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Abstract: In this article, a number of smoothing methods
were investigated to enhance the signal-to-noise (S/N) ratio
of diverse methanol maser spectral data, encompassing var-
iations in signal strength, multiplicity of peaks, and spectral
complexity. The study aimed to improve the accuracy and
reliability of astronomical measurements obtained with
Irbene radio telescopes RT-16 and RT-32 at the Ventspils
International Radio Astronomy Center. Comparing eleven
different smoothing techniques, including moving average,
Gaussian, Hanning, among others, the Savitzky—Golay smoothing
method is identified as the optimal choice. The evaluation
criteria included the preservation of spectral features,
reduction of noise artifacts, and enhancement of S/N ratio
metrics. The Savitzky—Golay method outperformed other
techniques by effectively balancing noise reduction with
the preservation of spectral details crucial for maser emis-
sion analysis.
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1 Introduction

Cosmic, or astrophysical, masers are naturally occurring
sources of stimulated spectral line emission in the radio
wave part of the electromagnetic spectrum. They can be
observed in star-forming regions, planetary atmospheres
and systems, molecular clouds, late-type star atmospheres,
comets, and more (Gray 2012, Strel'nitskii 1974).

Cosmic masers are large in volume, approximately 107
meters in diameter. They emit very strong but narrow low-

* Corresponding author: Anete Egliene, Engineering Research
Institute “Ventspils International Radio Astronomy Center”, Ventspils
University of Applied Sciences, Inzenieru Str. 101, Ventspils LV-3601,
Latvia, e-mail: anete.egliene@venta.lv

Artis Aberfelds: Engineering Research Institute “Ventspils International
Radio Astronomy Center”, Ventspils University of Applied Sciences,
Inzenieru Str. 101, Ventspils LV-3601, Latvia

frequency electromagnetic waves, which can be sometimes
difficult to distinguish from noise. The intensity of these
emissions can oscillate over different time periods, ranging
from a few seconds to up to eight years, based on past
observations (Aberfelds 2024, Strel’nitskii 1974, Kegel 1975).

In the interstellar medium, masers consist of mole-
cules with one to six atoms, most common being OH,
CH50H, H,0, and SiO (Gray 2012).

The study of astrophysical masers is crucial for enhan-
cing our understanding of the universe. One of the insti-
tutes involved in observing galactic masers is Ventspils
International Radio Astronomy Centre (VIRAC), utilizing
the Irbene radio telescopes. These telescopes allow for
resolution adjustments via computer settings, albeit with
limitations. For instance, in the Ventspils monitoring pro-
gram observing 6.7 GHz methanol masers (Aberfelds 2024,
Aberfelds et al. 2023), a high velocity resolution of 0.017 km/s
is used, even though the natural widths of the maser lines
range from 0.2 to 0.3 km/s. As a result, the data are over-
sampled, leading to spectra with more noise than would be
present with the appropriate velocity resolution.

The aim of this study is to find an optimal smoothing
method, which in result increases the S/N value by not
effecting the original peak values, keeping the original
spectral form. It is hypothesized that the advanced math-
ematical functions will be better than the simple averaging
down method.

Advanced mathematical methods differ from simple
calculations like averaging over a number of spectral chan-
nels, they reduce noise via convolution-based filtering
according to Fourier transform principles. Each convolu-
tion-based method applies various functions with specific
parameters. For instance, the Savitzky—Golay method fits a
polynomial with chosen polynomial order (p) to the central
data point within a defined window (w) and replaces that
point with the calculated polynomial value. Other para-
meters used are standard deviation (¢) and Gaussian order
parameter (m) (Savitzky and Golay 1964, Press et al. 2002,
Brandt 2019, Smith 2013).

Savitzky—Golay filtering has been previously applied
in radio astronomy for spectral analysis, but past studies have
only briefly explored its potential. Morabito et al. (2014)
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Table 1: The parameters used for smoothing methods

Method F S-G MAA H B M G L E
Parameter o m w p w w w w o )y A d
Value 150 1 17 2 10 0 10 1M 3 5 2 2

tested it alongside other smoothing methods for carbon radio
recombination lines, while Stroe et al. (2015) mentioned its
use without detailed results. More recently, Hussein and
Mahdi (2024) applied it for radio signal enhancement but
did not perform an extensive comparison. This study
expands on previous work by systematically evaluating
multiple smoothing techniques to determine the optimal
approach for methanol maser spectra.

