬
‭Future measurements of the CMB will target constraints on‬
‭inflationary gravitational waves [5].‬

‭The inflationary theory predicts a rapid exponential‬
‭expansion of the early universe which would have caused‬
‭quantum fluctuations in a small, hot, dense universe to‬
‭evolve into the large-scale structure (galaxy clusters) we see‬
‭today [5]. This expansion would have also formed‬
‭gravitational waves, which have a unique signature in the‬
‭CMB polarisation maps, in particular, the B-mode‬
‭polarisation signal [4].‬

‭In this research, NASA simulated CMB data will be‬
‭used to understand the measurement process and filtering‬
‭techniques of the CMB (fourier transform, power spectrum,‬
‭autocorrelation). I will then simulate my own version of the‬
‭universe to see how that affects the measurement of the CMB‬
‭by comparing the B-mode power spectrum between NASA’s‬

‭data and my data. This will build an intuition of how‬
‭parameters affect the initial conditions of the universe, which‬
‭I will discuss in my paper. NASA simulated data will also be‬
‭used to compare with experimental data from the Atacama‬
‭Cosmology Telescope (ACT). This is to examine the‬
‭differences between theoretical predictions of the CMB‬
‭temperature power spectrum with actual measured data.‬

‭2. Inflation‬
‭Under current levels of study of the universe, the‬

‭Big Bang theory is the most widely-accepted in terms of‬
‭explaining how the universe came into place (e.g. [1, 2, 3,‬
‭4]). Prior to even the Big Bang, the universe was this‬
‭singularity where everything was causally connected [5]. It‬
‭then underwent exponential expansion, according to the‬
‭inflationary theory, where the universe expanded at speed‬
‭much greater than today’s speed of light, such that everything‬
‭appeared causally disconnected. It has been deduced that the‬
‭universe increased in size by at least 10‬‭26‬‭in less than 10‬‭-32‬‭s‬
‭during the Big Bang [6]. Inflation stops and regular‬
‭expansion (known as Hubble expansion) starts when the‬
‭universe was just macroscopic [6]. The universe then had‬
‭about the same amount of expansion in the subsequent 13.7‬
‭billion years than that of inflation [5].‬

‭The inflationary theory is most recognized because‬
‭it explains three unexplained problems in  the universe.‬
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‭Namely, these are the monopole problem, the horizon‬
‭problem, and the flatness problem [7].‬

‭2.1 Monopole Problem‬
‭According to the previous Big Bang theory where‬

‭the universe was theorised to expand on a steady rate,‬
‭magnetic monopoles were predicted to exist in the universe‬
‭though they have yet to be detected [8], contradicting the old‬
‭predictions. The theory of inflation provides an explanation.‬
‭As the universe expanded exponentially, the density of‬
‭magnetic monopoles decreased significantly to the point‬
‭where none can be detected from our point of observation‬
‭[8].‬

‭2.2 Horizon Problem‬
‭For any two photons in the universe with distance‬

‭greater than the product of speed of light times age of the‬
‭universe, they theoretically are impossible to have been in‬
‭contact with each other, according to the previous Big Bang‬
‭theory [9]. This is because these 2 CMB photons would have‬
‭to travel for time longer than the age of the universe to get to‬
‭each other.‬

‭However, studies on CMB radiation shows that such‬
‭two photons are actually causally connected due to their‬
‭same temperature [10]. Inflationary theory predicts this as it‬
‭tells us that the universe used to be a very small, hot, and‬
‭dense point prior to the Big Bang, thus everything was once‬
‭causally connected with another [7].‬

‭2.3 Flatness Problem‬
‭Through calculations on the CMB background, the‬

‭universe is found to be very flat [11]. This indicates that if‬
‭the universe expanded at a steady rate, its initial state must be‬
‭very near to perfect flatness, which is of low probability.‬
‭Inflation solves this problem because as the universe expands‬
‭exponentially, all points can be seen as the centre of‬
‭expansion [12]. Even if the initial stage of the universe was‬
‭curved, it would appear flat on a very small scale after‬
‭expansion, which is why today’s universe appears very flat.‬

‭As inflation solves the above three discrepancies in‬
‭the universe, it is critical to determine whether this event‬
‭occurred in the early universe. A direct detection of the‬
‭inflationary event can only be studied through the Cosmic‬
‭Microwave Background (CMB) (e.g. [1, 2, 3, 4]).‬

‭3. Formation of the CMB‬
‭The Cosmic Microwave Background (CMB) can be‬

‭considered as leftover radiation from the Big Bang. It has a‬
‭nearly uniform temperature of 2.7 Kelvin [10] and behaves‬

‭very close to a blackbody [13], which is an idealised physical‬
‭body that absorbs all incident electromagnetic waves.‬

‭The CMB was formed as a result of the‬
‭Recombination epoch, which is around 370 000 years after‬
‭the Big Bang, when charged electrons and protons first‬
‭became bound to form electrically neutral hydrogen atoms‬
‭[14]. Prior to the Recombination epoch (also referred to as‬
‭the decoupling epoch), the universe was a hot, dense, plasma‬
‭of photons, leptons, quarks, and subsequently protons [15].‬
‭Stable neutral atoms were unable to form due to the high‬
‭temperatures. Free electrons scattered off photons, a process‬
‭known as Thomson scattering, causing photons to be unable‬
‭to travel long distances [14]. The Universe was thus opaque.‬

‭At 370 000 years after the Big Bang, the‬
‭temperature of the universe cooled to 3000 Kelvin. The‬
‭epoch of Recombination starts here [14]. Photon-electron‬
‭interaction in this epoch decreased as the lower temperature‬
‭no longer supported such interactions [14]. Formation of‬
‭neutral hydrogen atoms become energetically favoured as‬
‭hydrogen atoms formed with electrons at high energy states‬
‭[14]. These electrons later transited to low energy states by‬
‭emitting photons, a process known as photon decoupling‬
‭[14]. Decoupled photons no longer hindered by the electrons‬
‭were able to travel freely in space, becoming what is now‬
‭known as the CMB, and thus the universe became‬
‭transparent.‬

