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VarStar Detect is a Python package available on PyPI optimized for the detection of variable stars using pho-
tometric measurements. Based on the method of the Least Squares regression, VarStar Detect calculates the
amplitude of a trigonometric polynomial data fit as a measure of variability to assess whether the star is indeed
variable. In this work, we present the mathematical background of the package and an analysis of the code’s func-
tionality based on TESS Sector 1 Data Release.
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introduction
At the time of writing, over 2 million variable

stars are listed in the International Variable Star In-
dex (VSX) database, which is currently run by the
American Association of Variable Stars Observers
(AAVSO)1. Only a small part of these objects have
been studied in detail with the determination of
their physical parameters such as stellar masses,
radii, or surface temperature [15]. The database
contains mainly photometric measurements of stars,
rather than spectroscopic data, which are more time-
consuming and expensive compared to photometric
observations with CCDs. As a result, such studies
more often use phenomenological approaches to the
study of an object, rather than physical ones. For
instance, in order to be submitted to the database,
each star in the catalogue must be classified by pa-
rameters such as its period P , initial epoch T0 and
magnitude range mmax − mmin. At the same time,
variability type classification is performed manually
by visual inspection of the light curve or phase plot,
where the variability cycles are displayed with higher
resolution.

The detection of variable stars is an important
task in astrophysics due to their application to var-
ious areas across the field. For instance, Cepheid
variables are used as standard candles to calculate
distances for inter- and extragalactic objects [12].
Furthermore, the proper technique for eclipsing bina-

ries identification is also essential to search for exo-
planets, where automatic software regularly confuses
them with exoplanet transits [8].

In addition, the community of amateur as-
tronomers can easily contribute to variable star de-
tection. CCD images obtained for a variety of pur-
poses (e.g. astrophotography, comet tracking, etc)
can be used for variable star detection. Variable star
detection through photometric extraction is a chal-
lenging task that requires advanced experiences and
therefore, amateur images are often not inspected
with this purpose. Thus, the development of an auto-
matic tool allows to significantly reduce the time and
experience required for variable star analysis and, ac-
cordingly, will allow the use of these images for var-
ious scientific research.

Different techniques are available to highlight
stellar variability within available data. Usually,
these methods vary depending on the format of the
input data, e.g. in the case of CCD images, star
variability is flagged by comparing the instrumen-
tal magnitudes of the variable star and a constantly
bright star measured in the same conditions, and re-
peating this process on several images of the same
field obtained at different times [4, 7]. At the same
time, the data in the form of photometric time se-
ries [9] requires statistical methods to be used. The
list of useful techniques is summarized in [13], but
as mentioned in [6] most of them are used to detect
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high amplitude stars.
In this work, we present VarStar Detect, a

Python library for the semi-automatic detection of
small amplitude variables (e.g. potentially detected
by TESS). This library is thought to be the basic
code of the VarStar Detect program (with imple-
mented GUI) which remains to be written and will
be developed in further works. In addition, our pack-
age can be used in astronomical databases such as
K2, TESS, or ASAS SN (using similar approaches as
in [9]). This program will perform aperture photom-
etry of all targets in the field-of-view (FOV) auto-
matically and returns the list of stellar variable can-
didates that can be visually verified by astronomers
in the next step. In this way, our program will signifi-
cantly simplify the process of variable star identifica-
tion, as well as reduce the time required for it. This
paper presents the functionality and assessment of
the VarStar Detect package available on PyPI2 for
installation.

In the first part of this paper, a mathematical
overview of the amplitude_test function design is
presented; the current version of VarStar Detect
is optimized for the mining of TESS data. In the
second part, a short investigation of Sector 1 TESS
light curves is shown to analyse VarStar Detect’s
performance.

VarStar Detect design
VarStar Detect is designed to detect variability

using their photometric light curves. In order to do
this, it must accomplish the following four tasks:

• approximation of the light curve by a trigono-
metric polynomial of s-degree using the
weighted least squares method and calcula-
tion of the corresponding reduced χ2 parameter
(χ2

r).
• selection of the trigonometric polynomial which

satisfies the condition χ2
r → 1.

• calculation of the amplitude of the polynomial
fit.

• determination whether the studied star is vari-
able.

