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Abstract—This paper explores advanced imaging and 

analysis techniques in modern interferometry, 

emphasizing spectrometers, deconvolution methods, and 

the derivation of moment images and star formation rates 

(SFR). Spectrometers split the passband into narrow 

frequency ranges for simultaneous power measurements, 

enhancing sensitivity and uv coverage in continuum 

imaging through Multi-Frequency Synthesis (MFS). 

Spectral line observations yield three-dimensional data 

cubes, crucial for studying the gas content in 

astronomical objects. Deconvolution, particularly the 

CLEAN algorithm, iteratively refines images by 

removing sidelobes caused by incomplete uv sampling. 

The generation of moment 0 (intensity) and moment 1 

(velocity) images facilitates the measurement of 

integrated flux densities and gas surface densities, with 

uncertainties derived from rms noise in line-free 

channels. Additionally, the paper examines the Kennicutt-

Schmidt law, linking gas surface density to star formation 

rate surface density, providing insights into the processes 

driving star formation in galaxies. This comprehensive 

approach highlights the significance of precise imaging 

and robust analysis in understanding astronomical 

phenomena. 

 

I. INTRODUCTION 

Interferometry has revolutionized the field of astronomy, 

enabling high-resolution imaging of celestial objects by 

combining signals from multiple telescopes. This technique 

leverages the principles of interference to construct detailed 

images that surpass the resolution limits of individual 

telescopes. The advancements in interferometric techniques 

have been particularly significant with the advent of modern 

spectrometers and sophisticated data analysis methods. 

The primary objective of this paper is to delve into the 

advanced imaging and analysis techniques employed in  

modern interferometry. We aim to provide a comprehensive 

understanding of how spectrometers, deconvolution 

techniques, moment images, and the derivation of star 

formation rates (SFR) contribute to an enhanced 

understanding of astronomical phenomena. 

Spectrometers play a crucial role in modern interferometry 

by dividing the passband into narrow frequency ranges, 

allowing for simultaneous power measurements across 

multiple channels. This capability is vital for both continuum 

and spectral line observations, offering improved sensitivity 

and resolution. The use of large bandwidth receivers and 

Multi-Frequency Synthesis (MFS) further enhances the 

sensitivity and uv coverage in continuum imaging, enabling 

more detailed and accurate observations. 

In spectral line observations, the generation of 

threedimensional data cubes provides a wealth of 

information about the gas content in astronomical objects. 

However, these observations pose challenges, such as 

continuum emission, which can complicate data 

interpretation. Techniques such as channel averaging and 

continuum subtraction are employed to mitigate these 

challenges and improve the clarity of the data. 

Deconvolution techniques, particularly the CLEAN 

algorithm, are essential for refining interferometric images. 

The CLEAN algorithm iteratively removes sidelobes caused 

by incomplete uv sampling, resulting in clearer and more 

accurate images. Effective deconvolution relies on careful 

selection of parameters like pixel and image size, and 

advanced methods offer additional improvements in image 

quality. 

Moment images, including moment 0 (intensity) and moment 

1 (velocity) images, are crucial for measuring integrated flux 

densities and gas surface densities. These images provide 

valuable insights into the distribution and dynamics of gas in 

galaxies. Additionally, calculating uncertainties in moment 

images helps ensure the accuracy and reliability of these 

measurements. 

The Kennicutt-Schmidt law, which relates gas surface 

density to star formation rate surface density, is a 

fundamental tool for understanding star formation processes. 

By applying this law to observational data, we can gain 

insights into the factors driving star formation in galaxies. 

Case studies and practical examples will illustrate the 

application of these techniques in real astronomical 

observations. 

 

https://maps.google.com/?q=City,State,Country
https://maps.google.com/?q=City,State,Country
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II. SPECTROMETERS IN INTERFEROMETRY 

Spectrometers are indispensable tools in modern 

interferometry, providing the capability to divide the 

incoming electromagnetic signal into narrow frequency 

channels. This division enhances the ability to analyze the 

spectral properties of astronomical sources with high 

precision. Spectrometers enable simultaneous power 

measurements across multiple frequency channels, 

significantly improving both sensitivity and resolution in 

astronomical observations. 