‭As the universe expanded, it continued to decrease‬
‭in temperature. As a result, the CMB photons that were‬
‭released at 3000K lowered in energy to about 2.7K today,‬
‭meaning the photons released from decoupling now peak in‬
‭the microwave region of the electromagnetic spectrum. The‬
‭places where these photons last interacted with the electrons‬
‭is known as the surface of last scattering [16].‬

‭4. Critical Features of the CMB‬
‭The radiation spectrum of CMB fits the black body‬

‭spectrum to very high precision, while other objects in the‬
‭universe generally follow the power laws [13]. The black‬
‭body is an idealised physical body that absorbs all incident‬
‭electromagnetic radiation [17]. Figure 1 shows an example of‬
‭a black body radiation spectrum.‬
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‭[Figure 1. Blackbody radiation. Image from[18]]‬
‭The CMB power spectrum is obtained from‬

‭measurements of a range of parameters, among which are‬
‭roughly 8 parameters that are sufficiently independent of‬
‭each other and of enough significance to be discussed‬
‭separately below in Figure 2.‬

‭[Figure 2. Level of agreement of CMB data and the‬
‭blackbody spectrum, measured by the FIRAS instrument on‬
‭the COBE. Image from[13]]‬

‭One factor that describes the primordial universe is‬
‭the energy scale of inflation (r) which gives information of‬
‭the energy level of the very early universe [19]. Another‬
‭important factor is the equation-of-state parameter (w) that is‬
‭the ratio of the pressure of the dark energy to its energy‬
‭density [19]. It indicates how much dark energy was present‬
‭in the early universe [19].‬

‭Optical depth (τ) from the epoch of reionization also‬
‭tells us when, how, and what the first stars in the galaxy‬
‭looked like, giving us information on early cosmological‬
‭structure formations [19]. The rest 5 factors characterise the‬

‭present universe. This includes the rate of expansion of the‬
‭universe (Hubble constant), curvature of the universe (Ωk),‬
‭and the density of the major three components of the‬
‭universe respectively. That is, baryon (normal matter‬
‭including radiation) density, matter (dark matter) density, and‬
‭dark energy density [19].‬

‭Another important characteristic of present day‬
‭CMB is that it falls into the microwave part of the spectrum,‬
‭as is implied by its name. This occurs due to a phenomenon‬
‭known as redshift [20]. As the universe expands, the speed of‬
‭light remains constant, causing the wavelength of the CMB‬
‭photons to be stretched as it moves away from our point of‬
‭view [20]. The frequency of these photons decreases through‬
‭time and falls into the microwave spectrum today. This‬
‭process can be considered as the Doppler shift of light.‬

‭4.1 Fourier Decomposition‬
‭Fourier decomposition breaks the density‬

‭fluctuations of the universe into a number of component sine‬
‭waves of different frequencies [21].‬

‭At times when the universe was still opaque, dark‬
‭matter would lump together over time, making the dark‬
‭matter fluctuations bigger and bigger since they are only‬
‭affected by gravity [22]. Acoustic oscillations moving at the‬
‭then speed of sound, which was around 57% of the speed of‬
‭light, occurred in the photon-baryon fluid [22]. This resulted‬
‭in a number of waves with the same speed but different‬
‭frequencies and wavelengths. For waves that have higher‬
‭frequency in space, their faster rate of change in densities‬
‭also corresponds to some higher frequency waves in time.‬

‭As the universe expanded, cooled, and became‬
‭transparent, the speed of sound decreased enormously [22].‬
‭Photons were also no longer trapped with the baryons [14].‬
‭When we observe the CMB today, what we see is a snapshot‬
‭of the particular moments on these sine waves at the time of‬
‭recombination [23]. The sine waves with longer wavelength‬
‭correspond to the larger angular scales or lower order‬
‭multipoles part of the power spectrum [23].‬‭Very few‬
‭fluctuations are observed in this region. The large-scale‬
‭nature of these waves means that there are few of them,‬
‭which makes data interpretation harder.‬

‭4.2 Discovery of CMB‬
‭The CMB was first predicted in 1948 by‬‭American‬

‭cosmologist Ralph Apher [24]. Several years later in 1964,‬
‭the CMB was accidentally found by Arno Penzias and‬
‭Robert Wilson [25], and later identified by Robert Dicke’s‬
‭team [26]. Among all spacecraft missions to study the CMB,‬
‭there were three key initial ones, naming COBE, WMAP, and‬
‭Planck.‬
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‭COBE‬‭was sent out by NASA from 1989 to 1993. It‬
‭detected that CMB is at around 2.73 Kelvin [27]. It observed‬
‭small temperature fluctuations on the order of 1 in 100000‬
‭across the CMB [27]. It also produced the first space-based‬
‭full-sky map of the CMB [27], which confirmed the Big‬
‭Bang theory predictions and showed hints of cosmic‬
‭structures not seen before.‬

‭WMAP was sent out‬‭by NASA from 2001 to 2010.‬
‭The aim of this space mission was to study the small‬
‭fluctuations across the CMB in detail. It discovered that the‬
‭small temperature fluctuations of CMB reflected the slightly‬
‭higher or lower densities in the primordial universe [28],‬
‭which later grew into large-scale structures under the effect‬
‭of gravity [28]. In 2003, it produced the first picture that‬
‭indicated the universe to be 13.7 billion years old [28], while‬
‭previous discoveries gave the number 13.8. Scientists later‬
‭studied the very early stage of inflation, universe’s lumpiness‬
‭and other properties, leading to discovery of asymmetry in‬
‭average temperatures in both hemispheres of the sky and a‬
‭bigger cold spot than expected [28]. WMAP’s data‬
‭determined the proportions of the fundamental constituents‬
‭of the universe, and have been used to establish the standard‬
‭model of cosmology.‬

‭Planck was later sent out by ESA (and was‬
‭significantly contributed to by NASA)  from 2009 to 2013‬
‭aiming to refine the standard model of cosmology. It‬
‭observes the universe at wavelengths between 0.3 mm and‬
‭11.1 mm, which are the far-infrared, microwave, and high‬
‭frequency radio domains [29]. It covered a wider frequency‬
‭range and had higher sensitivity, able to‬‭measure‬‭temperature‬
‭variations of a few millionths of a degree, thus‬‭showing‬‭the‬
‭tiny fluctuations in greater detail and precision. Its data‬
‭confirmed the previous discoveries of asymmetry and the‬
‭cold spot [29]. It also produced the highest precision picture‬
‭of CMB yet from satellites [29]. Using its data, scientists‬
‭later uncovered that fluctuations in the CMB at large angular‬
‭scales did not match predictions.‬

