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Chapter 1

BROWN DWARFS

E. Nihal ERCAN'
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1. Introduction

Brown dwarfs, as they are most known, are
substellar objects that fail to become planets or
stars. Their existence was introduced before the
1980s. In the 1960s, Shiv S. Kumar called them
“black dwarfs” (1), contrary to its now-known
name, but in astronomy, the “Black Dwarf” term
was used because they represented another object.
Black dwar.fs are a concept rellatéd to colld white Figure 1 Color of an
dwarfs, which do not emit significant light and ;. 7.red Brown Dwarf
heat anymore. In the astronomical world, several See (3)
ideas have been put forward about what to call
these objects: red dwarfs represent the smallest and coldest star in the
main sequence stars, and thus this name is also rejected because it fuses
hydrogen, unlike Brown Dwarfs. Although names such as “Planetar” and
“Substar” have been proposed, in 1975 Jill Tarter come up with the term
“Brown Dwarf” because brown is an approximate color, and this strange
and mysterious object is named in this way (49) (3) (50). Although their
name gives the impression that they are brown, this is not true, they have
a color scale that varies according to the temperature they have. The hotter
ones are seen between red and orange, but the cold ones have a color that
plays magenta. (3)

To better understand the definition of brown dwarfs, it is necessary to
know their specific characteristics and how stars form. Astronomers who
studied how very low-mass stars form and evolve revealed the existence
of brown dwarfs in the 1960s (2). The stars’ massive clouds of molecular
gas collapse due to gravity, increasing the temperature and pressure in the
center. As aresult of this temperature and intensity, nuclear fusion reactions
that convert hydrogen
into helium begin. This
process forms one of
the most fundamental

o Star differences  between
a star and a planet.
St DT On planets inside and

outside of the solar
system, the process
takes place first in the
form of the formation
of the nucleus and
then in the collection
Figure 2 See(48) of material. On most

Jupiter
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large-mass
planets, the
nucleus has
enough mass
to steal gas
from the pre-
star disk; that
is how gas
giants  like
Jupiter and
Saturn form.
However,
brown dwarfs
form like stars;
they collapse like a star in a cloud of gas. However, at the end of the
process, they do not turn into stars. According to the theory about low-
mass stars, there is a certain mass limit for objects to fuse hydrogen. Thus,
brown dwarfs do not fuse hydrogen and are therefore also called, failed
stars. Brown dwarfs are thought to fuse deuterium or lithium depending
on their mass. Brown dwarfs have a mass between the most massive gas
giant planets and the least massive stars (51) (52). They are thought to
be between 10 and 84 Jupiter masses. The minimum mass for burning
deuterium is 13 Jupiter masses, and below that value lies planets. Also,
they are called super Jupiter since they are massive gas structures. The
smallest brown dwarfs cannot fuse anything. However, if they could start
fusion reaction even for a small moment, they can store that energy for
billion years in their cores.

Figure 3 See (47)

The way brown dwarfs are defined also was a topic of discussion.
Ideas have been put forward that it would be more accurate to identify
them with their formation processes rather than mass limits on nuclear
reactions. Accordingly, brown dwarfs are the lowest mass product of the
star formation process, while planets as they are known, form in gases
and dust around stars (2). Objects with a mass of less than 13 Mj were
discovered, resulting in uncertainty about whether they are brown dwarfs
or rogue planets'. Therefore, such an opinion has been put forward.

The first brown dwarf searches were conducted, in part, with
speculation that they could be the main component of dark matter (though
not true). In theory, their existence was revealed in the 1960s, however,
they were not discovered until the mid-1990s. This was not because they
were rare objects in the universe, but because they were not bright objects.
Since they have relatively low surface temperatures, they do not emit much

1 A rogue planet term is used for the planets that do not orbit a star. (46)
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at visible light

Table 6.1 Spectral Classes
wavelength,

H’lOSﬂy emit Spectral Approximate Hydrogen Naked-Eye

. (lass Temperature () ~ BalmerLines  Other Spectral Features Example
at infrared — '

1 th 0 40,000 Weak lonized helium Meissa (O8)
g a V cleng ) B 20,000 Medium Neutral helium Achernar (B3)
cvices to A 10,000 Strong lonized calcium weak Sirius (A1)

observe the F 7,500 Medium lonized calcium weak Canopus (F0)
brown dwarfs G 5,500 Weak lonized calcium medium  Sun (G2)
and metho dS K 4,500 Very weak lonized calcium strong Arcturus (K2)
are fOllIld and M 3,000 Very weak TiO strong Betelgeuse (M2)
developed in the
late 1980s. Some of Figure 4 Resource: ASTRO, chapter 6. see (47)

the methods are imaging studies for faint companions of main sequence
stars and white dwarfs and searches in young star clusters®. Hundreds of
brown dwarfs are discovered since then.

Astronomers classify self-luminous objects according to the lines and
bands in their spectrum, which they call spectral classes. Although normal
stars are in the O, B, A, F, G, K, M classes according to their surface
temperature, new classes, L, T, and Y have been added with the discovery
of brown dwarfs because the surface temperatures of brown dwarfs are
much lower than in other classes in the table. Brown dwarfs are in M,
L, T, and Y classes (2) (53). In addition, brown dwarfs pass through later
spectral types as they age because they do not have stable hydrogen fusion
like other stars, and they cool down over time. M =>L=>T=>Y)

I1. Observational Properties of Brown Dwarfs

We mentioned in the previous section that the existence of brown
dwarfs has been known since the 1960s and received this name in 1975.
Astronomers began an intensive search for brown dwarfs in the mid-
1980s, but these first attempts went fruitless. In 1995, the first definitive
conclusion of their existence was obtained. It was a well-known fact that
brown dwarfs were not bright objects because, like stars, they did not
have nuclear energy reactions to be bright. Astronomers began looking
around known stars to find such faint objects. In our galaxy, half the stars
are in binary systems, and astronomers have suspected that there may be
a brown dwarf close to the stars that appear to be alone. In this way, they
have limited the places they can look for a brown dwarf. This strategy
also paid off. In 1988, astronomers Ben Zuckerman and Eric Becklin
discovered a brown dwarf candidate called GD 165B. However, they could
not be sure that this red object accompanying a white dwarf was a brown
dwarf because its mass was on the mass boundary of low-mass stars and

2 https://en.wikipedia.org/wiki/Brown_dwarf#cite note-Cain-6
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brown dwarfs. There were advantages to looking for brown dwarfs in a
binary system. Because in this way, they could be found through periodic
changes in the movement of the other star in which they orbit. The
Doppler shift in their spectrum gave them this opportunity. At the same
time, their mass, which was greater than the planet, was advantageous in
this method. However, still, brown dwarfs were not easy to find and were
considered rare at that time. In 1988, David W. Latham found a brown
dwarf candidate using the doppler method, but this was likely to be a
low-mass star because the doppler method provided only a lower limit for
the companion’s mass. Another way astronomers were looking for brown
dwarfs, was to look at star clusters because brown dwarfs were brightest
at the time when they were young, and star clusters were the ideal place
to look at young objects. In this way, many brown dwarf candidates were
found, but none of them were brown dwarfs. They were usually found
to be red dwarfs or low-mass stars. Then the idea of the lithium test to
distinguish low-mass stars from brown dwarfs was proposed, and in 1995
the first brown dwarf, Teide 1 was discovered in the Pleiades cluster, with
the help of this idea. (9)

GL 229B is a system which
consists of ared dwarf and a
brown dwarf (found by looking
for companions)

PPL 15 is a Brown dwarf
found in the star cluster
with the help of lithium
test.