2 Method

In this article, VIRAC provided spectral data from nine dif-

ferent 6.7 GHz methanol maser sources (Aberfelds et al. 2023)

and a pre-existing Python code for working with spectra, which

included channel averaging smoothing method. The first course

of action was to find additional smoothing methods for com-

parison. Ten more methods were identified, bringing the total

to 11 methods (and their abbreviations):

¢+ Channel averaging (Average);

* Fourier (F; Brandt 2019, Kleinman and Korn-Lubetzki
1997);

* Savitzky—Golay (S-G) (Savitzky and Golay 1964);

* Moving average (M-A);

* Median (M);

¢ Gaussian (G) (Draine 2011, Rudolph et al. 2023);
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* Lorentzian (L) (Draine 2011);

* Voigt (Draine 2011);

* Hanning (H) (Essenwanger 1986);

» Bartlett (B) (Proakis and Monolakis 1996).
« Eilers Perfect Smoother (Eilers 2003)

The methods were compared based on their ability to pre-
serve spectral details while smoothing the noise. Specifically,
the radial velocity (vsg) of the peak, peak flux density (F,), and
integrated flux density (F;) should remain unchanged, while the
noise root-mean-square (RMS) value and integrated noise flux
density (noise F;) should decrease, and the S/N ratio should
increase. Additionally, the execution time for each method
was compared to determine its practicality and ease of use.

Each method was implemented in the Python code
with source codes listed in Table A1, and required various
parameters, including window sizes (how many points are
included in the calculations), standard deviation (affecting
the smoothing level), the polynomial degree, and smoothing
factor. The parameters were empirically found, meaning by
trial and error and observing which parameters gave the
best result.

Following the determination of the parameters, three
different graphs were generated to visualize the effect of
the smoothing methods on the original spectra, and addi-
tional data were outputted in the console to compare.

A code was made that completes all the mentioned
tasks earlier, which was then used for testing smoothing
methods on a range of maser sources. These sources varied
in intensity, with either one or multiple peaks, and demon-
strated differing levels of spectral complexity.

The used maser sources in this article, naming according
to Galactic coordinates, were: G78.122+3.633, G109.871+2.114,
(G133.947+1.064, G94.602-1.796, G22.357+0.066, G32.744-0.076,
G111.26-0.77, G196.454-01.67, G121.298+0.659.

Table 2: Original data and smoothed data for maser source G78.122+3.633 spectra

G78.122+3.633 Method RMS, Jy Visr, km/s K, Jy F;, Jy km/s Noise F;, Jy km/s S/N
Original 0.77 -7.61 65.37 3623.92 -56.49 84.71
Average 0.53 -7.62 64.51 3621.04 -56.28 121.84
Fourier 0.45 -7.61 62.75 3623.16 -56.20 138.09
S-G 0.46 -7.61 64.50 3623.28 -55.584 138.98
M-A 0.40 -7.61 60.82 3622.48 -55.13 210.95
Median 0.41 -7.664 60.70 3618.72 -43.22 198.85
Gaussian 0.40 -7.61 60.66 3622.85 -56.05 151.39
Lorentz. 0.42 -7.61 61.69 3622.70 -55.44 147.02
Voigt 0.35 -7.614 57.70 3622.18 -55.15 164.75
Hanning 0.49 -7.61 63.76 3623.23 -56.19 129.36
Bartlett 0.48 -7.61 63.43 3623.14 -56.064 132.62
Eilers 0.38 -7.61 58.57 3622.85 -55.99 153.73
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Figure 1: Difference in flux densities between the original spectrum and smoothed spectrum for maser source G78.122+3.633.
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3 Result

The values of each parameter used in different smoothing
methods are displayed in Table 1. These values were deter-
mined to be optimal, working with Irbenes radio tele-
scopes RT-32 and RT-16, which had the velocity resolution
set as 0.017 km/s. The Voigt smoothing method combines
parameters from Gaussian and Lorentzian methods.

An example result list for each smoothing method is
given in Table 2. The results are from maser source
G78.122+3.633. In addition, from the same maser source, a
graph displaying the effect of smoothing method on the
original spectrum is shown in Figure 1. The formula used
for the difference calculations is given as follows:

Al:i) = Fb original ~ Fi),smoothed (4]

The optimal smoothing method is chosen by first
examining the graphs and then comparing the values.

The results for maser source G78.122+3.633 show that the
optimal smoothing method is Savitzky—Golay. This proves to be
true comparing the values in Table 2: the peak radial speed
does not change, while the flux density changes slightly by 0.87
Jy (1.33%) and integrated flux by 0.64 Jy km/s (0.02%). The noise
RMS is smaller by 0.31 Jy (40.26%), integrated flux by 0.91 Jy km/s
(161%), and the S/N value is 1.64 times larger compared to the
original values. Also by examining the Figure 1, it is noticeable
that the Savitzky-Golay method evenly affects the whole spec-
trum, while other methods affect the peak values more.

The same result was achieved for the other maser sources
except G32.744-0.076 and G111.26-0.77. The former consists of mul-
tiple peaks, which noticeably hinders the quality of smoothing for
the Savitzky—Golay method. The effect of smoothing methods on
original data points is shown in Figure A4. However, it was still
considered the best method together with the channel averaging
method, which is shown in Figure A2.

The maser source G111.26-0.77 is a weak signal with a
low S/N value. None of the mentioned 10 smoothing methods
improved the S/N value; hence, there is no optimal method
for this type of masers. The original data points with
smoothing methods is shown in Figure A3. However, if we
ignore the S/N not increasing above the original value, the
best method is Hanning, which is made for dealing with
high level noise. The comparison of Hanning and Savitzky—
Golay methods can be observed in Figure Al

4 Conclusion

Based on the evaluation of 10 methods, Savitzky—Golay was
identified as the optimal method for improving the S/N
ratio in cosmic maser spectra for 7 out of 9 maser sources.
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Execution time is not a significant factor in deter-
mining the optimal method, as all methods have an execu-
tion time of less than 1/100th of a second. Therefore, it was
not taken into account.