‭Figure 3 below shows the comparison between‬
‭precision of CMB data collected by the three journeys‬
‭respectively.‬

‭[Figure 3. Close-up views of the CMB from the 3‬
‭experiments. Image from[30]]‬

‭5. Anisotropies of the CMB‬
‭It is previously stated that the CMB has a nearly‬

‭uniform temperature of 2.73 Kelvin [10]. However,‬
‭temperature variations of a few microkelvin still exist across‬
‭the CMB [31]. Such temperature differences in turn lead to‬
‭density differences [31], of which the process will be‬
‭elaborated later. Together, these two differences are called‬
‭the anisotropies of the CMB. To put in more scientific terms,‬
‭CMB anisotropies refers to its directional dependency [31],‬
‭which means that the CMB has different properties in‬
‭different regions.‬

‭CMB anisotropies are categorised into two‬
‭types—the primary anisotropy due to effects that occurred at‬
‭the surface of last scattering and before, and the secondary‬
‭(also referred to as the late-time anisotropy) due to effects‬
‭that occurred between the surface of last scattering and the‬
‭observer (i.e., now) [32].‬

‭Primary anisotropies were principally determined by‬
‭two effects that occurred in the early universe. The first is the‬
‭baryonic acoustic oscillations [22]. In the early universe,‬
‭gravity acted to bring the baryons together. As the baryons‬
‭move towards each other, they heat up, causing an increase in‬
‭pressure which pulls them apart. The combination of these‬
‭two forces drove the baryon acoustic oscillations. It can be‬
‭viewed as the tendency to create overdense anisotropies‬
‭versus the tendency to erase it [22]. The second is diffusion‬
‭damping, also referred to as silk damping or collisionless‬
‭damping [33]. Photon diffusion damping is a process that‬
‭reduced density anisotropies in the early universe. During the‬
‭recombination epoch, photons travelled freely from hot‬
‭regions to cold regions, dragging along electrons and thus‬
‭protons, equalising the temperatures of these regions [33].‬
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‭On the other hand, secondary anisotropies were‬
‭influenced by two effects that occurred between reionization‬
‭(an epoch of the universe that occurs just before the‬
‭formation of stars and galaxies) and our observations of the‬
‭CMB [34]. The first is the Sunyaev-Zeldovich effect where‬
‭the hot, dense materials at the centres of galaxy clusters‬
‭scatter the microwave photons from CMB up to higher‬
‭frequencies [34]. This is why when clusters are observed in‬
‭microwaves, decrements appear at the position of the‬
‭clusters. The second is the Sachs-Wolfe effect [35]. This‬
‭effect explains how variations in densities in the CMB lead‬
‭to temperature fluctuations [35].‬

‭In general, CMB has a uniform temperature of about‬
‭2.725 Kelvin [10]. However, tiny temperature fluctuations‬
‭exist because of gravitational redshift [35]. At the surface of‬
‭last scattering, there is a Sachs-Wolfe effect [35]. Due to‬
‭fluctuations in the density of the universe and the fact that‬
‭matter curves space, higher density leads to more curvature‬
‭of space. At places where space is more curved, light loses‬
‭more energy to escape the gravitational potential wall. The‬
‭photons thus become gravitationally redshifted, and hence‬
‭the CMB spectrum appears to be uneven [35].‬

‭Between the surface of last scattering and the Earth,‬
‭there exists the integrated Sachs-Wolfe effect [36], which‬
‭states that the gravitational effects of travelling into a certain‬
‭region do not necessarily equal the gravitational effects of‬
‭travelling out of the same region later on [36]. This effect‬
‭occurs due to the presence of dark energy [36]. When‬
‭photons enter a region of overdensity, they gain energy as‬
‭they travel in. The gravitational potential well then becomes‬
‭stretched and shallower as photons travel through due to the‬
‭effect of dark energy. When photons leave the region, they‬
‭lose a smaller amount of energy. The overall gain in energy‬
‭leads to relatively higher temperatures surrounding these‬
‭regions of overdensity, which leads to the overdense areas‬
‭having relatively cooler temperatures [36]. Vice versa for‬
‭regions of underdensity. To conclude, overdensities lead to‬
‭cold spots and underdensities lead to hot spots in the CMB.‬

‭6. Polarisation of the CMB‬
‭CMB polarisation is a phenomenon where the‬

‭electric field of the CMB radiation oscillates more in one‬
‭direction than another [37]. It occurs at the level of a few‬
‭microkelvin [37].‬

‭The polarisation of the CMB is caused by a process‬
‭known as quadrupolar distribution through Thomson‬
‭scattering, a form of elastic scattering among particles.‬
‭Quadrupolar temperature variations occur as a result of‬
‭electron interactions in areas of hotter spots in the‬
‭photon-baryon plasma in the early universe with greater‬

‭amplitude of radiation leading to linearly polarised CMB‬
‭light [38]. Quadrupolar patterns exist because of  the flow of‬
‭the primordial plasma [38], the material that the CMB was‬
‭released from during decoupling.‬

‭There are two types of CMB polarisation—B-modes‬
‭and E-modes [31]. E-modes arose mainly from Thomson‬
‭scattering [31]. They are analogous to electric fields,‬
‭meaning they are scalar fields that arise from density‬
‭perturbations in the universe and have vanishing curls in‬
‭terms of mathematical notations [39]. E-modes are sourced‬
‭from scalar perturbations in the early universe (i.e. tiny‬
‭changes in the density of matter in the early, smaller, hotter‬
‭universe [39]); therefore, they help us understand the‬
‭evolution of structure formation in our universe [39]. Along‬
‭with the temperature of the CMB, E-mode polarisation has‬
‭been detected and measured in various CMB experiments to‬
‭good precision.‬