In this work, we are focusing on the identifica-
tion of dependence between the photometric flux and
time, which can be used to derive the physical char-
acteristics of the studied stars.

data processing
The primary input for VarStar Detect are lists

of time {tj : j = 1, . . . , n}, flux {yj : j = 1, . . . , n}

and flux uncertainty {σ(yj) : j = 1, . . . , n} measure-
ments3. Time is supported in any unit, although He-
liocentric Julian Date (HJD) is recommended for the
submission to VSX. Brightness measurements (i.e.
flux) are recommended to be inputted in the view of
magnitudes, which can be easily obtained as:

m = m̄− 2.5 log

(
F

F̄

)
where m is the magnitude, F is the flux, m̄ is the
average magnitude of the studied star from VizieR4

database, and F̄ is the average flux value for the
whole data set.

Given the oscillatory nature of light curves, it is
known that the shape of dependence must be sinu-
soidal [2]. Therefore, we will adopt the following
sth-degree trigonometric polynomial as the approxi-
mating function:

Ps(t) = C0 +

s∑
i=1

[Ci,1 · cos(iω(t− T0))+

Ci,2 · sin(iω(t− T0))] (1)

where ω is the angular frequency of the function
given by the Lomb-Scargle periodogram [16], T0 is
the epoch of the light curve’s periodicity charac-
terising the star. The Lomb-Scargle periodogram
is used due to the low processing time required by
astropy.timeseries.LombScargle function to re-
turn the signal frequency. Also, knowing the ω
parameter allows us to perform the linear fitting
of Eq. (1), which is a simpler computational pro-
cess than non-linear fit. In summary, our math-
ematical problem includes the determination of a
sth-degree trigonometric polynomial with coefficients
C0, C1,1, . . . , Cs,2 determined through linear regres-
sion.

Due to the enormous amount of data and avail-
ability of the flux uncertainties, we decided to use
the regression method of weighted least squares. In
addition to its computational simplicity, its applica-
tion allows us to avoid Runge’s phenomenon (i.e. the
usage of interpolating techniques may introduce fake
variability to the studied data).

The weighted least squares method is a general-
ization of the ordinary least squares method, which
considering the uncertainty of each data point pro-
vides a more accurate approximation function Ps(t)
and minimizes the χ2 parameter as:

χ2 =

n∑
j=1

(
yj − Ps(tj)

σ(yj)

)2

2To access the package (version 1.1.10 described in this publication) see https://pypi.org/project/varstardetect/ for installation instruc-
tions or type pip install varstardetect in your command line. Full documentation of available functions and tutorials are available in
the VarStar Detect github repository: https://github.com/VarStarDetect/varstardetect

3Which are properly filtered by the program to trim errors and non-existent data (4σ clipping was performed).
4https://vizier.u-strasbg.fr

14



Advances in Astronomy and Space Physics P.G. Jorge, C.A. Nicolás, C. B. Andrés

where n is the number of data points, σ(yj) is the
uncertainty of the yj measurement.

Considering the weighted least squares method
we obtain the following linear system (which can be
represented by the normal equations, [3]):

(XTWX ) · β = (XTWY), (2)

where the coefficients matrix β, the function matrix
X , the weights matrix W and the flux matrix Y are
presented as:

β =

 C0

C1,1

...
Cs,2

 ,

X =

 1 cos(ω(t1−T0)) sin(ω(t1−T0)) ... sin(sω(t1−T0))
1 cos(ω(t2−T0)) sin(ω(t2−T0)) ... sin(sω(t2−T0))

...
...

...
. . .

...
1 cos(ω(tn−T0)) sin(ω(tn−T0)) ... sin(sω(tn−T0))

 ,

W =

 1/σ(y1)2 0 ... 0
0 1/σ(y2)2 ... 0

...
...

. . .
...

0 0 ... 1/σ(yn)2

 ,

Y =

( y1
y2

...
yn

)
.

The solution of this system provides the optimal
coefficients (β) which allow minimising χ2.