In interferometry, the signal from each telescope is converted 

into a frequency spectrum using a spectrometer. This process 

involves dividing the passband into N narrow frequency 

channels, each with a width ∆ν. The resulting data is a set of 

power measurements Pi for each channel i, where  

i= 1,2,...,N. The sensitivity of the measurements improves 

with the number of channels, allowing for detailed analysis 

of the spectral line features. 

 

The resolution of the spectrometer is defined by its ability to 

distinguish between closely spaced frequency components. 

This resolution is given by: 

  (1) 

 

where ν is the central frequency of the passband, and R is the 

resolving power of the spectrometer. Higher resolving power 

corresponds to narrower frequency channels and thus finer 

spectral resolution. 

In the context of continuum imaging, spectrometers play a 

critical role by enabling Multi-Frequency Synthesis (MFS). 

MFS combines data from multiple frequency channels to 

improve the uv coverage and sensitivity of the 

interferometric image. This technique allows for more 

accurate reconstruction of the source structure, enhancing the 

quality of the final image. 

The integration of spectrometers with large bandwidth 

receivers has further revolutionized continuum imaging. 

These receivers can capture a wide range of frequencies 

simultaneously, and when combined with MFS, they provide 

unprecedented sensitivity and resolution. The enhanced uv 

coverage achieved through MFS leads to more detailed and 

accurate observations of celestial sources. 

Spectral line observations benefit immensely from the use of 

spectrometers. These observations produce three dimensional 

data cubes, with two spatial dimensions and one spectral 

dimension. The spectral dimension provides crucial 

information about the velocity and distribution of gas in 

astronomical objects. However, the presence of strong 

continuum emission can pose challenges in interpreting 

spectral line data. 

To address these challenges, techniques such as channel 

averaging and continuum subtraction are employed. Channel 

averaging reduces noise by averaging the signal over several 

channels, while continuum subtraction involves removing the 

continuum emission from the spectral data. These techniques 

help to isolate the spectral line features, making the data 

more interpretable. 

In summary, spectrometers are essential components of 

modern interferometric systems, enhancing both continuum 

and spectral line observations. Their ability to divide the 

passband into narrow frequency channels and provide 

simultaneous power measurements significantly improves 

the sensitivity and resolution of astronomical observations. 

The integration of spectrometers with advanced techniques 

like MFS and continuum subtraction further enhances the 

quality of interferometric data, leading to more detailed and 

accurate insights into the nature of celestial sources. 

 

III. DATA ACQUISITION AND CONTINUUM IMAGING 

Modern interferometric observations rely on large bandwidth 

receivers to capture a broad range of frequencies. These 

receivers enhance the sensitivity of the observations and 

allow the capture of more information within a shorter 

observation time. Multi-Frequency Synthesis (MFS) is a 

technique used to combine data from multiple frequency 

channels to create a single high-sensitivity continuum 

image.The primary advantage of MFS is its ability to 

improve the uv coverage, which in turn enhances the image 

quality and resolution. In MFS, the data from different 

frequency channels are combined. The observed visibility 

data V (u,v,ν) at different frequencies ν are used to 

reconstruct the sky brightness distribution I(l,m). The 

relationship between the visibility data and the sky brightness 

is given by the Fourier transform: 

 

 
 

By combining data from multiple frequencies, MFS increases 

the signal-to-noise ratio (SNR) of the resulting image. The 

noise in the combined image is reduced because it integrates 

the signal over a wider bandwidth. The uv plane coverage is 

significantly improved because different frequency channels 

correspond to different uv spacings. This results in better 

sampling of the uv plane, which is essential for accurate 

image reconstruction. The MFS technique is implemented in 

imaging software such as CASA (Common Astronomy 

Software Applications). The process involves several steps, 

including data calibration, frequency-dependent weighting, 

and image reconstruction. 

 
where Iνi(l,m) is the image at frequency νi and wi are the 

weights assigned to each frequency channel. 
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IV. SPECTRAL LINE OBSERVATIONS 

Spectral line observations produce three-dimensional data 

cubes, with axes corresponding to right ascension (RA), 

declination (DEC), and frequency (or velocity). Each plane 

of the cube represents an image at a specific frequency. The 

data cube I(x,y,ν) provides a detailed view of the spatial 

distribution of emission at different frequencies. This allows 

astronomers to study the kinematics and physical conditions 

of the emitting gas: 