‭[Figure 4. E and B-mode dashes. Image from [40]]‬
‭However, B-modes are theorised to arise from‬

‭gravitational waves generated from cosmic inflation [39],‬
‭and have not yet been detected but are a large motivating‬
‭factor for current and future CMB experiments.‬

‭Gravitational waves are cosmic ripples in‬
‭space-time that are caused by energetic processes [41]. They‬
‭travel at the speed of light and carry information about their‬
‭source.‬‭Theory suggests that during inflation, gravitational‬
‭waves were produced in enormous intensities, and remnants‬
‭of its effect should appear as a very faint background of‬
‭gravitational waves in the universe [42]. Since this‬
‭background is too faint to be directly detected, researchers‬
‭today point to the CMB to find evidence of a specific‬
‭polarisation signal (B-modes) that only inflation could have‬
‭caused. The amplitude of such a signal, in turn, describes the‬
‭energy scale of inflation,‬‭r‬‭[19].‬‭B-mode signals,‬‭however,‬
‭are difficult to detect even within the CMB because the‬
‭degree of foreground contamination is unknown, and weak‬
‭gravitational lensing signals mix strong E-modes signals with‬
‭B-modes [43].‬
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‭Both E- and B-mode features are seen in the Fourier‬
‭modes that are created from polarisation in the CMB, thus‬
‭the analogous coined electromagnetic terms for E- and‬
‭B-modes. In terms of forms, pure E-modes have polarisation‬
‭parallel or perpendicular to the direction of the wave vector,‬
‭while pure B-modes have polarisation rotated to 45° about‬
‭the wave direction [40]. CMB polarisation can thus be‬
‭viewed as the superposition of B-modes and E-modes.‬

‭7. Angular Power Spectrum of the CMB‬
‭As is stated above, the radiation spectrum of the‬

‭CMB fits the black-body spectrum very well while other‬
‭objects in the universe generally follow the power laws‬‭[13].‬
‭This characteristic is used to obtain the CMB anisotropy map‬
‭by subtracting the effects of other cosmic objects through‬
‭space.‬

‭In spherical harmonics, any signal which appears in‬
‭the sky with equal intensity at every location is referred to as‬
‭a monopole [44]. Ell (“l”)  is a dimensionless index‬
‭associated with the number of spatial oscillations in the θ‬
‭direction [44], where the relationship between ell and θ is‬
‭given by the equation l = 180° / θ. Ell is inversely related to‬
‭the angular separation—the lower the l value, the larger the‬
‭angular scale, where an angular scale of 1 degree on the sky‬
‭is the size of the moon. For the monopole, l equals 0.‬
‭Number of nodes equals l plus 1. The monopole image‬
‭therefore has a single constant intensity.‬

‭In Planck data of the CMB, the value of l goes up to‬
‭2500 (e.g. [1, 29]). Using spherical harmonics, CMB‬
‭anisotropy maps can be turned into  angular power spectra.‬

‭Below are theoretical power spectra plots for CMB‬
‭temperature and polarisation. Note that, though it does not‬
‭show in the figure below, measurements for temperature and‬
‭E-modes have been made but not at the highest ell values,‬
‭and a B-mode measurement from inflation has not yet been‬
‭detected. The goal for next-generation CMB experiments is‬
‭to reach those high ell values as well as reach higher‬
‭instrument sensitivities to make a measurement of the‬
‭B-mode gravitational wave signal.‬

‭[Figure 5. Theoretical predictions of the respective‬
‭power spectra. Plot from [45]]‬

‭The figure above has the TT power spectrum‬
‭(black), EE power spectrum (red), the two BB power spectra‬
‭(blue), and the power spectrum of E-mode lensing into‬
‭B-mode (yellow being the data measured, green being the‬
‭theoretical curve). The TT (black) and EE (red) curves are‬
‭related to each other because they both provide information‬
‭of structure formation in the universe [46].‬

‭When there is a peak in the temperature curve, there‬
‭is a correlating trough in the E-mode polarisation curve, as is‬
‭shown in Figure 5. This is because as baryons are brought‬
‭together by gravity during the process of baryonic acoustic‬
‭oscillations, they first heat up, then get pulled apart by the‬
‭increase in pressure [22]. This indicates that higher levels of‬
‭E-mode polarisation are directly related to overdense regions.‬
‭Meanwhile, the integrated Sachs-Wolfe effect [36] tells us‬
‭that overdensities generally have cooler temperatures.‬

‭The two B-mode power spectra indicate the range of‬
‭possible actual B-mode plots, correlating to the expected‬
‭range of‬‭r‬‭—the tensor-to-scalar ratio which defines‬‭the‬
‭energy scale of the inflationary event—from 0.001 to 0.05.‬
‭Exact value of‬‭r‬‭can only be found from the amplitude‬‭of the‬
‭B-mode curve which is still under investigation [47]. Thus a‬
‭range of possible‬‭r‬‭values is used for prediction,‬‭but only one‬
‭B-mode power spectrum (blue) is expected to be measured.‬

‭7.1 Temperature Power Spectrum Explained‬
‭The greatest peak at 1° indicates the horizon scale‬

‭[48]. These waves happened to have the photon-baryon fluid‬
‭falling moving together and reaching greatest density at the‬
‭point of recombination [48]. The trough right after the‬
‭highest peak represents the waves where the photon-baryon‬
‭fluid happened to have just moved and averaged out,‬
‭reaching mean density [48]. The second peak is where some‬
‭waves reach the rarefaction point (region of least matter‬
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‭density) [48]. This process continues to produce multiple‬
‭peaks and troughs with decreasing amplitudes as angular‬
‭scale decreases.‬

‭Since the recombination epoch was not‬
‭instantaneous, waves with higher frequencies are able to‬
‭fluctuate in density during this epoch, creating the damping‬
‭tail of the power spectrum [48]. This is known as silk‬
‭damping.‬

‭8. Project Methods‬

‭8.1 Introduction to Data Analysis Techniques‬
‭In the Project Methods , I use a NASA CAMB‬

‭(Code for Anisotropies in the Microwave Background)‬
‭simulation and CMB analysis github tools‬‭1‬ ‭to plot‬‭the‬
‭temperature CMB power spectrum using Python. Note that‬
‭all figures in this section and beyond are plots I generated‬
‭using Python, unless specified otherwise.‬