Although the principle of maximum likelihood
implies the minimisation of χ2, to determine the de-
gree s of the polynomial, the χ2

r parameter will be
considered as:

χ2
r =

1

n− 2s− 1

 n∑
j=1

(
yj − Ps(tj)

σ(yj)

)2


The parameter χ2
r includes the degrees of freedom

of the fit (n− 2s− 1, since the s-degree polynomial,
has 2s+ 1 terms). Instead of minimising χ2

r , we will
pursue χ2

r → 1 to avoid over-fitting the function.
VarStar Detect fits the data with the set of poly-

nomials of degree s ∈ [1, 20] and calculates its cor-
responding χ2

r parameter (note, the current version
of VarStar Detect is optimised for TESS observa-
tions, which the maximum detectable period is 30
days). At the same time, [1] presents the different
criteria to choose s by the minimisation of the unit
weight error

σ2
⋆ =

1

n−m

n∑
k=1

(xk − Ps(tk))
2

and the r.m.s value of the error estimate

σ2
obs =

m

n
σ2
⋆

where m is the number of coefficients and n is the
number of data points.

As an example, we present the result of the ap-
proximation by Eq. (1) applied to the lightcurve of
the variable star TIC 30527625 (RA = 75.0094, Dec
= −68.6549) detected with VarStar Detect. The
lightcurve of TIC 30527625 is presented in Figure 1,
while the obtained χ2

r , σ2
⋆ and σ2

obs parameters ob-
tained for the set of polynomials of degree s ∈ [1, 20]
is in Figure 2.

In the next step, VarStar Detect calculates the
amplitude of the polynomial by subtracting the low-
est value of Ps from the highest:

Amp = max(Ps(t))− min(Ps(t)),where t ∈ [0, 30]

To determine the uncertainty of the amplitude we
first need to evaluate the error of the fitting function.
Following the notation presented in [1], we keep the
basic functions of the fit as

f = {1, cos(w(t− T0)), sin(w(t− T0)), . . .

. . . , sin(s · w(t− T0))},

where is marked as the tth element of the array. To
calculate the uncertainties we define the matrix A as

Ai,j =

n∑
k=1

fi(tk)fj(tk)

Finally, the uncertainty of the approximation
function Ps(t) (see equation 4 in [1] with derivative
s = 0) can be written as:

σ[Ps(t)] =

√√√√σ2
⋆

m∑
i=1

m∑
j=i

A−1
i,j fi(t)fj(t) (3)

where A−1
i,j is the element (i, j) of the inverse of the

matrix A.
In order to simplify Eq. (3) and include the defi-

nition of the function matrix presented in Eq. (2) we
rewrite it in the following way:

σ[Ps(tk)] =

√√√√σ2
⋆

m∑
i=1

m∑
j=i

A−1
i,j Xk,iXk,j

In this way, the values of max(Ps(xj)), min(Ps(xj))
are moments of extremum of the approximating
function and therefore satisfy

∂Ps

∂t
(max(Ps(t))) = 0 =

∂Ps

∂t
(max(Ps(t))).

These values as well as the correct estimation of its
uncertainty may be determined using the method de-
scribed in [1].
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To maintain the computational efficiency of our
program we simplify the calculus required for Amp
and σ(Amp) determination using the following two
assumptions: (i) the data provided to the program
must not contain overlapping intervals, i.e. the flux
values at maximum and minimum of Ps are statis-
tically independent cov(max(Ps(t)), min(Ps(t))) ≈ 0
when t ∈ [0, 30] and (ii) the moments of extremum
of Ps occur in the time values measured tk. Both of
these conditions can be assumed in relation to the
enormous amount of studied data and to the rela-
tively wide range of basic functions for the optimal
fit. The correlation between two different values of
the fit, as well as the difference between the ‘real’ mo-
ments of extremum and the ones, is negligible. As a
result, the values of max(Ps(tj)) and min(Ps(tj)) are
obtained as the maximum and minimum values of
the array {Ps(tk) : k = 1, . . . , n}.