Figure 5.See (9)

In 2006, an interesting binary system was detected using ESO’s large
telescope: the white dwarf and the brown dwarf system. Pierre Maxted, the
lead author of the study, says “Its existence proves that the brown dwarf
came out almost unaltered from an episode in which it was swallowed by
ared giant”. (20) Right now, the distance between them is a few thousand
times the distance between the Sun and the Earth. However, they were not
this close in the past. The star, now a white dwarf when it was a red giant,
swallows the brown dwarf and the brown dwarf draws a spiral towards
the nucleus. When the outer layers of the red giant drift away from the
nucleus, it leaves behind a pair of the white dwarf and brown dwarf with
a close orbit. (20)
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Today, new methods
continue to be found in
this area. In 2020, a brown
dwarf was discovered for
the first time using a radio
telescope. We said another
name for brown dwarfs was
super Jupiters. Large planets
like Jupiter emit radio light
because of their magnetic
dynamos. Brown dwarfs are
like Jupiter; thus, they emit
radio light in the same way.
The conducted study captured
a radio signal detected from

a brown dwarf with LOFAR, a
low-frequency radio telescope.
In this way, the discovery was made for the first time using only radio
lights. Soon, many more brown dwarfs can also be found with this method.
(44)

Nasa’s Wide-field Infrared
Survey Explorer (WISE) was
launched in 2009 and studied
the entire sky in infrared light in
2010. One of WISE’s missions
was to study brown dwarfs.
According to WISE data,
there may be six stars for one
brown dwarf. In 2014, WISE
and Spitzer Space Telescope
discovered the coldest brown
dwarf known. With 7.2 light-
years away, it is the fourth closest
system to our Sun. This new brown dwarf found was named WISE
J085510.83-071442.5. The temperature ranged from -48 to -13 degrees.

(14)
In March 2013, Luhman’s analysis of the pictures taken by WISE

uncovered warmer brown dwarfs 6.5 light-years away. With this distance,
it deserves to be the third closest system to our Sun.See Figure 8.

Figure 6 Brown dwarf swallowed by red
giant ,see(20).

Figure 7 coldest brown dwarf see(13)

In 2013, 27 brown dwarfs, including 16 L type dwarf and 11 T type
dwarf, were observed in the study conducted with the infrared observation
telescope AKARI. 16 of this observation provide good quality spectra, 5
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THE SUN'S CLOSEST NEIGHBORS

WISE 0855-0714
disc. 2014

Alpha Centauri

SUIGHTYEARS

of them was T type
and 11 of them was
L type. As aresult of
this study, the radius
of 16 brown dwarfs
was calculated
and found to be
largely compatible
with  pre-existing
theories. According
to the study, the
average radius of
brown dwarfs is
0.83 R/’. The radius
range of brown

dwarfs 1s found to be

Radius [R]

500 1000 1500 2000

Tere [K]

2 F
n

00 the

0.64 Rj to1.13
Rj. In 2001,
Burrows
theoretically
calculated
radius, and

this data
matched
this ratio,
but there
was a great
discrepancy

in mid and
late-L dwarfs
because, in
study,
they  found

Figure 2. Radii of AKARI observed brown dwarfs are plotted on the theoretical out that the
prediction of the relation between T,g and radii at different masses from 11 M, radius of mid
to 0.085 M. Red are less massive objects with 11, 12, 13, and 15 M;, blue are

massive objects 0.08 and 0.085 M, and green are intermediate mass objects and late-L

with 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05, 0.055, 0.06, 0.065, 0.07, and dwarfs is

0.075 M. The numerical data for the evolutionary model was provided by A.

Burrows (in private communication). The numbers are in object index in Table 2. smaller than
the theoretical

one. However, they could not solve the reason behind this and left this
question to later studies. (8) The data found in the study given in the

figures (9, as their 2 and 3) *.

3 Radius of Jupiter = 69.911 km




Research & Reviews in Science and Mathematics *9

2.0 :l(;Tyr l([T""yr_ . ¢ :
1.8 F: . Our szlmple: 10y ]
. " i
L6 & /
bl thadd |
[ Lo .t ]
= 1.4 7S L : sy
= ¢
2 12 B e” : /
3=
=] o 10°y]
B % _’,le.m ]
d ® ele o 1o i i
0.8 M S ]
10"yr :
0.6 | ]
0.02 0.04 0.06 0.08 0.10

Mass [M]

Figure 3. Theoretical prediction of the relation between the radius and mass of
brown dwarfs at different ages. The radii of relatively light and young objects
are small and rather stable throughout their lifetimes. On the other hand, the
radii of massive dwarfs 20.06 M are large when they are young, but ultimate
radii are smaller than those of less massive objects. The radii of early-type
objects in our sample tend to depend on their ages (shown by the red arrow),
while those of late-type objects tend to depend more on their masses than their
ages (shown by the blue arrow). The data was provided by A. Burrows (2012,
private communication).

Table 2

The Radius of AKARI Objects

Object Name

Sp. Type

Radius(Error) (Ry)  Number in Figure 2

2MASS J1439+1929
2MASS J0036+1821
2MASS J2224-0158
GJ 1001B

SDSS 144640024
SDSS J0539—0059
2MASS J1507—-1627
2MASS J0825+42115
2MASS 1163241904
2MASS J152343014
SDSS J0830+4828
SDSS J1254—0122
SIMP J0136+0933
2MASS J0559—1404
Gl 570D

2MASS J0415-0935

L1

1.01(0.05) 1
0.88(0.05) 2
0.87(0.05) 3
0.64(0.05) 4
0.74(0.06) 5
0.82(0.05) 6
0.79(0.06) g
0.76(0.09) 3
0.74(0.10) 9
0.65(0.09) 10
0.66(0.08) 11
0.84(0.05) 12
0.80(0.12) 13
1.13(0.18) 14
1.04(0.05) 15
0.94(0.05) 16

Also, the theory
predicts that there is an
inverse relation between
radius-mass and radius-
age in brown dwarfs
older than 10® years
old. The result of this
study also proves that
theoretical prediction.