‭The temperature power spectrum is the expected‬
‭behaviour of the CMB, and CMB experiments like WMAP,‬
‭Planck, and ACT (Atacama Cosmology Telescope) have‬
‭confirmed this behaviour to high precision (e.g. [1, 3, 4]).‬
‭However, I use the NASA CAMB simulation of the CMB‬
‭temperature power spectrum as a clean laboratory for‬
‭understanding the behaviour of CMB maps without‬
‭experimental and galactic noise. In addition, I use the‬
‭temperature simulation to understand experimental, galactic,‬
‭and atmospheric noise as well as experiments’ filtering‬
‭techniques—which will be discussed below—by learning‬
‭how to simulate such noise onto the clean signal.‬

‭The first analysis step I take for the NASA CAMB‬
‭theoretical CMB temperature signal is a flat sky‬
‭approximation. A flat sky approximation requires taking a‬
‭small patch around 10° by 10° of sky of CMB measured with‬
‭mathematical equations altered slightly, and is also used in‬
‭obtaining the power spectrum.‬

‭1‬

‭https://github.com/jeffmcm1977/CMBAnalysis_SummerSchoo‬
‭l/tree/master‬

‭[Figure 6. Angular power spectrum generated in the‬
‭clean laboratory; the horizontal axis denotes the angular‬
‭frequency ell, the vertical axis denotes the extent of‬
‭temperature variations ]‬

‭The steps include: generate a 2D power-spectrum;‬
‭generate a Gaussian random map; multiply the two together;‬
‭and use fourier transform to result into a real space map.‬

‭[Figure 7. Real space map of simulated CMB]‬

‭8.2 Adding Foregounds to the Simulated CMB‬
‭Foreground noise is noise from the galaxy and the‬

‭universe that hinders direct data collection of the CMB [49].‬
‭There are mainly 2 types of foreground noises classified‬
‭according to the characteristics of their sources, as is‬
‭illustrated below.‬

‭In this section, I make a point source map in order‬
‭to simulate how foreground noises affect the results of‬
‭measurements of the CMB. Point sources are bright objects‬
‭in the sky, such as‬‭Active Galactic Nuclei (AGN),‬‭Dust Star‬

‭7‬
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‭Forming Galaxies (DSFGs), and any stars or bright galaxies‬
‭that appear like a bright spot [49]. There are two main‬
‭distributions discussed here for the sources. There are the‬
‭poisson distribution sources, referring to‬‭a rather‬‭faint‬
‭distribution of sources with a poisson distribution of‬
‭brightness that originate from older galaxies. The other are‬
‭the‬‭exponential sources, which are a small‬‭number‬‭of very‬
‭bright sources with exponentially falling source count,‬
‭usually from a nearby planet or a bright star or younger‬
‭galaxy.‬

‭In order to simulate a raw sky, the point sources are‬
‭simulated in the above two ways. The histogram data of the‬
‭two different point sources shows the poisson map having a‬
‭centred peak, while the exponential map having multiple‬
‭peaks and troughs, as is provided below.‬

‭[‬‭Figure 8.‬‭Histogram for poisson sources]‬

‭[‬‭Figure 9. H‬‭istogram for exponential sources]‬

‭[‬‭Figure 10. Raw sky with some faint point sources‬
‭circled]‬

‭SZ (Sunyaev-Zeldovich) maps are also made. SZ‬
‭addresses the phenomena of‬‭the boost of energy that‬‭a CMB‬
‭photon gets when it interacts with a relativistic electron‬
‭travelling close to the speed of light [34]. Relativistic‬
‭electrons come from galaxy clusters. Therefore, the SZ effect‬
‭is useful in using the CMB photons to understand the‬
‭behaviour of galaxy clusters and the evolution of galaxy‬
‭formation [34].‬‭With the simplified assumption of‬‭identical‬
‭angular sizes between the clusters, SZ maps are thus‬
‭simulated.‬

‭8‬
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‭[‬‭Figure 11. SZ maps‬‭]‬
‭Combining the CMB anisotropy, a point source‬

‭map, and an SZ map, a full sky map is hence produced.‬

‭[‬‭Figure 12. Full sky map with all noises infused and‬
‭some faint sources circled‬‭]‬

‭8.3 Instrument Beam, Instrument Noise, and Filtering‬
‭In this section, I explore the three main instrument‬

‭noises that interfere with obtaining a clear CMB image. The‬
‭white noise is common in signal processing where there’s‬
‭random Gaussian noise with equal intensity at different‬
‭frequencies of CMB measurements; atmospheric noise is‬
‭from the water vapour in the atmosphere and turbulence in‬
‭the clouds; 1/f noise is low frequency noise where its power‬
‭is inversely proportional to its frequency, this behaviour is‬
‭typical of CMB (superconducting) detectors.‬

‭Plots specifying each noise show the following‬
‭results.‬

‭[‬‭Figure 13.‬‭Atmospheric noise at level 0.1]‬
‭The atmospheric noise distribution at level 0.1 in‬

‭Figure 13, with white noise and 1/f noise at 0, makes the‬
‭CMB blurrier, but retaining most of its patterns and‬
‭characteristics.‬

‭[‬‭Figure 14.‬‭Atmospheric noise at level 0.8]‬
‭As atmospheric noise increases in level as shown in‬

‭Figure 14, CMB data collection becomes significantly‬
‭hindered, only showing general patterns with a lack of‬
‭precision.‬

‭9‬
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‭[‬‭Figure 15.‬‭1/f noise at level 0.2]‬
‭The 1/f noise distribution at 0.2 in Figure 15, with‬

‭white and atmospheric noise at 0, makes the CMB very‬
‭streaky. The horizontal streaks cut out most of the CMB‬
‭patterns. Calibration of detectors are needed when 1/f noise‬
‭becomes overly prominent.‬

‭[‬‭Figure 16.‬‭1/f noise at level 0.7]‬
‭Measurements of CMB are significantly hindered in‬

‭Figure 16 at this 1/f noise level.‬

‭[‬‭Figure 17.‬‭White noise at level 10]‬
‭The white noise distribution at level 10 in Figure 17,‬