I(x,y,ν) 

By converting frequency to velocity using the Doppler effect, 

the data cube can reveal the velocity structure of the 

observed object: 

 
 

where v is the velocity, c is the speed of light, ν0 is the rest 

frequency of the spectral line, and ν is the observed 

frequency. Continuum emission from the target or 

background sources can complicate the detection and 

analysis of spectral lines. Accurate subtraction of the 

continuum is necessary to isolate the line emission. Spectral 

line observations often have lower signal-to-noise ratios 

compared to continuum observations due to the narrower 

bandwidth of the line channels. Increasing the observation 

time or using more sensitive instruments can mitigate this 

issue. 

To improve the analysis, channel averaging can be employed 

when full spectral resolution is not needed. Averaging 

adjacent channels can improve the SNR by reducing noise:  

 
where N is the number of channels being averaged. To isolate 

the spectral line emission, a model of the continuum 

emission is created using channels free of line emission. This 

model is then subtracted from the data cube: 

 
 

where Iline(x,y,ν) is the line emission, Itotal(x,y,ν) is the total 

observed emission, and Icont(x,y,ν) is the modeled continuum 

emission 

 

V. MOMENT IMAGES 

A. Moment 0 (Intensity) Images 

Moment 0 images represent the total intensity of emission 

integrated over all velocity channels for each pixel. 

Mathematically, the intensity I in a Moment 0 image is given 

by: 

  (2) 

where S(x,y,v) is the intensity as a function of spatial 

coordinates (x,y) and velocity v, and ∆v is the channel width 

in velocity space. These images are crucial for understanding 

the distribution of gas within a region, providing a two-

dimensional map of the total emission from the source. 

 

 
Fig. 1. Moment 0 images, also known as integrated intensity 

maps, are generated by summing the flux density over all 

channels along the spectral axis for each spatial pixel in a 

data cube. This provides a measure of the total emission 

(integrated flux) at each position in the image. 

 

Significance 

• Gas Distribution: Moment 0 images are used to map 

the distribution of gas (e.g., HI, CO) in galaxies and 

other astronomical objects. 

• Total Emission: They represent the total emission from 

the observed region, providing a way to quantify the 

amount of emitting material. 

• Star Formation: These images help in identifying 

regions with high gas concentrations, which are potential 

sites for star formation. 

 

B. Moment 1 (Velocity) Images 

Moment 1 images, also known as intensity-weighted velocity 

maps, show the average velocity of the gas along the line of 

sight. The velocity vavg at each pixel is calculated as: 

 

(3) 

where v is the velocity, and S(x,y,v) is the intensity at each 

velocity channel. These images are useful for studying the 

kinematics of the gas, including rotation, inflows, outflows, 

and other dynamic processes. 
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Fig. 2. Moment 1 image, or intensity-weighted mean velocity 

maps, show the average velocity of emitting material along 

the line of sight for each spatial pixel. This is achieved by 

weighing each velocity channel by its intensity before 

averaging. 

 

Significance 

• Kinematics: Moment 1 images are crucial for studying 

the kinematics of galaxies, including rotation curves and 

velocity dispersions. 

• Dynamical Information: They provide insights into the 

motion of gas within galaxies, such as inflows, outflows, 

and rotational dynamics. 

• Turbulence and Flows: These images help identify 

regions with turbulent motions, streaming flows, or other 

kinematic features. 

 

C. Measurement of Integrated Flux Densities 

Integrated flux density is measured from Moment 0 images 

by summing the intensity values over a defined region. The 

integrated flux density Fint is given by: 

  
This measurement is typically calibrated to physical units 

(e.g., Jy km/s) using appropriate factors. This method 

provides a direct measure of the total emission from a region, 

allowing for the calculation of gas mass and other physical 

properties. 

D. Uncertainty Calculations 

The uncertainty in moment images arises from the noise in 

the data and the number of channels over which the 

integration is performed. For Moment 0 images, the 

uncertainty σmom0 is estimated as: 

 

 

 

where rms is the root mean square noise in line-free 

channels, Nchan is the number of channels, and ∆v is the 

channel width. 