Although the Savitzky—Golay method was identified as
the optimal method, it did not improve the S/N ratio for low
signal spectra. No other method improved it either, indi-
cating that further research and evaluation of different
methods are needed to find an optimal solution for low
signal spectra.

After determining the optimal parameters for each
method, the differences between the smoothing methods
are minimal. The Savitzky—Golay, Hanning, Bartlett, and
channel averaging methods are quite similar, each having
minimal effect on the peak values. In contrast, the Fourier,
Gaussian, Lorentzian, Voigt, and Eilers Perfect Smoother
methods impact the peak values more noticeably. Finally,
moving average and median methods affect the peak
values the most.

The fitting parameters for all smoothing methods demon-
strate a strong alignment, as the point count within the
chosen window size closely matches the point count corre-
sponding to the natural line width of a 6.7 GHz methanol
cosmic maser. If the line width differs, it is advisable to adjust
the window size accordingly.
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Appendix

Algorithm 1: Function for reducing resolution

Input: data - data array, factor - factor by which to
reduce resolution
Result: Data array with channel averaging
Function reduce_resolution (data, factor):
num_chunks < len(data) // factor;
average_data < [];
for i from;0 to num_chunks do
chunk < data[i* factor: (i +1) * factor];
average_value|;< np.mean(chunk);
average_data.append(average_value);

© 00 I Ul b WN

average_data < np.array(average_data);
return average_data;

10 average_xdata < reduce_resolution(xdata_, 4);
11 average_ydata < reduce_resolution(ydata_, 4);
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Algorithm 2: Function for Lorentzian spectral smoothing

Input: ydata - input spectral data, gamma -
Lorentzian width parameter

Result: Smoothed spectral data using Lorentzian
convolution

Function lorentzian_kernel (size, gamma):

x < linspace(-size // 2, size /| 2, size);

lorentzian « m%ﬂ/z);

lorentzian « lorentzian/zlorentzian//Normalizekernel;

return lorentzian;

~3 D Ul W DN -

Function
lorentzian_spectral_smoothing (ydata, gamma):

[o2]

kernel_size < 2 x gamma;

10 kernel < lorentzian_kernel (kernel_size, gamma);

11 |smoothed _ydata < convolve(ydata, kernel, mode

= ‘same’);
return smoothed_ydata;

12 gamma < 5 |/ Example gamma value

13 ;

14 lorentzian_smoothed_spectrum < lorentzian_spec-
tral_smoothing (ydata_, gamma);

Comparison of methods for G111.26-0.77
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Figure A1: Comparison of Hanning, best smoothing method for G111.26-0.77, and Savitzky-Golay, overall best smoothing method, with G111.26-0.77

data. Red line - smoothing method result, blue points - original data.
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Comparison of methods for G32.744-0.076
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Figure A2: Comparison of channel averaging, best smoothing method for G32.744-0.076, where the window was 4 points, and Savitzky-Golay, overall
best smoothing method, with G32.744-0.076 data. Red line - smoothing method result, blue points - original data.

Table A1: Smoothing method source codes or mathematic algorithms

Algorithm 3: Function for Eilers’ perfect smoother

Method

Source

01O Ul b wWwN =

10
1

Input ydata - input spectral data, d - order of
differences, A - regularization parameter
Result: Smoothed spectral data using Eilers’

smoothing method

Functioneilers_smoothing (ydata, d, A):

m « len(ydata)//Numberofdatapoints
E < eye(m)//Identitymatrix

/Differencematrix
W « diags(ones(m), 0)//Weightingmatrix(uniform)
C < splu(W + A «(D'D))//Choleskydecomposition
ysmoothed < C. solve(W - ydata)//Solveequation
returnysmoothed;

Aeilers < 2 [/ Regularization parameter
deilers < 2 [/ Difference order

eilers_smoothed_spectrum < eilers_smoothing

(ydata_: d eilers, Aeilers );

Channel averaging
Fourier
Savitzky-Golay

Moving-Average
Median

Gaussian

Lorentzian

D < diags([ones(m — d), —ones(m - d)], [0, d], shape = (m - d, m))/  Voigt

Hanning
Bartlett
Eilers

Algorithm 1

(Brandt 2019)
scipy.signal.savgol_filter (Press
et al. 2002)

np.convolve
scipy.signal.medfilt
scipy.ndimage.gaussian_filterild
(Rudolph et al. 2023)

Algorithm 2 (Draine 2011, Rudolph et al. 2023)
(Draine 2011)

np.hanning
scipy.signal.bartlett

Algorithm 3 (Eilers 2003)
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Smoothing methods and the original data points for G111.26-0.77
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Figure A3: Smoothing methods (red) and the original data points (blue) for G111.26-0.77.
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Smoothing methods and the original data points for G32.744-0.076
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