‭with atmospheric noise and 1/f noise at 0, blocks most of the‬
‭CMB patterns. The graph appears very grainy, with such‬
‭graininess increasing as the level of white noise increases.‬
‭Through masking out certain fourier modes, the above noises‬
‭can be roughly filtered from the CMB.‬

‭[‬‭Figure 18.‬‭CMB map simulated with noise]‬
‭The above map shows what a more realistic‬

‭measurement of CMB data would appear, with point sources‬
‭and SZ noises combined.‬

‭8.4 Map Analysis (Apodization)‬
‭In the CMB map, because we take measurements by‬

‭square chunks of data (i.e. the 10 degree by 10 degree‬
‭mentioned in section 1), part of the CMB signal gets cut off,‬

‭10‬



‭Catalysing Research Institute – Space Science Journal‬ ‭Xintong Xie‬

‭which adds an interfering factor known as an edge effect‬
‭[50]. Edge effect occurs because the fourier transform does‬
‭not work with straight edges of square arrays as it treats them‬
‭as periodic boundaries [51]. Thus, the CMB maps need to be‬
‭apodized – modification of the signal, which is smoothing‬
‭out  the edges in this particular case – before being‬
‭transformed into power spectrums. By selecting different‬
‭windows, the apodized map also varies in appearance.‬

‭[‬‭Figure 19.‬‭Apodization done using a cos() x cos()‬
‭window]‬

‭Figure 19 shows a cos() x cos()  apodized map. This‬
‭window function has its centre clear and fainting towards the‬
‭edges, which allows us to analyse the middle region of the‬
‭data without being affected by the edge effect. More methods‬
‭of apodization are illustrated below, though they will not be‬
‭used in further experiments because they do not eliminate‬
‭edge effects as successfully as the cos() x cos() window.‬

‭[‬‭Figure 20.‬‭Apodization done using a sin() x sin()‬
‭window]‬

‭The sin() x sin() apodized map has its edges clear‬
‭and fainting towards the centre.‬

‭[‬‭Figure 21.‬‭Apodization done using a tan() x tan()‬
‭window]‬

‭The tan() x tan() apodized map has its centre nearly‬
‭absent with strongly-emphasised edges.‬
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‭[‬‭Figure 22.‬‭Apodization done using a sin() x cos()‬
‭window]‬

‭The sin() x cos() apodized map has its horizontal‬
‭edges and its centre fainting, while the fainting edges change‬
‭to the vertical ones when switched to the cos() x sin()‬
‭apodized map.‬

‭8.5 Map Analysis‬
‭Data analysis using real CMB data is shown in this‬

‭section.‬
‭The following CMB data is collected by the‬

‭Atacama Cosmology Telescope (ACT), a CMB telescope‬
‭that focuses on how the universe began and evolved as well‬
‭as its components [52]. The ACT experiment has two main‬
‭goals. One is to‬‭further the measurements of parameters‬‭that‬
‭describe the primordial universe [52], which allows us to‬
‭have a clearer idea of how the universe evolved over time.‬
‭The other is to measure distant, large clusters of galaxies and‬
‭respective environments, so as to narrow down the‬
‭possibilities of different models of how the universe behaved‬
‭in its infancy [52], enabling us to understand the evolution of‬
‭cosmic structures, as well as the history of old galaxies. In‬
‭order to achieve its goals, ACT is equipped with 3000-5000‬
‭detectors (e.g. [3]).‬

‭[Figure 23. Measurements of CMB by the Planck‬
‭telescope. Image from [53]]‬

‭Data of different gigahertz and thus different‬
‭frequency bands are being used here. This is done so as to‬
‭synchronise background measurements and hence better‬
‭subtract noise and pick up CMB data. CMB is usually most‬
‭evident in the frequency bands between 70 to 210 GHz.‬
‭However, a lot of the noise discussed in this section –‬
‭including galactic and atmospheric noise when using‬
‭ground-based telescopes, or mainly galactic noise when‬
‭using a satellite telescope – are at frequencies above 210‬
‭GHz [54].  But since this paper focuses on ground-based‬
‭experiments, its data will not go above 220 GHz.‬

‭At 220 GHz, atmospheric noise plays a rather‬
‭significant role [54], which is evident from Figure 24,‬
‭especially when comparing with the 148 GHz data in Figure‬
‭25.‬

‭[Figure 24. ACT CMB data generated at 220 GHz]‬

‭[Figure 25. ACT CMB data generated at 148 GHz]‬
‭The analysis in previous sections is done using‬

‭square patches, thus square patches are taken out of the long‬
‭strip of ACT data to be used to compute the power spectrum‬
‭using the methods mentioned above.‬

‭Firstly, I apodize using a cosine function for the 148‬
‭GHz ACT data.‬
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‭[Figure 26. 148 GHz ACT data after apodization]‬
‭Then, I simulate a theoretical CMB map with noise‬

‭in order to compare the theorised power spectrum with‬
‭similar noise with the actual ACT data above.‬

‭[Figure 27. Expected CMB data with apodization]‬
‭Finally, I compute it into a power spectrum.‬

‭[Figure 28. Power spectra based on theory (blue)‬
‭and data (orange) ]‬

‭The green plot in Figure 28 shows the expected‬
‭CMB power spectrum under the assumption of zero noise.‬
‭This prediction at high‬‭l‬‭values has not yet been‬‭confirmed‬
‭by measurements due to foreground, atmospheric, and‬
‭instrumental noise.‬

‭As is displayed in Figure 28, the instrumental noise‬
‭in ACT data in orange has a higher amplitude at very low‬‭l‬‭’s‬
‭and at‬‭l‬‭greater than 2500 than the theorised one‬‭(where‬
‭artificial noise has been added to simulate similar noise level,‬
‭including atmospheric noise as well as SZ and Point sources)‬
‭in blue. This results in greater differences between the two‬
‭power spectra at high ell scales. The particular patch of sky‬
‭being measured is also an influencing factor.‬

‭[Figure 29. Power spectra based on 148 GHz (blue)‬
‭and 220 GHz data (orange) ]‬