*Figures are
taken from: https://
iopscience.iop.org/
article/10.1088/0004-
637X/767/1/77/pdf

Wind Speed of a
Brown Dwarf

Using NASA’s
Spitzer Space Telescope
and National Science
Foundation’s Karl G.
Jansky Very Large Array
(VLA), astronomers
measured the  wind
speed of a Dbrown
dwarf called 2MASS
J10475385+2124234.
They conducted their
experiments on a brown
dwarf about the size of

Jupiter, which is 34 times more massive than Jupiter. Astronomers have
noticed that the rotational period in observations of Jupiter’s radio waves
is different from the rotational period in observations made in infrared and
visible waves. The reason for this difference is that; radio waves interact
with Jupiter’s magnetic field, which is related to the interior, but infra-
red waves are associated with the top surface of the atmosphere. The
atmosphere rotates faster than the planet’s interior, and this difference in
speed is due to atmospheric winds. Using NASA’s Spitzer Space Telescope
and VLA data, astronomers showed that the same situation applies to the
brown dwarfs. They calculated the speed of atmospheric winds as1425
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miles per hour. This method is also a good development for understanding
the atmospheric properties of extrasolar planets. (25)

First Direct Brown Dwarf Mass Measurement

Today, astronomers do mass calculations separately because there
is no general theory or relationship between mass and luminosity.
Astronomers who conduct a study for 4 years, achieved the first direct
calculation of the mass of a brown dwarf in the binary system called
2MASSW J0746425+2000321 in 2004. First, the stellar orbits and physical
separation of the objects in the binary system, which were observed from
different positions for 4 years, were calculated. Using this information and
Kepler’s Laws, they found the total mass of the system, which is less than
0.15 M. Using photometric data and spectrum with appropriate models,
astronomers calculated the surface temperatures of objects. They found
that two objects share the same value, approximately 1,800 Kelvins,
which is cold indeed for a star. Then, using theoretical models, they found
the ages and individual masses of the objects. The more massive one has
a mass of 0.075-0.095 M, while the other has a mass of between 0.05-
0.07 M. Since objects with masses below 0.072 (in some sources 0.08)
are considered brown dwarfs, astronomers have measured the mass of a
brown dwarf directly for the first time. (26)

Atmospheric Properties of Brown Dwarfs

The surface temperature of known brown dwarfs is between 750 -
2200 Kelvins. (27) Unlike stars, brown dwarfs cool over time, since they
do not have an energy source like hydrogen fusing. More massive brown
dwarfs cool more slowly compared to brown dwarfs with less mass.
Brown dwarfs, like planets, have climate and clouds. These clouds are
mostly composed of dust from minerals such as Enstatite and Corundum.
The size of these particles is 0.5 micrometers. In wo855-0714, the brown
dwarf was found to have clouds of frozen sulfide and water ice; gases such
as Methane, Hydrogen Sulfide, and Ammonia are assumed to be present.
In addition, there are indications of extreme hurricanes, a lot of lightning
activity, and melt sand or iron rain in brown dwarfs with patch-like cloud
structures. (35)



Research & Reviews in Science and Mathematics * 11

| Dec 151999  00:05-08:41 UT .|| DE41-13:03 UT

Figure 10. LP 944-20 in non-flare and flare picture ,see (29)

X-Ray Flares from Brown Dwarfs

X-ray flares were detected from brown dwarfs in 1999 (30). This may
be due to changing magnetic fields. Brown dwarfs do not have a strong
energy source like stars, they do not fuse hydrogen. The interior of brown
dwarfs is also convective. With these conditions and a fast rotational speed,
convection provides appropriate conditions for the formation of a strong
and mixed magnetic field close to the surface in brown dwarfs. The flare
Chandra observed from LP 944-20 may have been caused by magnetized
hot material beneath the surface of brown dwarfs. This situation below
the surface can cause heat to be transmitted to the atmosphere and current
to form. In this way, x-ray flares may occur. The absence of x-rays in
LP 944-20 during the period that does not flare also indicates the lowest
observational limit of X-ray power produced by the brown dwarf. In
addition, this situation indicates that the presence of coronas stops as it
cools to below about 2800K and becomes electrically neutral. (28)

Exoplanet Around Brown Dwarf

In 2004, astronomers
discovered a planet about
five times the mass of Jupiter
and gravitationally bound to
a brown dwarf. This planet,
called 2M1207b, is also the
first planet to be observed
outside the solar system.
(36) The planet is more than

Figure 11
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100 times fainter than the brown dwarf, 2M1207a. The distance
between them is 55 times the distance between Earth and Sun.
This system, which was observed for a year, also confirmed the
findings from the previous year in 2005. These objects, which are
gravitationally bound, seem to remain that way. In this way, the
possibility of forming a planet that can orbit the brown dwarf from
the accretion disc around the brown dwarf has been confirmed. (32)
See Figure 11 above.

<---Timing Diagram
of Brown Dwarfs

Figure 12 The picture of 2M 1207 system (reddish one is planet, the
blueish one is the brown dwarf),see (32)
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Observing the
SOAR telescope at
the Cerro Tololo Inter-
American Observatory,
astronomers discovered
a jet that had expanded
from a young brown
dwarf'in 2017. Usually,
young stars launch jets,
and this is the first time
this brown dwarf has
had a similar event.
This supports the idea
that brown dwarfs
form like stars. Jet, HH
1165; is launched from a brown dwarf named Mayrit 1701117. As it is
viewed with singly ionized sulfur, we see a green color extending to the
northwest of the brown dwarf in the photo. The jet extends to 0.7 light-
years (corresponding to 0.2 pc). The red nebula to the southeast is also
caused by the reflection nebula. The knots seen in the jet may indicate
that the mass loss is time-dependent and may be the result of episodic
accretion in the brown dwarf. This discovery shows that brown dwarfs
launch jet like stars, and their mass is built in the episodic and unsteady
process like stars. (31)

2MASSWJ12073

Figure 13 Photo of Jet ,see (31)
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Ninety-five brown dwarfs were discovered around the Sun as part
of the Backyard Worlds: Planet 9 project, which was carried out with the
help of NASA and professional scientists and volunteers. These objects
are presumed to be brown dwarfs because they are too large to be planets
and too small to be stars. The brown dwarfs found are an important
development for the astronomical world because they give insight into
how exoplanets form and their atmosphere. At the same time, these brown
dwarfs are quite cold, even one of them has a very close temperature to the
earth’s temperature, so they can have clouds of water in their atmosphere.
Of course, the fact that brown dwarfs are so cold can leave doubt as to
whether they are exoplanets. Whatever the result is, the brown dwarfs
found to continue to give us clues about their nature. (33)

