
Pre-Lab Reading: Data Science in Radio Astronomy I

The 21cm Hydrogen Line

The 21cm hydrogen line is a specific radio frequency emitted by neutral hydrogen atoms. Found at 1420.4
MHz, it plays a crucial role in radio astronomy for studying the structure and behavior of galaxies. This
line is produced when the spin states of an electron and proton in a hydrogen atom transition from parallel
to antiparallel, releasing a photon at this precise frequency.

This emission is particularly important because hydrogen is the most abundant element in the universe. By
observing the 21cm line, astronomers can map the distribution of hydrogen gas in galaxies, uncovering details
about their structure, such as spiral arms and overall dynamics. Additionally, the 21cm line is significant for
the Search for Extraterrestrial Intelligence (SETI), as it is considered a universal frequency that intelligent
civilizations might use for communication. Its association with hydrogen makes it a natural benchmark for
interstellar signals.

Spectral Analysis

In radio astronomy, spectral analysis involves examining the frequency components of a signal to identify and
interpret features of interest. A signal collected by a radio telescope contains a mix of different frequencies,
and spectral analysis helps separate these components for study.

The frequency domain representation of a signal shows how power is distributed across different frequencies.
A key tool for this analysis is the Power Spectral Density (PSD), which provides a clear view of the signal’s
frequency components. Narrowband signals, which appear as sharp peaks in the frequency domain, are of
particular interest in SETI and radio astronomy because they often indicate specific phenomena, whether
natural or artificial.

Spectral resolution, a critical concept in this analysis, refers to the ability to distinguish closely spaced
frequencies. Higher spectral resolution provides greater detail, making it easier to detect weak, narrowband
signals that might otherwise be obscured by noise or broader frequency features.
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Signal Processing

Signal processing techniques are essential for transforming raw radio telescope data into meaningful insights.
The Fast Fourier Transform (FFT) is one of the most important tools in this process. It converts time-
domain data, which shows how a signal changes over time, into the frequency domain, revealing its spectral
composition.

Noise is an unavoidable aspect of radio signals, originating from both natural sources (like the Earth’s
atmosphere) and the telescope system itself. Distinguishing real signals from noise is a key challenge in
signal processing. Techniques such as filtering and careful selection of spectral resolution help enhance the
visibility of signals of interest.

Curve Fitting

In radio astronomy, emission lines in the frequency domain are often modeled using Gaussian curves. A
Gaussian curve is defined by three parameters: amplitude (the height of the peak), mean (the central
frequency), and standard deviation (σ, which determines the width). These parameters provide insights into
the physical properties of the observed gas, such as temperature, density, and velocity.

For example, analyzing the width of the 21cm hydrogen line can reveal information about the temperature
and turbulence of the gas emitting it. By fitting multiple Gaussian curves to complex spectral profiles,
astronomers can study overlapping emission lines and understand the dynamics of different gas clouds
within a galaxy.

Noise Reduction and the Welch Method

In radio astronomy and SETI, noise reduction is critical for identifying weak signals that may otherwise
be obscured by random fluctuations. One effective method for reducing noise is Welch’s method, which
improves the signal-to-noise ratio (SNR) while preserving the integrity of the spectrum. Welch’s method
estimates the power spectral density (PSD) by dividing the signal into overlapping segments. For each
segment, a window function, such as a Hann window, is applied to reduce edge effects, and the Fast Fourier
Transform (FFT) is computed to convert the segment to the frequency domain. The resulting power spectra
are then averaged across all segments, reducing random noise while reinforcing consistent signals.

Welch’s method offers several advantages for analyzing spectral data. By averaging multiple segments,
random noise is suppressed, and narrowband signals that remain consistent across segments become easier
to detect. Additionally, Welch’s method reduces noise across the entire spectrum rather than focusing
on specific bands, making it ideal for applications requiring global spectrum analysis. This is particularly
important in SETI, where potential extraterrestrial signals are often weak and narrowband. Welch’s method
enhances the SNR of such signals, enabling clearer analysis and increasing the likelihood of detection.

Programming Framework

In this lab, you will use a Jupyter notebook to explore spectral data. This section provides an overview of
the programming tasks you will perform and explains the key concepts behind them.
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Signal Generation

You will generate a sinusoidal signal to simulate a narrowband radio signal and then add Gaussian noise to
mimic real-world conditions. The sinusoidal signal is created using the function np.sin, where you specify
the frequency. For example:

signal = np.sin(2 * np.pi * freq * t)

Here, freq is the frequency of the signal, and t is the time array. To add noise, use:

noise = np.random.normal(0, 1, size=t.shape)

Combining these gives a noisy signal that closely resembles data collected by a radio telescope. This step
demonstrates how noise can mask weak signals.

FFT Computation

The Fast Fourier Transform (FFT) is a powerful tool for converting a signal from the time domain to the
frequency domain. To compute the FFT of your noisy signal, use:

fft result = np.fft.fft(noisy signal)

This generates an array of complex numbers representing the signal’s amplitude and phase at different
frequencies. The corresponding frequencies can be calculated with:

frequencies = np.fft.fftfreq(len(noisy signal), d=1/fs)

Visualizing the magnitude of the FFT output helps identify dominant frequencies, which appear as peaks
in the spectrum.

Gaussian Fitting

To analyze spectral features, you will fit a Gaussian curve to your data. A Gaussian function is defined
as:

def gaussian(x, amp, mean, sigma): return amp * np.exp(-((x - mean)**2) / (2 * sigma**2))

Here, amp, mean, and sigma are the amplitude, center, and width of the curve, respectively. Using the
function curve fit from scipy, you can optimize these parameters to match your data:

popt, = curve fit(gaussian, x data, y data, p0=[1, 50, 10])

The result popt contains the fitted parameters, which provide insights into the intensity and position of
spectral features.

3 Earwicker et al. 2024