‭As is shown in Figure 29, power spectra from‬
‭different frequency bands have generally the same shape but‬
‭have different magnitudes of data due to the presence of‬
‭noise. Comparing data of different frequency bands, the‬
‭disparity between the two is due to the presence of more‬
‭atmospheric noise in the 220 GHz data [54]. The two power‬
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‭spectra generally have similar features, which confirms the‬
‭accuracy of ACT measurements.‬

‭8.6 Map Analysis‬
‭In this section, I will focus on how to translate‬

‭theoretical CMB data into power spectra.‬
‭The power spectra that we will explore include the‬

‭TT, EE and TE power spectra. TT and EE power spectra are‬
‭auto-correlations [46]. TT is the temperature power‬
‭spectrum, and EE is the E-mode power spectrum. These two‬
‭power spectra are related in the sense that they both explain‬
‭cosmic structural formation [46].‬

‭Recall the process of baryonic acoustic oscillations,‬
‭where gravity acted to bring the baryons together causing‬
‭them to heat up, then the increase in pressure pulls them‬
‭apart [22]. These two forces can be viewed as the tendency to‬
‭create overdense anisotropies versus the tendency to erase‬
‭them [22], which tells us that overdense regions generally‬
‭have higher levels of E-mode polarisation. Meanwhile,‬
‭according to the integrated Sachs-Wolfe effect [36], places‬
‭with overdensities generally have cooler temperatures.‬‭Thus,‬
‭whenever there is a peak in TT, a corresponding trough‬
‭occurs in EE. The TE power spectrum measures the‬
‭correlation between the T and E data.‬

‭Below are figures of TT, EE, BB and TE power‬
‭spectra.‬

‭[Figure 30. TT, EE, and BB power spectra]‬

‭[Figure 31. TT power spectrum zoomed in for l =‬
‭0-5000]‬

‭[Figure 32. EE power spectrum zoomed in for l =‬
‭0-5000]‬

‭[Figure 33. BB power spectrum zoomed in for l =‬
‭0-5000]‬
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‭[Figure 34. TE power spectrum zoomed in for l =‬
‭0-5000]‬

‭Next, we will look at how the measurements of‬
‭Stokes parameters Q and U allow us to indirectly obtain‬
‭information on E and B-modes.‬

‭The Stokes parameters are measurements of the‬
‭extent of polarisation of electromagnetic waves – in this case,‬
‭the CMB. There are in total 4 Stokes parameters, of which‬
‭we will look at the two that apply to CMB polarisation the‬
‭most. The parameter Q measures the degree of polarisation‬
‭along the vertical and the horizontal components, while the‬
‭parameter U measures that of two diagonal directions [55].‬

‭[Figure 35. Measurements of the parameter Q]‬

‭[Figure 36. Measurement of the parameter U]‬
‭Actual E and B-mode polarisation are linked with‬

‭parameters Q and U by the following equations.‬
‭E = Qcos(2‬‭ψ‬‭) + Usin(2‬‭ψ‬‭)‬
‭B = - Qsin(2‬‭ψ‬‭) + Ucos(2‬‭ψ‬‭) [55]‬

‭[Figure 37. Calculated result of E-mode‬
‭polarisation]‬
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‭[Figure 38. Calculated result of B-mode‬
‭polarisation]‬

‭Recall that B-mode polarisation that relates directly‬
‭to inflation have not been detected, thus the B-mode‬
‭simulations in this section have not yet been corroborated‬
‭with real data like that of the E-mode.‬

‭[Figure 39. CMB data with polarisation pattern‬
‭overlapped]‬

‭In the above diagram, the length of the lines‬
‭indicates the magnitude of the E-mode polarisation, while the‬
‭different colours indicate the temperature. Blue regions‬
‭which are colder generally have more diagonal lines, which‬
‭means more polarisation is occurring at these cold regions.‬

‭9.‬ ‭Exploring‬ ‭Different‬ ‭Versions‬ ‭of‬ ‭the‬ ‭Universe‬

‭through the CMB‬
‭Recall that for a regular universe, the temperature of‬

‭CMB is at around 2.73 Kelvin, and the curvature parameter‬
‭in the Big Bang model is 0 due to its near perfect flatness.‬

‭In this section, I will first generate the power spectra‬
‭for the regular universe. Then I will consider three cases of‬
‭hypothetical universes, respectively having temperature of‬
‭CMB at 8 Kelvin , temperature of CMB at 5 Kelvin, and‬
‭curvature parameter at 1 with temperature unchanged, and‬
‭compare their features with that of our current one‬‭.‬

‭9.1 Current Universe (expected behaviour)‬
‭Before any discussions on hypothetical universes, I‬

‭will first explore our regular universe and its expected‬
‭behaviours in terms of its power spectra. Some of the‬
‭following behaviours are mentioned above in previous‬
‭sections, but will be gone through again for the sake of better‬
‭comparison.‬

‭[Figure 40. B-mode polarisation of the regular‬
‭CMB]‬

‭Above is the expected data of B-mode polarisation‬
‭with r = 0.0 to r= 0.2.‬
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‭[Figure 41. B-mode polarisation of the regular‬
‭CMB]‬

‭Figure 41 is the expected data of B-mode‬
‭polarisation with r = 0.002 to r= 0.3. The uniform dip at‬
‭around 10 ell indicates the presence of inflation. All r values‬
‭converge at around 200 ell.‬

‭[Figure 42. TT, EE, and TE power spectra of the‬
‭regular CMB]‬

‭The TT power spectrum of the regular universe‬
‭shows a significant peak at around 1-200 ell, with other‬
‭minor peaks occurring with decreasing magnitudes as l value‬
‭increases.‬

‭The EE power spectrum has its highest peak at‬
‭around 1000 ell, with peaks of decreasing amplitudes on both‬
‭sides.‬

‭The TE power spectrum has significant fluctuations‬
‭contributing to high peaks and low troughs between the‬
‭range of 250 ell to around 1000 ell, while magnitudes of such‬
‭fluctuations gradually cease as ell increases.‬

‭9.2 Universe at TCMB = 8 K‬
‭In this section, I explore similar features of the‬

