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Abstract  

In this paper, we estimate the cosmic microwave background (CMB) temperature using the data of the 
monopole spectrum and the dipole spectrum from COBE/FIRAS. Utilising the idea of straight-line 
fitting, we obtain the temperature and chemical potential. The temperature of the CMB is found to be 2.728 ± 2.681 × 10−5 K and 2.728 ± 2.779 × 10−5 K by using the data of the monopole and the 
dipole spectrum respectively. Handling the data of the monopole and the dipole spectrum, the chemical 

potential is obtained as 4.858 × 10−4 ± 3.681 × 10−5 and 5.044 × 10−4 ± 3.762 × 10−5 (95% 

confidence level) respectively. The amplitude of the CMB dipole, Tamp = 3.387 ± 0.044 mK is 

obtained at 2.178 × 1011Hz. We get the fluctuation in chemical potential as ± 4.945 × 10−5 and  ± 5.126 × 10−5 considering the variation in temperature by using the data of monopole and dipole 

spectrum respectively. While analysing the y-distortion we get a peak in the value of y at 2.178 ×1011 Hz and |y| =  6.063 × 10−5 excluding the peak. 

1. Introduction 

In the 1940s, theoretical physicists Alpher and Herman observed that a hot Big Bang would leave 

behind a Universe with non-zero temperature1. This was important in determining that the Universe 

is expanding. The Cosmic Background Radiation(CBR) released during the era of decoupling has a 
long enough mean free path to travel almost undisturbed until today, where we observe it peaked in 

the microwave region of the spectrum as the Cosmic Microwave Background Radiation(CMBR)2. 
The first detection of the CMBR was done using a microwave antenna where the measured temperature 

of an old supernova remnant was found to be 3.5° ± 1.0° K at 4080 Mc/s3. The cosmic microwave 
background radiation is a source to seek when investigating the secrets of the universe and its evolution 

over the previous 13.8 billion years. Investigating CMB features like temperature anisotropy4,5 can 
provide essential insights into the primordial universe. For the investigation of CMB temperature, the 

frequency spectrum of FIRAS on board COBE is crucial6. Temperature and its fluctuations are 
essential for understanding the origin and the large-scale structures of galaxies. Cosmologists explore 
large-scale structures in the universe by looking at fluctuations in the cosmic microwave background. 
These fluctuations can tell us about the origin of galaxies and help us measure basic parameters of the 

Big Bang theory7. 

COBE FIRAS measured the temperature of CMB to be 2.725 ± 0.021K with unprecedented precision8.  

And the most recent study9 of the CMB temperature at a redshift of 6.34 from H2O absorption also 

agrees with the temperature to be 2.72548 ±  0.00057 K. Furthermore, several papers investigate 

CMB temperature utilizing the fine structure level of CI and the rotation level of CO10, as well as 

taking into account the low-frequency section of the CMB spectrum11,12, and recalibrating the FIRAS 

data using WMAP data13. Moreover, the measurement of CMB temperature has been described in 

detail in several papers14−17. According to the article6, the temperature of the CMB is 2.728 ± 0.004 



K, which was derived using the best fit to the blackbody radiation formula (ꭓ2per dof =1.15, 95 % CL) 
and their choice of frequency and thermometry scales. 

In this paper, a simple method for calculating the CMB temperature and its uncertainty using the COBE 

FIRAS data6,18 is presented with a straight-line fitting methodology19,20. Straight-line fitting is finding 
an ideal line that fits the data point with the slightest uncertainty. The intercept of the straight line gives 
the chemical potential. It is found that the temperature of both the monopole and the dipole is almost 
identical to COBE values which is described in sections 3 and 4. In section 5, the value of the amplitude 
of the CMB dipole is calculated and it is observed that the dipole amplitude varies slightly with the 
frequency. In section 6 and section 7, we calculate the fluctuation in the chemical potential and y-
distortion respectively. 