As the project progressed further, a map and list of all the brown
dwarfs found in the vicinity of the Sun so far were published. This map
contains 525 brown dwarfs and 38 have just been found. These brown
dwarfs are located within 65 light-years to the Sun. A 3D map was created
by calculating the distances of all objects. As indicated in the previous
sections, there is the coldest brown dwarf known at 6.5 light-years from
the Sun. Astronomers had expected to find several more like this one
within 65 light-years of the Sun, but efforts to do so were inconclusive.
(34)

ITI. Theoretical Aspects of Brown Dwarfs
Formation of Brown Dwarfs

Brown dwarfs blur the line between the planets and the stars since
they are neither planets nor stars, making us question what we know about
the planets and the stars. The way brown dwarfs form is no different from
the way low mass stars form in the aspect in the aspects of statistical
properties of brown dwarfs (mass function, clustering properties,
kinematics, binary statistics, accretion rates, etc.) as indicated in the study
done by Anthony Whitworth, Matthew R. Bate, Ake Nordlund, Hans
Zinnceker, and Bo Reipurth. (/6) The presence of brown dwarfs in the
1960s was also revealed by astronomers who studied how low-mass stars
formed. Therefore, we should know what a star is, what is not a star.

What is a Star?

Stars are a globe of gas that, by definition, held together with their
gravity and are supported by the pressure of hot gas in them and produce
their energy through nuclear reactions. Stars are formed by the impact
of gravity, disintegration, and large clouds of gas and dust contract and
fragmentation. As these clouds fragment, the potential energy of gravity is
released in the form of radiation and heat. This causes the temperature of
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the star’s core to increase. If this temperature is more than approximately
3 x 10° Kelvins, nuclear reactions begin. Fusion reactions that convert
hydrogen to helium occur in stars. These reactions are the primary energy
sources of stars and the reason they shine. The energy released as a result
of this fusion reaction closes the energy lost by radiation, and the pressure
of the fusing core halts the contraction caused by gravity. The pressure of
hot gases and this gravitational pressure of the star are very important for
the star and keep it stable. In this way, hydrodynamic and thermal balance
is achieved, and the life of the star begins. (2) How long the stars live
depends on their mass. If we classify stars by mass:

o Very-low-mass stars

e Low-mass stars

o [ntermediate-mass stars
e Massive stars

The mass of our star, Sun is about 2 x 10°° kg and represents with
symbol M

Stars release gravitational energy as it contracts, which affects the
temperature in the star's core. This released energy depends on the mass
of the star and how many contracts the star. Accordingly, low-mass stars
must be contracted further to reach the temperature required to start fusing
hydrogen. The density of the core of stars, whose mass is approximately
one-tenth of the mass of the sun, is high enough to make free electrons
start filling the lowest-energy Fermi states. The highest momentum states
of degenerated electrons provide counter pressure support to gravitational
contraction and in this way, they prevent the star's radius from shrinking
below Jupiter's radius. (2) In objects with a mass of less than 0.072 M (in
some resources, 0.080 M ), this degenerate pressure stops construction
before the critical temperature of the core reaches the temperature required
to fuse hydrogen. Hydrodynamic equilibrium is established, but thermal
equilibrium is not established. These objects that begin to collapse to
become stars but cannot be stars are brown dwarfs. (2008)
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100.000 YEARS

Interstellar Molecular Cloud

Radius: 100 billion kilometers
" Temperature: 10 Kelvjns"*

1 MILLION YEARS
Brown Dwarf and Accretion Disk

billion - 5 billion km
Radius of Brown Dwarf: 350.000 km
Temperature: 2.900 K

10 MILLION YEARS
Brown dwarf and Pllanet

Radius of planet's orbit: 2 million-500 milliog I\J‘TI-‘
Radius of brown dwarf: 3000.000 km %
Tempeature: 2.900 K

-

100 MILLION YEARS

Gravitational Contraction \
A 10 BIILION YEAS

Fading to Oblivion
Radius of brown dwarf:
* 100,000 km
Temperaturé: 2,500

Radius of brown dwarf: * .
100.000 km Radius of brown

Temperature: 2,500 K dwarf:
60.000 km

Radius of brown dwarf: Temperature: 550 K

65.000 km
Tempreature: 1.200 K

Figure 13 In the picture, assumed that a planet formed beside the brown dwarf.
Brown dwarf assumed to have 40 Jupiter Mass. (Image is edited, not original
picture),see (9)

Mechanisms for Brown Dwarf Forming

In the study done by Anthony Whitworth, Matthew R. Bate, Ake
Nordlund, Hans Zinnceker, and Bo Reipurth. (/6) states 5 mechanisms
for forming brown dwarfs.

According to study, these mechanisms are:
(1) Turbulent fragmentation of molecular clouds, producing very-
low-mass prestellar cores by shock compression, (/6)

(2) Collapse and fragmentation of more massive prestellar cores, (/6)
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(3) Disk fragmentation, (/6)

(4) Premature ejection of protostellar embryos from their natal cores,
(16)
(5) Photo erosion of pre-existing cores overrun by HII regions. (6)

These five mechanisms are not exclusive mutually (16), thus if one
is happening, we cannot say it cannot be the other. As mentioned in the
study, it is necessary to look at the extent to which these mechanisms
contribute to the formation of brown dwarfs. According to the study, these
relative contributions may depend on the environment, metallicity, and
epoch, and may therefore lead to local and/or cosmological variations
in the ratio of brown dwarfs to H-burning stars, and in the binary and
accretion statistics of brown dwarfs (16). To find out which mechanism is
dominant; scientists do simulations using required physical information.
Here is a simulation given in the research paper of study about the brown
dwarfs forming from the fragmentation of dense filaments of molecular
gas and disk fragmentation. (16)

Figure 14 As stated in the study, the upper sequence shows two brown dwarfs
(square and triangle) forming in a circumbinary disk, while the lower sequence
shows two brown dwarfs (square and triangle) forming in a filament.See (16)

They also tried to calculate the minimum mass for brown dwarfs.
They found the minimum mass may be between the range 0.001-0.004
M, . Accordingly, it may be a range in which the masses of the planets and
the masses of brown dwarfs overlap. In hotter places and earlier times,
this minimum mass may be larger, and therefore brown dwarfs may be
less common. (16)

What is a Planet?

In general, a planet is an astronomical object orbiting a star or remnant
of stars that is large enough to remain round thanks to its gravity but not
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large enough to initiate fusion reactions like stars (17). According to the
study done in 2007, there may be a range that intersects between the mass
of planets and the mass of brown dwarfs as indicated in previous sections.
So how do we distinguish planets from stars or brown dwarfs?