‭universe when the temperature of the CMB is at 8 Kelvin.‬
‭Since the temperature of the CMB has cooled down over‬
‭time, a universe with higher CMB temperature can be seen as‬
‭one that is further back in time.‬

‭[Figure 43. B-mode polarisation of the CMB when‬
‭TCMB = 8 K]‬

‭[Figure 44. B-mode polarisation of the CMB when‬
‭TCMB = 8 K]‬

‭The above two graphs are data of B-mode‬
‭polarisation of the CMB when its temperature is at 8 Kelvin,‬
‭with different r value ranges assigned.‬

‭Compared to that of a regular universe, the‬
‭vertical-axial value of this hypothetical universe in Figures‬
‭43 and 44 increases by approximately 10 times. There‬
‭continued to be a dip at around 10 ell, but with less‬
‭significance. A precipitous change in value occurs at around‬
‭800 ell, which is absent in Figure 40 and 41.‬
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‭[Figure 45. TT, EE, and TE power spectra of the‬
‭CMB when TCMB = 8 K]‬

‭Figure 45 shows the power spectra for the‬
‭hypothetical universe. Common to all the spectra are‬
‭significant increases in the vertical-axial values, as well as‬
‭their much more shapeless appearances. The higher‬
‭vertical-axial values are indications of the more powerful‬
‭signals, which results from the higher temperature, while the‬
‭shapeless appearances are due to the less solidified‬
‭behaviours of matter.‬

‭The TT power spectrum continues to demonstrate a‬
‭major peak at around 100-200 ell.‬

‭The EE power spectrum has its major peak at‬
‭around 750 ell, while the regular universe has the same peak‬
‭at around 1000 ell.‬

‭The TE power spectrum has its major peak at‬
‭around 500 ell, and a significant dip at around 900 ell, which‬
‭generally follows that of the regular universe, with the figure‬
‭shifted to the right to about 200 ell.‬

‭Though all the above power spectra for the regular‬
‭universe had other significant peaks and troughs, they are no‬
‭longer observable under TCMB = 8 K.‬

‭9.3 Universe at TCMB = 5 K‬
‭In this section, I explore the universe at a CMB‬

‭temperature of 5 Kelvin.‬

‭[Figure 46. B-mode polarisation of the CMB when‬
‭TCMB = 5 K]‬

‭[Figure 47. B-mode polarisation of the CMB when‬
‭TCMB = 5 K]‬

‭Here the values on the vertical axis are slightly‬
‭higher, but generally remain similar to that of the regular‬
‭universe. This is because – considering the process of CMB‬
‭cooling down, the universe with TCMB of 5 Kelvin is closer‬
‭to today’s universe than that of the 8 Kelvin discussed above.‬
‭The ell value that corresponds to the dip is around 10 in both‬
‭cases. The only major difference is when the range of r value‬
‭graphs converge, which is around 800 ell in this case but‬
‭around 200 ell in the regular universe.‬
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‭[Figure 48. TT, EE, and TE power spectra of the‬
‭CMB when TCMB = 5 K]‬

‭At TCMB = 5 K, the power spectra demonstrate‬
‭significantly more traits that the regular universe has. Aside‬
‭from the characteristic peaks and troughs, the power spectra‬
‭in this case is much less shapeless compared to that of when‬
‭TCMB = 8 K, but still lacks fluctuations compared to that of‬
‭the normal universe because certain information of the‬
‭parameters have not yet solidified and well-defined in this‬
‭younger universe. The value along the vertical axis also‬
‭increases in this case, but not as prominent as the previous‬
‭case.‬

‭In general, it seems that higher temperatures being‬
‭further back in time provides slightly more information on‬
‭B-mode power spectra, with the dip more defined and the‬
‭point of convergence of different r values more significant.‬
‭Meanwhile, there is a loss of information in the other power‬
‭spectra due to the reasons stated above.‬

‭9.4 Universe at Curvature Parameter = 1‬

‭In this section, I will explore a universe with‬
‭curvature parameter = 1. This means that this universe will‬
‭no longer be perfectly flat, and that it will demonstrate‬
‭negative curvature.‬

‭[Figure 49. B-mode polarisation of the CMB when‬
‭Curvature Parameter = 1]‬

‭[Figure 50. B-mode polarisation of the CMB when‬
‭Curvature Parameter = 1]‬

‭In this case, the significant dip occurs slightly‬
‭rightwards of 10 ell, with all the r values converging at‬
‭around 700 ell. Both features shifted rightwards compared to‬
‭that of the regular universe.‬
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‭[Figure 51. TT, EE, and TE power spectra of the‬
‭CMB when Omega k = 1]‬

‭There are significant differences in shapes between‬
‭the power spectra of the negatively curved universe and the‬
‭regular flat universe.‬

‭The TT power spectrum here demonstrates its major‬
‭peak at 500 ell, which is around 300 ell rightwards than the‬
‭regular universe. The figure appeared to be stretched, with‬
‭the two following minor peaks corresponding to that of the‬
‭regular universe but far rightwards than their original ell‬
‭values.‬

‭The EE power spectrum here has its major peak at‬
‭around 2200 ell with decreasing amplitudes as ell decreases,‬
‭while the one in the regular universe has the major peak at‬
‭around 1000 ell and amplitudes decreasing on both sides. I‬
‭suspect that this figure is also stretched such that only the‬
‭leftward region of the original EE spectrum is demonstrated‬
‭here. This might have indicated loss in information on‬
‭structure formation as fewer peaks are shown.‬

‭The TE power spectrum also appears similarly‬
‭stretched, with its major peak occurring at around 600 ell,‬
‭nearly 400 ell rightwards of its original position.‬

‭10. Conclusion‬
‭To conclude, this research paper explores how the‬

‭Cosmic Microwave Background has evolved over time as‬
‭well as its various features. It also delves into how actual‬
‭data collection occurs, and how behaviours of the universe‬
‭can be altered differently through changing certain key‬
‭parameters. The CMB analysis code on github has made it‬
‭possible for me to reproduce the codes and plots for that‬
‭work as well as expand on the codes to explore different‬

‭versions of the universe for my own project. Through this‬
‭research, I have gained a better understanding of how the‬
‭universe functions as well as the significance of some of its‬
‭behaviours.‬
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