Finally, we can estimate σ(Amp) as the accumu-
lated error on a subtraction

σ(Amp) =

√
[σ (max(Ps(xj)))]

2 + [σ (min(Ps(xj)))]
2,

knowing which VarStar Detect can proceed with
the amplitude variability test.

amplitude test for stellar
variability detection

The purpose of the amplitude test is to decide
if the studied star is a potential variable candidate
that required visual inspection. Essentially, it iden-
tified all stars as variable whose amplitude is greater
or equal to the threshold amplitude. The main chal-
lenge is to select this threshold amplitude, which de-
pends on the used equipment and the quality of the
night sky during observations. Usually the thresh-
old is used as the smallest amplitude detected by
the equipment above the noise. In this work, we are
not going to focus on explaining the physical mean-
ing of this threshold, because we used an empirical
approach to determine its value for the studied data.
Data: Transiting Exoplanet Survey Satellite
(TESS) is a space telescope designed for the search
of extrasolar planets (i.e. exoplanets) [11]. Its scien-
tific objective is also focused on the determination of
the exoplants characteristics such as their mass, size,
density, and atmospheric compositions. To achieve
these objectives, the telescope contains four identical
CCDs which, altogether, monitor sectors of 24◦×90◦

of the sky. The telescope observes each sector for a
total of 27 days (i.e. which corresponds to its two
full rotations around Earth) and produces the pho-
tometry within a 2 minute cadence.

In this work, we have analysed the first 500 light
curves of the first sector observed by TESS to de-
termine VarStar Detect’s efficiency. Since TESS

data is available at different processing levels [5], we
are able to use photometry from different reduction
stages separately for different purposes of our study.
For instance, Simple Aperture Photometry (SAP) is
performed without the removal of systematic varia-
tions, while the removal of common variability sig-
nals to all stars from each star is producing the Pre-
search Data Conditioning Simple Aperture Photom-
etry (PDCSAP) flux. Therefore, in this study, we use
PDCSAP flux for the data mining and SAP flux for
the determination of whether the variability is intro-
duced by the data reduction process or astrophysical
event rather by astrophysical nature.
Results: Following the method shown in [14] we
visually inspected 4σ outliers5 from the data set to
remove all non-astrophysical data. All of such val-
ues were removed from the light curve using the
lightkurve package6.

After the process of outlier extraction, the eval-
uation test function was applied to retrieve the pos-
sible variable star candidates. Following the dis-
cussion above, the amplitude threshold of 20 e−/s
was selected through a visual inspection of light
curves of random variable star discovered by TESS.
These random lightcurves (selected with the random7

python function) showed the highest noise values
about 20 e−/s.

We analysed 500 light curves with the amplitude
test function and found that 169 stars out of the total
500 were identified as variables. After visual inspec-
tion of the lightcurves of these variable candidates,
we select a total of 163 stars that show the pres-
ence of periodic variability in brightness over time.
The obtained result shows 96.45% efficiency in the
program’s functionality. All detected variable stars
will be submitted to VSX after the confirmation by
VizieR database in the case of the discovery by other
teams.

In addition, this test run was able to detect the
exoplanet transit WASP-126c previously discovered
in [10].

conclusion and discussion
In this work, we presented VarStar Detect: a

python library for the semi-automatic detection of
stellar variability. The mathematical background
behind the python package was described, and the
functionality of the amplitude test was introduced
as well as the test of the program based on Sec-
tor 1 TESS PDCSAP data. The data were down-
loaded with the specially designed download func-
tion available in the python repository. The pro-
gram was proved to be 96.45% efficient detecting a
total of 163 variable stars inside the imported sec-
tor 1 database. These detections are currently being

5hereinafter, σ is the deviation from the sample mean value
6https://docs.lightkurve.org
7https://docs.python.org/3/library/random.html#module-random
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submitted to the corresponding databases and cata-
logues.

VarStar Detect is a program focused mainly on
amateur variable star detection. Since the submis-
sion to the catalog and variable stars databases re-
quires the visual inspection of the data, the program
is dedicated to the candidate extraction from an im-
ported database. The current version of VarStar
Detect is optimised for stellar variability detection
using TESS. Future versions of VarStar Detect will
include the aperture photometry allowing to import
of the databases in the form of .FIT images.

In addition, as we previously mentioned this in-
vestigation does not present a quantitative method
for determining the value for the threshold of the
amplitude test and therefore it will be considered as
well in our further studies.
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Fig. 1: Lightcurve of variable star TIC 30527625. TESS
PDCSAP data points are presented by blue color, while
VarStar Detect fit with the polynomial of degree s = 4
is shown by orange color. The unit of flux is e−s−1 (i.e.
electron counts per second) and Julian Date (JD) is in
days.
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ple) statistics obtained from the approximation of the
lightcurve of the variable star TIC 30527625 by Eq. (1).
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r → 1.

17