First of all, planets; do not form like a brown dwarf or a star. According
to the theory put forward by Russian astronomer Viktor Safronov, the gas
giant planets are made up of planetesimals. Planetesimal is called small
rock, dust, or icy objects. According to this theory, before a planetary
system formed, there was a disk of material from the nebula in which
it formed, and this material formed small chunks under the influence
of gravity. Planetesimals are formed from growing chunks. These
planetesimals form the cores of the planets, and that core becomes molten
when it reaches enough heat. These cores attract large gas envelopes
over the years. This theory was developed in accordance with our solar
system, and the gas giant planets should be at distant orbits according
to theory. However, this theory was also damaged when planets outside
the solar system were discovered in the following years because those
planets found were traveling in close orbit. It was later even revealed
that lonely planets could be found. This has created problems with how
to distinguish brown dwarfs and planets. We can observe brown dwarfs
accompanying another star or brown dwarf, and this also applies to planets.
An alternative solution is to see if the object has ever started a nuclear
reaction. Deuterium reactions occur above about 13 Jupiter masses, and
brown dwarfs are thought to have a deuterium reaction. In this way, a
mass-based distinction can be made. (9)

Older brown dwarfs like Gliese 229B seem to be closer to gas giant
planets as numerical values. On the other hand, younger brown dwarfs
like Teide 1, are relatively close to low-mass stars such as Glisse 229A.
Brown dwarfs and low-mass stars are completely convective as shown in
the left figure (9). So, how to distinguish the low-mass stars and brown
dwarfs? The answer is Lithium test.
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Figure 15 All pictures are taken from. (9)

13 M, mass limit between
the planet and the brown dwarf
are an accepted value rather than
a physically measured or proven
quantity. In 2011, the Extrasolar
Planets  Encyclopedia  included
objects up to 25 M.. In 2016, based
on a study about the mass-density
relationship, this limit increased
to 60 Mj (21) (54). The Exoplanet
Data Explorer also included objects
up to the mass of 24 Mj (56). Nasa
Exoplanet Archive also contains
objects up to a mass of 30 M; (55).

Figurel6 Size comparison between the
Sun, a young sub-brown dwarf, and
Jupiter ,see(24)

Objects that fall below this 13 M, mass limit are called sub-brown
dwarf or planetary-mass brown dwarf (23). They do not fuse deuterium
because they do not reach sufficient mass. These objects, like stars and
brown dwarfs, are formed by the collapsing of the gas and dust cloud.
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Lithium Test

-‘ Lithium is used to distinguish
brown dwarfs from low-mass

impact “ stars, which is called a lithium test.
e

Generally, lithium is completely

Lithium 7 .Q g il depleted in stars. The temperature

ce ) i required to fuse the lithium is just
¢ .e “ below the temperature required
i to burn hydrogen. Therefore, it

‘ is normal to not expect lithium in

the stars. Convection in the stars

Figurel7 Reaction of lithium (9)  also contributes to this situation. In

this reaction, lithium-7 and proton

collide, resulting in 2 helium-4 atoms. Brown dwarfs are not hot enough

to perform this reaction, and therefore we can see this element in their

spectral lines. This gives a strong clue that the observed object is a brown
dwarf.

LITHIUM DESTRUCTION

However still, the lithium test does not give excellent results because
lithium is also found in young stars who have not had time to fully fuse it yet.
In heavier stars such as our sun, lithium remains in the outer layers because
it is not hot enough for this reaction and convection is inadequate here.
However, in terms of their light and size, these stars can be distinguished
from brown dwarfs. In addition, brown dwarfs with large masses can
consume their lithium when they are young. As a result, lithium testing is

a good method, but 3.0
it is not perfect. Low-mass star HHJ 3
sk b Brown dwarf PPL 15
Radius
Calculation of ol
Brown Dwarfs 1
g
S ¥
calculation of the -
radius of brown  ° 1
dwarfs is  not osll
an easy subject ‘ o
observationally, - ‘ | | line || ‘
it is usually done 667 668 669 670 671 672 673
using binary Wavelength (nanometers)
systems. In Figure 18. In spectrum of low mass star, there is no sign
2001, Burrows of lithium unlike the brown dwarf,see (9)
conducted a

theoretical study on this subject. According to this study, some brown
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dwarfs are smaller than Jupiter, although they are called super Jupiter.
Brown dwarfs older than 10° years and has a mass between 0.3 to 70
M, have a radius of roughly 0.7 to 1.1 R, of course within the error.
Considering this error, the result of this theoretical study is matched by
the AKARI observation studies carried out in 2013.# (2013)

Types of Brown Dwarf

Stars are divided into spectral classes according to their temperature.
These classes are; O, B, A, F, G, K, M. The hottest ones correspond to the
O class, and the coldest stars correspond to class M. M class includes red
dwarf stars, but there are also some young brown dwarfs here. Classes
L, T, and Y were included in this classification because brown dwarfs
are much colder than stars. These spectral classes are divided into 10
according to their temperature. Number 0 corresponds to the hottest ones;
number 9 is used for the coldest ones.

Spectral Class M

This group is also called M-dwarfs.
Red dwarfs are usually here, but young
brown dwarfs like Teide 1 are also in this
class. The brown dwarfs here begin with
M-6.5.

Spectral Class L

Brown Dwarfs, which are colder than
M-type objects, are located here. They have
temperatures in the range of 1300 to 2000  Figyre 19. lilustration of a L
Kelvins and are usually of a color between #pe Brown Dwarfsee (39)
red and brown. An example of this type is
the GD 165B dwarf. Such dwarfs show themselves with metal hydride
emission lines (FeH, CrH, MgH, CaH) and prominent alkali metal lines
(Nal,K I, Cs I, RbI). At the same time, not only brown dwarfs are in this
class, but also the coldest main sequence stars.
(37) (38)

Spectral Class T

Brown dwarfs with surface temperatures
in the range of 700 to 1300 Kelvin are in this
class. Their color is dark magenta. Gliese
Figure 20. Illustration of ~ 229b is an example of this class brown dwarf.
T'type Brown Dwarf,see I their spectrum, methane absorption lines

(41) are dominant and have very wide absorption

4 Burrows, A., Hubbard, W. B., Lunine, J. I., & Liebert, J. 2001,
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properties from Alkaline metals Na and K. In addition, FeH and CrH lines
exhibited by L-type dwarfs are not observed in this class. 355 class T
dwarfs are known, as of 2013. According to the developments made in the
Near-Infrared Classification scheme, class T is attributed only to brown
dwarfs, but class L includes both very low-mass stars and brown dwarfs.
(37) (40)

Spectral Class Y

Class Y is a theoretical class
for brown dwarfs, which are colder
than type T. Surface temperatures
of these brown dwarfs is thought
to be lower than 600 Kelvins.
Over the years, brown dwarfs
that may belong to this class have
been observed and candidates are
found. In 2011, NASA discovered

Figure 21. lllustration of Y type Brown ’ }
Dwarfsee (42) six brown dwarfs with the Wise

telescope, whose  temperatures
dropped to 25 degrees Celsius, and these brown dwarfs were classified
as Y (43). In 2014, the coldest brown dwarf known was detected and
included in this class.