For Moment 1 images, the uncertainty involves propagating 

the errors from the intensity-weighted velocities: 

  (6) 

 

VI. STAR FORMATION RATES (SFR) 

A. Kennicutt-Schmidt Law 

The Kennicutt-Schmidt law quantifies the relationship 

between the gas surface density (Σgas) and the star formation 

rate surface density (ΣSFR) in galaxies. The law is expressed 

as: 

 ΣSFR = A(Σgas)N (7) 

where A is a normalization constant, and N is the power law 

index, typically around 1.4. This indicates that regions with 

higher gas densities tend to have higher star formation rates. 

 

B. Relationship Between Gas Surface Density and SFR 

In the context of M100, the relationship between gas surface 

density and SFR can be analyzed by comparing maps of 

molecular gas (e.g., CO observations) with star formation 

tracers (e.g., Hα or infrared emission). Practical examples 

from M100 show that regions with enhanced molecular gas 

densities, such as the spiral arms, exhibit higher star 

formation rates, consistent with the Kennicutt Schmidt law. 

For instance, if the surface density of molecular gas in a 

region of M100 is measured to be Σgas = 50M⊙pc−2, and the 

constants A and N are known from empirical studies 

 

 
Fig. 3. The Star Formation Rate (SFR) graph presented here 

illustrates the relationship between gas surface density and 

SFR surface density, following the Kennicutt-Schmidt law. 

This empirical relationship is critical in understanding the 

star formation processes in galaxies. 
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(e.g., A = 2.5 × 10−4 M⊙yr−1 kpc−2 (M⊙pc−2)−1.4 and N = 1.4), 

the SFR surface density can be calculated as: 

ΣSFR = 2.5 × 10−4 × (50)1.4 ≈ 0.027M⊙yr−1 kpc−2 (8) 

 

VII. CASE STUDIES AND APPLICATIONS 

A. Practical Examples 

Detailed case studies demonstrate the application of the 

discussed techniques in real astronomical observations. 

Specifically, for M100, the use of spectrometers, 

deconvolution techniques, and moment images provides 

valuable insights. For example, the Moment 0 and Moment 1 

images of M100 reveal the distribution and kinematics of 

molecular gas in the galaxy’s spiral arms and central regions. 

By applying the Kennicutt-Schmidt law, which is expressed 

as: 

 ΣSFR = A(Σgas)N (9) 

We can quantitatively analyze the relationship between gas 

surface density and star formation rate. This law suggests 

that regions with higher gas densities exhibit higher star 

formation rates, a prediction confirmed by the observational 

data from M100. 

 

 

VIII. RESULTS AND ANALYSIS 

The results show a strong correlation between regions of 

high gas density and enhanced star formation activity. High 

resolution CO line images reveal dense gas concentrations in 

the spiral arms and the central region of M100, 

corresponding to areas with significant star formation as 

indicated by Hα and UV observations. 

Integrated flux densities from Moment 0 images indicate 

significant molecular gas reservoirs, while Moment 1 images 

reveal organized rotational motion and potential inflow 

mechanisms. The relationship between gas surface density 

and star formation rate follows a power-law distribution with 

an index of approximately 1.4, confirming the Kennicutt 

Schmidt law. 

Uncertainty in the integrated flux density Fint is given by: 

 
 

 

where σI(x,y) is the uncertainty at each pixel. These findings 

validate the robustness of our results, providing error 

estimates that account for observational noise and reinforcing 

the link between gas density and star formation rates. 

 

CO Line Moment Images 

 
Fig. 4. This image represents the Point Spread Function 

(PSF) of the CO line data for M100. The PSF characterizes 

the response of the imaging system to a point source, 

effectively showing how the system blurs the image of a 

point-like object. Deconvolution processes must improve the 

resolution of astronomical images by removing the effects of 

the instrument’s response. 

 

Explanation: The Moment 0 image reveals dense 

concentrations of molecular gas in the spiral arms and the 

central region of M100, which are key areas for 

starformation. This visualization supports the correlation 

between high gas density and star formation activity. 

 
Fig. 5.This image is the ”clean” image of the CO line data 

for M100. This image results from applying the CLEAN 

algorithm to the raw CO data, which iteratively removes the 

PSF effects to produce a deconvolved image. The clean 

image provides a clearer and more accurate representation of 

the distribution of molecular gas in M100, highlighting the 

dense concentrations in the spiral arms and central region. 
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Explanation: The Moment 1 image illustrates the rotational 

motion within the galaxy, showing organized patterns and 

potential inflow mechanisms towards the center. This 

kinematic data is crucial for understanding the dynamics of 

molecular gas and its role in star formation. 