 2. Bose-Einstein Distribution 

In the early Universe, there were two main processes that affected the number of photons in the Cosmic 
Microwave Background (CMB). The first was called the double Compton process, which is when two 
CMB photons collide and create an electron-positron pair. The second process is known as 
bremsstrahlung, which is when a photon collides. Although double Compton scattering and 
bremsstrahlung could change the number of photons at low frequencies, the photon number is 
conserved at high frequencies. Thus, a blackbody spectrum cannot be established in such case. Instead, 
a Bose-Einstein distribution with a frequency-dependent chemical potential is used to describe such a 
kinetic equilibrium. Electron collisions with CMB photons lead to spectral distortions in the CMB21. 
When the redshift is higher than z~104 and smaller than z~3 × 105, photons with more energy than 
a Planck spectrum will thermalise with other photons22. The result is a Bose-Einstein distribution with 
chemical potential. A static solution for Compton scattering is the Bose-Einstein distribution23, 
 

                                                                    fBE = 1er+µ−1                                                                                            (1) 

                                Where µ is a dimensionless chemical potential and r = hν/kT. 
The μ-type distortions are characterised24 by frequency-dependent chemical potential. They occur 

between the double Compton scattering decoupling (z∼106) and the thermalisation decoupling by 

Compton scattering (z∼105). It is well known that double Compton scattering is still active at very 
low frequencies. This may not be a problem, as at these low frequencies a Planck spectrum would be 

established anyway. 

3. CMB temperature and chemical potential from monopole spectrum 

A blackbody is an ideal object that absorbs all the incoming radiations. The total power radiated per 

unit frequency per unit solid angle by a blackbody emitter can be expressed by Planck’s law25,26. 

Planck’s formula27 is used and a linear equation is formed by rearranging the parameters. According 
to Planck’s law and considering the Bose-Einstein distribution, we have equation (2),                                      

                                                                
2hν3c2  1ehνkT+μ−1 = Im                                                                        (2) 

Where h is Planck’s constant, ν is the frequency, k is Boltzmann’s constant, c is the speed of light, T  
is the absolute temperature, µ is a dimensionless chemical potential, and Im is the intensity of the 
monopole spectrum. 

                                                                    
1ehνkT+μ−1 = G(ν)                                                                    (3)      



                                   Where     G(ν) =  c22hν3  Im     which is a dimensionless parameter                      (4)                         

                                                                 ln ⌈ 1G(ν) + 1⌉ = 
hνkT + μ                                                             (5)          

Equation (5) can be compared with the equation of a straight line (y=mx+c). In this case, y is ln ⌈ 1G(ν) + 1⌉ , x is  hνk , slope (m) is the inverse of temperature (1/T), and intercept (c) is the chemical 

potential(μ) from the Bose-Einstein distribution. In this method, a linear equation is used to calculate 
the CMB temperature. The FIRAS CMB monopole spectrum has been used in this method. The data 
that we are using was delivered on March 1, 2003, and is available on the Space-based section of the 

NASA website18. 
 
The slope is the inverse of temperature, 

                                                                              T = 1s                                                                      (6) 

By using the differential formula, we can calculate the variation in the temperature, 

                                                                        ∆T = − 1s2 ∆s                                                                (7)    

Where ∆T is the variation in the CMB temperature, s is the slope and ∆s is the variation in the slope 
from Fig. 1.                                 

0 5 10 15 20 25 30 35

0

1

2

3

4

5

6

7

8

9

10

11

12  ln[(1/G(v))+1]

 Linear Fit of ln[(1/G(v))+1]

 ln
[(

1
/G

(v
))

+
1

]

hν/k (K-1)

Slope = 0.36656 ± 3.60267*10-6

Intercept = 4.85827*10-4 ± 3.6806*10-5

ꭓ2/dof = 1.20928

    
Figure 1. The value of  ln ⌈ 1G(ν) + 1⌉ using the data from monopole spectrum is plotted against hν/k with error 

bars. The slope and intercept is calculated by linear fitting. The value of  ꭓ2 per dof  is 1.209.                                    

The slope of the graph gives the inverse of the CMB temperature (T) and the intercept represents the 

chemical potential (μ). From this, the CMB temperature is 2.728 ± 2.681× 10−5 K (95% confidence 

level). The variation of the temperature (∆T) is calculated using Eq. (7). The value of the chemical 



potential (μ) is 4.858 × 10−4 ± 3.681 × 10−5. The existing value of this chemical potential6 is μ < 

9× 10−5. The chi-square fitting is performed and the value of reduced chi-square is obtained. The 

formal ꭓ2 per dof = 49.58/41 = 1.209. The fitted graph is shown with the error bars which are obtained 
by using the uncertainties in the spectrum in Fig. 1. From the interpretation of the intercept as the 
chemical potential, it is shown that the Planck law is modified by a dimensionless parameter.  

