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Abstract. One of the methods used to analyze the data obtained from a galaxy is to
examine it in different scales. The data usually consists of many different wavelengths,
and analyzing the structures of the same size in these images can be extremely insightful
[1–3]. Fortunately, a potent mathematical tool called wavelet exists for this exact
purpose. Using wavelet analysis, we can decompose an image into structures of different
scales, called the wavelet coefficients. Further investigations can be accomplished using
wavelet spectrum and scale cross-correlations, which help us understand the energy
distribution in scales. In this paper, we utilize the methods of wavelet scale analysis
on the data from the galaxies M74 and DDO 69 to extract valuable information from
them.
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1 Introduction
Wavelet Transform is one of the most useful image processing tools that can be used for
removing noise and hot pixels from images, find the edges in an image and finding scales
of structures in an image. The last use mentioned can be utilized for astrophysical scale-
dependent analysis of galaxies. In order to use continuous wavelet transform in our analysis
we wrote a Python script, and the some of the results from the script are mentioned in this
paper, but first we’ll explain the theoretical basis of wavelet transforms.

2 Wavelet Transforms for Scale-dependent Analysis
Wavelet transform of data is a convolution of data with a wavelet to separate it into dif-
ferent scales. Wavelets are local functions of position and scale, which means that wavelet
transform is an extension of Fourier transform. Harmonic functions are used in Fourier
transforms, whereas wavelets are localized functions that go to zero rapidly.[1,3] Suppose
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that ψ(x) is a wavelet. Then, the wavelet coefficient of a function f(x) in scale a is given
by [1]

W (a,x) =
1

a2

∫
R2

f(x′)ψ

(
x− x′

a

)
dx′. (1)

To simplify this, and for ease and speed of computation, we’ll go to the Fourier space.
Therefore, [1]

W (a,x) =
1

4π2

∫
R2

f̂(k)ψ̂ (ak) eik·xdk, (2)

where k is the Fourier conjugate of x. Consequently, calculating wavelet coefficient goes
from computing a 2D convolution to three 2D Fourier transform. Additionally, due to the
fact that astronomical data is a discrete sample of the intensity distribution of the target,
the Fourier transforms in equation 2 becomes discrete (f(x) contains a dirac comb). As
a result, we can use the FFT algorithm (time complexity O(n2 log n)) which means that
computing equation 2 is much faster than equation 1 which has a time complexity of O(n4).
The distribution of structures of different scales can be calculated from wavelet spectrum,
defined as [1]

M(a) =

∫
R2

|W (a,x)|2dx =
1

16π2

∫
R2

|f̂(k)|2|ψ̂ (ak) |2dk, (3)

the value of the wavelet spectrum indicates the number of structures in each scale[1]. Finally,
the scale cross-correlation of two different maps in scale a is given by

rW (a) =

∫ ∫
W1(a,x)W

∗
2 (a,x)dx√

M1(a)M2(a)
, (4)

and the error of the correlation is given by

∆rW (a) =

√
1− r2W (a)√

L2

a2 − 1
, (5)

where L is the size of the map. Using this equation, we can calculate the scale-dependent
cross-correlation of a galaxies map in two different filters.
In this paper, we use the PetHat wavelet that is an isotropic function and has a relatively
decent spectral resolution [1,4]. This makes it a suitable wavelet for our purposes. It is
defined by its Fourier transform

ψ̂(k) =

{
cos2

(
π
2 log2

|k|
2π

)
, π < |k| < 4π,

0, otherwise.
(6)

The radial graph of this wavelet is given in Figure 1.

3 Results
Firstly, we analyzed the map of M74 galaxy (spiral and face-on) in filter g taken by the
PS1 survey [5]. Some of the coefficients are plotted in Figure 2. As it is evident in the
coefficients, HII regions are detected at the 5 arcsec scale and at the higher scales, the spiral
arms of the galaxy are detected as well. Lastly, M74’s core is detected at the largest scale.
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Figure 1: PetHat wavelet as a function of radial distance. This wavelet is isotropic and as
a result only a function of radial distance.

The same analysis was done for the DDO69 dwarf galaxy (irregular, in Leo constellation)
taken by the LITTLETHINGS survey [6]. Wavelet coefficients of the visible map are shown
in Figure 3. Moreover, the wavelet spectrum of this galaxy in the B and V filters is shown in
Figure 4. Finally the wavelet cross-correlation of the maps of this galaxy in V and B filters
is plotted in Figure 5.

Although the intensity of the galaxy in these filters is similar to each other, we can see
in Figures 4 and 5 that the radiation of this galaxy in these filters has slight differences in
small scale structures. The normal cross-correlation of these maps is 0.9834± 0.0005, which
means that scale cross-correlation contains a lot more information compared to the normal
cross-correlation.

4 Discussion
Wavelet’s scale cross-correlation is extremely useful in the analysis of correlation between
two structures. For example, if two maps are highly correlated in large scales and highly anti-
correlated in small scales, then the overall cross correlation would be close to zero. However,
scale cross-correlation is sensitive to correlation at different scales and as a result, such
analysis would be more meaningful using that tool. In this example, wavelet cross-correlation
would correctly detect a negative correlation in small scales and a positive correlation in large
scales [7] and therefore, would provide a more comprehensive result compared to a normal
cross-correlation.

As it is evident from the results, wavelet transform can be used for extracting significant
information regarding scales of different size from actual astronomical data as well. For
example, in Figure 2, HII regions (5 arcsec), spiral arms (20 to 80 arcsec) and the core (150
arcsec) of M74 affect the wavelet coefficient in different scales, which couldn’t be analyzed
deeply using Fourier analysis. Similarly, the spectrum of these two maps is more or less
aligned, which means that the radiation of DDO69 in these two filters are originates from
the same structures. Finally, the slow-scale differences of DDO69 in B and V filters become
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Figure 2: Wavelet coefficients of M74. This image is 11′×12′. The main map is in grayscale
and normalized to one. The other maps are the wavelet coefficients of the original image
in 5 different scales. HII regions and spiral arms of M74 has been detected by the wavelet
coefficients.

evident in the cross-correlation of these two maps (Figure 5) as it is below 0.8 in scales below
20 arcsec.

Lastly, it is important to note that in order to avoid oversampling, one can’t use wavelet
analysis over a continuous range of scales, despite the wavelet transform itself being contin-
uous. In case of the PetHat wavelet, the optimal scales are powers of two [7], and for using
this tool in scientific analysis this criteria must be satisfied.
In short, this tool has a lot of uses in astronomical image processing (e.g. analyzing Hα

radiation only in the scales of the HII regions or denoising an astronomical image), specially
the continuous wavelet transform that we used. We are hoping to use our Python script to
conduct scientific analysis on data and extract information that is not possible to find from
customary means.
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Figure 3: Wavelet coefficients of DDO69. This image is 8′×8′. The main map is in grayscale
and normalized to one. The other maps are the wavelet coefficients of the original image in
5 different scales.
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Figure 4: Wavelet Spectrum of DDO69 in V and B filters. The spectrum of these two maps
are more or less aligned, which means that the radiation of DDO69 in these two filters are
originated from the same structures.

Figure 5: Wavelet Cross-correlation of DDO69 in V and B filters. This method provides a
more thorough analysis compared to a normal cross-correlation.
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