 

 
Fig. 6. This image shows the clean image with weighting 

applied. In this image, the CLEAN algorithm is used in 

conjunction with a weighting scheme (typically robust or 

natural weighting) to balance the resolution and sensitivity of 

the image. The clean weighted image offers enhanced detail 

in regions of interest while maintaining an optimal signal-to-

noise ratio, providing insights into the molecular gas 

structure and kinematics in M100. 

 

Explanation:The application of the CLEAN algorithm with 

a weighting scheme, such as robust or natural weighting. 

This method effectively balances the resolution and 

sensitivity of the image, enhancing detail in specific areas of 

interest while preserving a high signal-to-noise ratio. By 

applying this approach, the image provides a clearer and 

more detailed view of the molecular gas structure and 

kinematics within galaxy M100. This refinement allows for a 

more accurate analysis of the galaxy's dynamics and 

structure, offering deeper insights into its complex 

components. 

 

A. Star Formation Rate 

 
Fig. 7. This scatter plot illustrates the relationship between 

the surface density of star formation rate (ΣSFR) and the 

surface density of molecular hydrogen (ΣH2) across various 

regions in the galaxy M100. Each point on the plot represents 

a specific region within the galaxy. Image source: [Vlahakis 

2013] 

 

Explanation: The x-axis represents the logarithm of the 

molecular hydrogen surface density (logΣH2) in units of solar 

masses per square parsec (M⊙pc−2), while the y-axis 

represents the logarithm of the star formation rate surface 

density (logΣSFR) in units of solar masses per year per square 

kiloparsec (M⊙yr−1 kpc−2). The linear relationship observed 

in the plot supports the Kennicutt-Schmidt law, which posits 

that the star formation rate in a given region is proportional 

to the molecular gas surface density. 

Color Coding: The data points are color-coded to represent 

different regions or characteristics within the galaxy, 

highlighting variations in star formation efficiency and gas 

density. 

Significance: This plot underscores the strong correlation 

between molecular gas density and star formation activity, 

reinforcing the notion that regions with higher concentrations 

of molecular hydrogen tend to have higher star formation 

rates. This relationship is fundamental for understanding star 

formation processes and the evolution of galaxies. 

 

B. Limitations 

Despite the significant insights gained, there are limitations 

to the methods and findings. The capabilities of the 

telescopes limit the resolution of the interferometric data 

used, potentially missing finer details. Additionally, the 

assumption of uniform gas properties across regions may 

oversimplify complex galactic dynamics. Future studies 
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should aim to address these limitations by using higher 

resolution data and more sophisticated models. 

 

IX. CONCLUSION 

This study provides a detailed analysis of molecular gas in 

M100 using high-resolution CO line observations. The 

findings strongly support the Kennicutt-Schmidt law, 

demonstrating a robust link between gas density and star 

formation rate. The CO line data reveal intricate gas 

dynamics within M100, including clear rotational patterns, 

significant inflows, and potential outflows, all of which play 

critical roles in the star formation processes. 

High-resolution CO observations allowed us to map the 

distribution of molecular gas with precision, highlighting 

dense concentrations in the spiral arms and central regions of 

M100. These regions correspond with high star formation 

activities as indicated by supplementary Hα and UV 

observations. The analysis confirms that areas with higher 

molecular hydrogen surface densities exhibit enhanced star 

formation rates, adhering to a power-law distribution with an 

index of approximately 1.4, thus validating the Kennicutt 

Schmidt law. 

Future studies should aim to utilize even higher resolution 

and sensitivity observations to further dissect the 

complexities of gas dynamics and star formation in galaxies 

like M100. Integrating multi-wavelength data, including 

optical, infrared, and X-ray observations, will provide a more 

comprehensive understanding of the interplay between 

different phases of the interstellar medium and star formation 

processes. Additionally, advancing simulation techniques and 

employing machine learning models could offer deeper 

insights into the underlying physical processes governing star 

formation and molecular gas behavior. 
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