IV. Discussion

The existence of brown dwarfs was first introduced in the 1960s
by astronomers working on low-mass stars (2). In 1975, these objects
were called brown dwarfs because their color was approximately brown.
However, their color is not exactly brown, they can be between red and
orange depending on their temperature, or in a color that plays to the
magenta. Although the existence of brown dwarfs was introduced in the
1960s, it was possible to find them in 1995. The reason they are hard to
detect is that they do not have nuclear energy sources like stars. In 1995,
the first brown dwarf named Teide 1 was found. (9)

Brown dwarfs are divided into M, L, T, or Y types according to their
temperature. In class M, there are younger brown dwarfs, such as Teide
1. The hottest of these classes is M; the coldest is class Y. Since brown
dwarfs do not fuse hydrogen like stars, they cannot keep themselves hot
enough and cool down over time. Deuterium reactions also do not provide
enough energy for this. That is why brown dwarfs get colder and change
classes as they get older. (M =>L=>T=>Y)
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Brown dwarfs are objects that do not fit the definition of planets
or stars. With these features, they shed light on new aspects of star and
planet formation. They are formed primarily by the collapse of gas and
dust particles like stars, but they do not fuse hydrogen like stars because
their nuclei do not reach the temperature and density required for this
while forming. To make this reaction, 0.072 solar mass is needed. (0.08
in some sources)

5 mechanisms for brown dwarf formation were proposed in the
study done by Anthony Whitworth, Matthew R. Bate, Ake Nordlund,
Hans Zinnceker, and Bo Reipurth. These are: turbulent fragmentation
of molecular clouds, producing very-low-mass prestellar cores by shock
compression; collapse and fragmentation of more massive prestellar cores;
disk fragmentation; premature ejection of protostellar embryos from their
natal cores; photo erosion of pre-existing cores overrun by HII regions as
stated in the research. (/6)

At the same time, the minimum mass of brown dwarfs was calculated
in this study and was found in the range of 0.001-0.004 M_ (16). There
are also planets within this mass range. In this sense, brown dwarfs
and planets can be confused. However, the planets do not have nuclear
reactions in any way. Brown dwarfs, on the other hand, can fuse deuterium
if it is of sufficient mass. The mass required is 13 Jupiter masses. In this
sense, it can be understood whether it is a planet or a brown dwarf by
looking at whether the object initiated any reactions. In 2004, for the first
time, the mass of a brown dwarf was measured directly. The mass of the
brown dwarf in the binary system called 2MASSW J0746425+2000321 is
calculated to be between 0.05 and 0.07 solar mass. (26)

Brown dwarfs have many aspects
that resemble low-mass stars. They form
like them, and they launch jets like them,
according to a 2017 study (31). In this
sense, how to distinguish between brown
dwarfs and low-mass stars is an important
issue. One of these ways is the lithium
test. Stars consume all the lithium they
have because they are at the appropriate
temperature for this. However, brown
dwarfs are not able to do this because they
are colder, and because of that, they have
lithium in them. In this sense, looking for

Figure 22. (9) lithium in
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1. INTRODUCTION

Limnology and, accordingly, inland fisheries have gained importance
in Turkey in recent years and the number of researches on the subject
has gradually increased. The aim of these studies is to reveal the natural
richness of the investigated biotope. The natural richness of the inland
waters depends primarily on the fauna and flora, which are considered to
be the fixtures of these places. In order to make the best use of inland water
resources, it is inevitable for this living community to be discovered and
introduced to the scientific world.

The most important ones among the inland waters fauna are the
bottom animals. Among the bottom animals, Chironomidae (Diptera)
larvae, which are found in almost every water body, take the first place.
Since all Chironomidae spend their winter months in the larval stage, they
are abundant in all seasons. Therefore, they are indispensable food animals
for fish. Numerous studies reveal that they are consumed with pleasure
by fish, contain high levels of important nutrients, especially protein, and
are digested quickly and easily by fish. The way they transmit oxygen to
the bottom material, especially mud, in the waters they are in, positively
affects the oxygenated respiration and, as a result, the mineralization. As
a natural result of this, putrification at the bottom is largely prevented, the
first materials necessary for photosynthesis are provided and the material
cycle is positively affected. This increases the efficiency of water and
ensures the continuity of aquatic life (Sahin, 1984).

They have positive functions such as their role in the transition from plant
materials to animal protein, the use of their qualitative and quantitative status
as an indicator of pollution, and some species also prevent pollution in aquatic
environments (Sahin, 1987). Some species also have negative functions such
as destroying various aquatic plants (Chernovskii, 1961). In addition, they are
one of the most studied organism groups because of their abundance per unit
area, showing the productivity of their inland water environment, especially
lakes and ponds (Kirgiz, 1988, 1989). Despite their larvae, which can be found
in all seasons of the year, especially in winter, and have the above-mentioned
characteristics, imagos and adults are only seen between spring and autumn.
They have no economic or practical significance.

With this study, the species of Chironomidae fauna, which is so
important for inland waters, found in Ogulpasa Stream were tried to be
revealed and introduced to the scientific world.

2. MATERIAL AND METHOD

Ogulpasa Stream, located within the provincial borders of Edirne,
originates near Saridanigment village and flows in a north-south direction
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for approximately 65-70 km. It follows the villages of Siilecik, Yagcil,
Hacrumur, Ogulpasa, Abalar, Serbettar, respectively, and joins the Ergene
River in the south of Sazlimalkog Village, within the provincial borders of
Kirklareli (Figure 1).

The stream is used to irrigate the surrounding gardens and fields. In
the summer, a large part of it usually dries up. In spring, there are aquatic
and semi-aquatic plants in and around the water (Phragmites australis,
Lemna sp., Cyperus sp. and Lepidium sp. like), and in winter, these plants
dry up.

The study was carried out in monthly periods for 12 months between
September 2015 and August 2016 in the Ogulpasa Stream, a tributary of
the Ergene River, which forms a part of the streams of the Meri¢-Ergene
Basin. 3 stations were determined in Ogulpasa Stream. The 1st station is
1 km from Abalar Village from above, the 2nd station was chosen from
the Serbettar Village entrance and the 3rd station was selected from the
Sazlimalkog Village exit. Ekman-Birge grab (15x15 ¢m?) and hand mud
scoop were used to collect mud samples from the stream in the study area.
Two samplings were made from each station. Mud samples were washed
in sieves with different mesh sizes (0.1-0.5 mm). Organisms collected
with fine-tipped forceps were fixed in plastic bottles containing 70% ethyl
alcohol. All these collected samples were labelled and transported to the
laboratory. All Chironomid larvae were identified by making provisional
preparations under binocular and light microscopy.