4. CMB temperature and chemical potential from dipole spectrum 

The Cosmic Microwave Background Radiation is electromagnetic radiation, which is the thermal 
remnant of the Big Bang. In the case of the monopole, the temperature is almost isotropic with slight 
variation. But when the dipole spectrum is analysed two distinct parts of high and low temperature 
regions can be observed. This is mainly due to the Doppler shift. The Doppler shift produces the dipole 
and is likely caused by the peculiar velocity of the Earth relative to the co-moving frame. The same 
method of rearranging the parameters to get the CMB temperature from the dipole spectrum has been 
used.    

                                                                          
2hν3c2  1ehνkT+μ−1 = B                                                                                             (8) 

                                                    Where B is the spectral radiance 

The dipole spectrum is fitted to the derivative of a Planck function. 

                                                                  Tamp dBdT = Id                                                                              (9) 

                                                                 B =  IdTamp er.  r er−1 T                                                                              (10) 

                                                                       B =  Ida                                                                                  (11) 

Where Tamp  is the dipole amplitude, T is the absolute temperature, and Id is the intensity of the dipole 

spectrum. 

                                         Where        a = Tamp T  er.  r er−1 = IdIm      which is a dimensionless parameter      (12) 

The value of B from Eq. (8) is substituted in Eq. (11) and finally, we get Eq. (13) 

                                                                
2hν3c2  1ehνkT+μ−1 = Ida                                                                        (13)           

                                                                 G′(ν) =  c22hν3  Id                                                                     (14)                         

                                                                      ln ⌈ aG′(ν) + 1⌉= 
hνkT + μ                                                                  (15) 

Equation (15) can again be compared with the equation of a straight line y=mx+c. In this case, y is ln ⌈ aG′(ν) + 1⌉, x is  hνk , slope (m) is the inverse of temperature (1/T), and intercept (c) is the chemical 

potential(μ). The linear equation (15) is analyzed to get the temperature of CMB. The data of the dipole 
spectrum is taken from the paper6. In their paper, they have forced the temperature of the CMB 
obtained from the dipole spectrum to be equal to that of the temperature of the CMB obtained 
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Figure 2. The value of ln ⌈ aG′(ν) + 1⌉ using the data from the dipole spectrum is plotted against hν/k with error 

bars. The slope and intercept is calculated by linear fitting. The value of  ꭓ2 per dof  is 1.34. 
 

from the monopole spectrum. The same result of temperature that is obtained from the monopole 
spectrum is achieved through the dipole spectrum by taking the ratio of  Tamp to T multiplied with the 

exponential factor equal to the ratio of  Id to Im. Taking any other value instead of Id/Im would not 
have given the same temperature as obtained from the monopole spectrum. A graph is plotted using 

the values obtained from ln ⌈ aG′(ν) + 1⌉ and  hνk . 

The temperature is calculated using the inverse of the slope and the variation of temperature is 

calculated using the formula in equation (9). The CMB temperature is 2.728 ± 2.779× 10−5 K (95% 

confidence level). The value of the μ is 5.044 × 10−4 ± 3.762 × 10−5. The chi-square fitting is 

performed and the value of reduced chi-square is obtained. The formal ꭓ2 per dof = 54.96/41 = 1.34. 
The fitted graph is shown with the error bars in Figure 2. The value of the temperature and chemical 

potential from our result is consistent with the values6. 
 

5. Dipole amplitude (𝐓𝐚𝐦𝐩 )  

The CMB dipole shows how galaxies move relative to the background radiation. The CMB dipole 
contains both a kinematic component and an intrinsic component28,29. The data from COBE/FIRAS 
allowed for 3.369 mK to be found as the amplitude of this dipole6. Figure 3 shows the plot of dipole 
amplitude versus frequency as obtained by using Eq. (12). However, it is observed that the dipole 
amplitude varies with frequency. The fluctuation of dipole amplitude with frequency has been studied 
theoretically. Findings of the excess dipole are also reported in some works30,31. From equation (12), Tamp  is calculated by multiplying the ratio of Id to Im with the exponential factor and the consistent 

temperature obtained by using monopole and dipole spectrum. 

 A linear fitting is performed to fit the plot which is represented by the red line in Fig. 1 and the formal 
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Figure 3 Plot of dipole amplitude against frequency. This graph illustrates a slight dependence of dipole 
amplitude on frequency. After linear fitting the value of ꭓ2 per dof is obtained as 2.69. 
 