Identification of Chironomidae species Moller Pillot (1977-1978,
1984), Fittkau and Roback (1983), Sahin (1984, 1991), Boesel (1985),
Kirgiz (1988) and Ozkan (1991, 2003) were used.
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Figure 1. Ogulpasa Stream sampling stations: 1. Abalar Village (478818.70
E, 4601035.05 N), 2. Serbettar Village (480249.32 E, 4591347.00 N), 3.
Sazlimalkog Village (490444.56 E, 4577381.90 N)

3. RESULTS

As a result of the evaluation of the results of the study that lasted
for one year between September 2015 and August 2016 in Ogulpasa
Stream, 1317 larvae consisting of 52 species belonging to 4 subfamilies of
Chironomidae family were found. These;

I) Subfamily Tanypodinae: Tanypus punctipennis, T. kraatzi,
Procladius (Holotanypus) sp., Psectrotanypus varius, Macropelopia
nebulosa, Macropelopia goetghebueri, Ablabesmyia aequidensi, A.
monilis, Natarsia punctata, Monopelopia tenuicalcar.
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II) Subfamily Prodiamesinae: Prodiamesa olivacea.

I1T) Subfamily Orthocladiinae: Smittia aquatilis, Bryophaenocladius
virgo, Cricotopus bicinctus, C. fuscus, C. flavocinctus, C. albiforceps,
C. annulator, C. sylvestris, Halocladius fucicola, Hydrobaenus
pilipes, Psectrocladius sordidellus, Limnophyes pusillus, Orthocladius
thienemanni, Zalutschia megastyla.

IV. Subfamily Chironominae: Tribus I — Chironomini: Chironomus
halophilus, C. reductus, C. riparius, C. anthracinus, C. viridicollis,
C. plumosus, C. tentans, Polypedilum nubifer, Polypedilum sp., P.
nubeculosum, P. convictum, P. exsectum, Stictochironomus longipugionis,
S.  wyalvacii, Cryptochironomus defectus, Cladopelma laccophila,
Endochironomus tendens, Einfeldia pagana, Dicrotendipes nervosus,
D. tritomus, Harnischia fuscimana, Cryptotendipes holsatus, Tribus
II — Tanytarsini: Cladotanytarsus mancus, Paratanytarsus lauterborni,
Tanytarsus gregarius, Virgatanytarsus arduennensis, Rheotanytarsus
exiquus.

Species identification key of Chironomidae larvae of Ogulpasa Stream

1 (24) Glossa and paraglossa are developed and antennae can be
retracted into the head (Figure 2).

TANYPODINAE

2 (15) The abdominal segments are broad and have more or less
tassel-shaped hairs on the sides (Figure 3). Head capsule is round or oval.
Head index is between 0.65-1.00. The mentum is toothed and contains a
paralabial plate or a series of chitin teeth arranged in discrete spots. The
length of the anal gills is at most twice the width (Figure 3).

3 (8) There are 5 teeth in the glossa.

4 (7) Abdominal segments are very hairy (Figure 3). There are 3 pairs
of anal gills. The head index is 1.0, and the apical tooth of the mandible is
at most 0.2 of the mandible (Figure 4). Glossa teeth are all the same colour
(Figure 5).

Tanypus Meigen, 1803

5 (6) The glossa teeth are the same size and the paraglossa is multi-
armed (Figure 5). The mentum has 8 pairs of teeth (Figure 6).

T. punctipennis Meigen, 1818

6 (5) The 3 inner glossa teeth are larger and the same size and the
paraglossa has 2 arms (Figure 7). The mentum has 6 pairs of teeth (Figure
8).
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T. kraatzi Kieffer, 1912

7 (4) Abdominal segments have sparse hairs and 2 pairs of anal gills.
Head index is at most 0.95 (Figure 2). The apical tooth of the mandible is
at least 0.25 of the mandible (Figure 9). The tip of the glossa teeth is black
(Figure 10).

Procladius Skuse, 1889
P. (Holotanypus) sp.
8 (3) There are 4 teeth in the glossa (Figure 11).

9 (12) The ring organ is located in the middle of the maxillary palp or
close to the tip.

10 (11) The distal of the mandible is curved and has 5 small lateral
teeth (Figure 12).

Psectrotanypus Kieffer, 1909
P, varius Fabricius, 1787

11 (10) The distal mandible is slightly curved. There is a large basal
tooth proximally (Figure 13).

12 (9) The ring organ is located close to the base of the maxillary palp
(Figure 14).

Macropelopia Thienemann, 1916

13 (14) Dorsomentum has 7 pairs of teeth (Figure 15). The lateral
edges of the glossa teeth are curved (Figure 16).

M. goetghebueri (Kieffer, 1918)

14 (13) There are 8 pairs of teeth in the dorsomentum (Figure 17). The
lateral edges of the glossa teeth are straight.

M. nebulosa (Meigen, 1804)

15 (2) The abdominal segments are narrow and there are no hair
fringes on the sides. The head capsule is long. Head index is between 0.4-
0.6. There are no rows of teeth in the mentum. Anal gills are at least three
times longer than they are wide.

16 (19) The basal segment of the maxillary palp is two or more
segmented (Figure 18).

Ablabesmyia Johannsen, 1905

17 (18) There are 3 short and 1 long joints in the basal segment of the
maxillary palp (Figure 18).
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A. aequidensi Sahin, 1987

18 (17) There are 4 short and 1 long joints in the basal segment of the
maxillary palp (Figure 19).

A. monilis (Linnaeus, 1758)

19 (16) The basal segment of the maxillary palp is single-segmented
(Figure 20).

20 (22) One of the hind leg hooks is black and the others are yellow,
and the inner edges are notched like a saw (Figure 21). The second antennal
joint is brown in colour; the others are light in colour (Figure 22).

21 (23) The row of glossa teeth is deep concave and the median tooth
is the smallest (Figure 23).

Monopelopia Fittkau, 1962
M. tenuicalcar (Kieffer, 1918)

22 (20) All of the hind foot hooks are yellow in colour and their inner
edges are smooth. All antennal segments are the same colour.

23 (21) The tip of the glossa median teeth is blunt and shorter than the
external teeth (Figure 24).

Natarsia Fittkau, 1962
N. punctata (Fabricius, 1804)

24 (1) There is no developed glossa and paraglossa. The antenna
cannot be taken inside the head.

25 (28) The third antennal joint has annular lines (Figure 25).

26 (27) Their submental plates are large and smooth, with a beard
consisting of long hairs on them (Figure 26).