ꭓ2 per dof = 2.69 is obtained. The perpendicular lines correspond to the error bars in the measurement 
which is quite large for the last few data. The straight-line equation y=mx+c, where y, m, x, and c 
represent the dipole amplitude, slope, frequency, and intercept respectively. Substituting the value 
from the graph we obtain the value of the dipole amplitude as 3.387 ± 0.044 mK for a frequency of 
the value 2.178× 1011Hz. Our calculated value of the dipole amplitude is also consistent with the 
values32. Figure 3 indicates that the dipole amplitude (Tamp) is frequency-dependent. For the given 

range of frequency, the dipole amplitude is almost constant provided if we neglect the last two values 
for large errors or uncertainty. 

6. Fluctuation in chemical potential 

The µ-type distortions are what is leftover from the plasma that was around after the Big Bang. They 
are sensitive to any energy that was added to the cosmic plasma during the time between redshifts 5 ×104 < z < 2 × 106. The anisotropies of this distortion depend on the spatial fluctuations in the source 
distributions of these distortions, such as clusters of galaxies.  

                                                                                       ∆µ = −r ∆TT                                                                           (16) 

Using Eq. (16)24, we calculate the fluctuation in the chemical potential (∆µ). Here, ∆T is the variation 
in temperature that is obtained in sections 3 and section 4. For frequency of the value 2.859 × 1011Hz, 
we get the fluctuation in chemical potential as ± 4.945 × 10−5 and ± 5.126 × 10−5 considering the 
variation in temperature from monopole and dipole spectrum. This value of the fluctuation of chemical 
potential obtained theoretically is close to the value 3.681 × 10−5 and 3.762× 10−5 obtained from 
Fig. 1 and Fig. 2 by using the data of the monopole and the dipole spectrum respectively. The 
fluctuation of chemical potential has also been estimated33 as 2.42 × 10−5 for 70.7% sky cover. The 
variations and fluctuations obtained in our calculation are restricted by the sensitivity of the available 
measured data. Two new projects, PIXIE34 and PRISM35, have 103 − 104 times better sensitivity 



than COBE/ FIRAS. Future experiments should provide more precise data that will help us understand 
CMB better.  

7. y-distortion 

The interaction of CMB photons with electrons, where the photon loses energy, is described by 

Compton scattering. Low-energy photons travelling through galaxy clusters gain energy when 
interacting with electrons via Inverse Compton scattering. The Comptonization Parameter y explains 

how inverse Compton scattering affects the CMB. The formula described36 can be used to get the 
value of y. 

                                             U NASA COBE = UBE + 
CBν3yrer(er−1)2  (r coth r2 − 4)                                                   (17) 

Where BE stands for Bose-Einstein distribution, c is the speed of light  and r = hν/kT. 

                                                    UBE = 
8πhν3C3  1er+μ−1 and CBE = 

8πhC3                                                    (18) 

Equation (17) can be written as                                        

                                                        y = 
4(INASA COBE  − IBE) (er−1)2 CB ν3c r er (r cothr2−4)                                                                   (19) 
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Figure 4 Plot of y vs frequency. A spike in the value is seen at a frequency of 2.178 ×  1011 Hz. The value of 

|y| = 6.063 × 10−5 excluding the peak value of y. 

Where INASA COBE is the monopole intensity18 and IBE can be calculated as  

                                                                IBE = 
2hν3C2  1er+μ−1                                                                    (20) 



A peak in the value of y is observed as 0.012 at a frequency of 2.178 × 1011 Hz. The value of y 
excluding the peak value is found |y| = 6.063 ×10-5. However the value of |y| < 15 × 10-6 in (6). 
Moreover, this sudden jump in the y value may provide some useful information about the primordial 
universe. The distortion can reveal the amount of energy released from which the CMB spectrum was 

created. It also provides details on the energy dissipation process37. 

8. Discussion 

In this paper, we have introduced a method to obtain the cosmic microwave background temperature, 
anisotropy of temperature, µ-distortion, and y-distortion from the data of monopole and dipole 

spectrum. Our method is much simpler than the existing techniques. The conclusions from our 
approach for the determination of the CMB temperature and dipole amplitude could help to explore 
the physics of the early Universe. The method used in this paper provides a simple way to estimate the 
fluctuation in the chemical potential instead of scanning the whole sky for collecting data. There might 
also be a significance for the sudden spike in the value of y at 2.178 × 1011 Hz as this is the peak 
frequency in the used spectrums. 
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