PRODIAMESINAE

27 (26) There are 2 small teeth in the middle of the mentum plate. The
teeth are all the same colour (Figure 26). Only the inner cetae bundle is
present in the mandible (Figure 27).

Prodiamesa Kieffer, 1906
P olivacea (Meigen, 1818)
28 (25) There are no annular lines at the third antennal joint.

29 (51) Submental plaques are generally undeveloped and do not have
grooves when developed.
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ORTHOCLADIINAE

30 (31) The brush base is large and has beak-shaped projections on its
edges (Figure 28). S1 is palm of the hand shaped (Figure 29). There are 2
middle teeth in the middle of the mentum (Figure 30).

Psectrocladius Kiefter, 1906
P. sordidellus (Zetterstedt, 1838)

31 (30) The brush base is not very large, there are no beak-shaped
protrusions on the edges. S1 has many bifurcations (Figure 31). There is a
single median tooth in the middle of the mentum plate (Figure 32).

Zalutschia Lipina, 1939
Z. megastyla Shilova, 1971

32 (43) There are tassel-shaped bristle on the posterior sides of the
abdominal segments (Figure 33).

33 (44) Hair fringes are found in bundles in I-VII or at least one
segment, they are not simple hairs.

Cricotopus van der Wulp, 1874

34 (41) The epipharyngeal comb consists of 3 side-by-side setae
(Figure 34).

C. (Cricotopus) van der Wulp 1874
35 (36) The premandible has a single apical tooth (Figure 35).
C. (C.) annulator Goetghebuer, 192
36 (35) The premandible has two apical teeth (Figure 36).
C. (C)) fuscus (Kieffer, 1909)

37 (40) The inner edge of the mandible is not toothed like a saw. All
mentum teeth are the same colour.

38 (39) The middle tooth of the mentum is 3 times wider than the first
lateral teeth, the lateral teeth are approximately equal to each other (Figure
37).

C. (C.) albiforceps (Kieffer, 1916)

39 (38) The middle tooth of the mentum is 4 times wider than the first

lateral tooth, and the second lateral tooth is smaller than the others (Figure
38).

C. (C) flavocinctus (Kieffer, 1924)
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40 (37) The inner edge of the mandible is serrated (Figure 39) and the
3 teeth in the middle of the mentum are lighter in colour than the others
(Figure 40).

C. (C.) bicinctus (Meigen, 1818)

41 (34) The epipharyngeal comb consists of a conical plate (Figure
41).

Cricotopus (Isocladius) Kieffer, 1909

42 (43) The mentum median tooth is about 1.5 times the length of the
first lateral teeth and the tips of the lateral teeth are pointed (Figure 42).

C. (1) sylvestris (Fabricius, 1794)

43 (32) The hair fringes consist of simple and single bristles (Figure
43).

Halocladius Hirvenoja, 1973
Halocladius fucicola (Edwards, 1976)

44 (32) The hairs on the posterior sides of the abdominal segments are
not in the form of tassels.

45 (46) The middle teeth of the mentum are wider and longer than the
lateral teeth (Figure 44).

Hydrobaenus Fries, 1830
Hydrobaenus pilipes (Malloch, 1915)

46 (45) The middle teeth of the mentum are not longer than the first
laterals, but wider than them (Figure 45).

Orthocladius van der Wulp, 1874
Orthocladius thienemanni Kieffer, 1906
47 (50) No brush base (Figure 46).

48 (49) The antennae are very short and the first joint is no longer than
the others (Fig. 47).

Smittia Holmgren, 1869
Smittia aquatilis Goetghebuer, 1921
49 (48) Antennae are normal (Figure 48).
Bryophaenocladius Thienemann, 1934
Bryophaenocladius virgo Thienemann & Strenzke, 1940
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50 (47) There is a brush base (Figure 49).
Limnophyes Eaton, 1875
L. pusillus Eaton, 1875
51 (29) Submental plates are always well developed and grooved.
CHIRONOMINAE

52 (95) Antennae originate from the head capsule or from short
antennae bases that are less than their width. The submental plates are
broad and fan-shaped, radially grooved.

Tribus 1 CHIRONOMINI

53 (60) There are 2 palps with 2-3 joints in the labrum (Figure 50).
The maxillary palp is longer than half of the first antennal joint (Figure 51).

54 (55) The number of teeth in the mentum is even (Figure 52).
Cladopelma Kiefter, 1921
Cladopelma laccophila Kieffer, 1922
55 (54) The number of teeth in the mentum is odd (Figure 53).

56 (57) The premandible 2-armed (Figure 54) and the last 3 pairs of
mentum lateral teeth form a separate group (Figure 53).

Cryptotendipes Beck & Beck, 1969
C. holsatus Lenz, 1959

57 (56) The premandible are at least 3-armed (Figure 55) and there are
no grouping teeth in the mentum.

58 (59) The epipharynx comb is scale-shaped, the edges are small-
toothed (Figure 56). The lateral teeth of the mentum arch anteriorly relative
to the middle tooth (Figure 57).

Cryptochironomus Kieffer, 1918
C. defectus (Kieffer, 1913)

59 (58) There are 3 equal arms distal to the epipharyngeal comb. The
mentum is normal (Figure 58).

Harnischia Kieffer, 1918
H. fuscimana Kiefter, 1921

60 (53) There is no articulated and long palp in the labrum. The
maxillary palp is shorter than half of the first antennal joint.
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61 (76) VIII. ventral to the abdominal segment, there are 1-2 pairs of
ventral gills.

62 (63) Ventral gills 1 pair (Figure 59).
Einfeldia Kieffer, 1924
E. pagana (Meigen, 1838)
63 (62) Ventral gills 2 pairs (Figure 60).
Chironomus Erichson,1841
64 (67) Ventral gills vestigial in the form of very small projections.

65 (66) In the VII abdominal segment, there are finger-like appendages
(Figure 61).

C. reductus (Lenz, 1924)
66 (65) VII. abdominal segment has no extension (Figure 62).
C. halophilus Packard, 1873
67 (64) Ventral gills are normally developed (Figure 60)

68 (71) VILI. posterolateral to the abdominal segment are finger-shaped
lateral gills (Figure 63).

69 (70) The epipharyngeal comb has 13 teeth (Figure 64).
C. tentans Fabricius, 1805

70 (69) The epipharyngeal comb has 16 teeth (Figure 65).
C. plumosus Linnaeus 1758

71 (68) VII. posterolateral to the abdominal segment, finger-shaped
lateral gills are absent.

72 (73) Ventral gills are longer than hind legs (Figure 66).
C. riparius Meigen, 1804

73 (72) Ventral gills are shorter than hind legs (Figure 60).

74 (75) The epipharyngeal comb has 12 teeth (Figure 67).
C. anthracinus Zetterstedt, 1860

75 (74) The epipharyngeal comb has 16 teeth (Figure 68).
C. viridicollis van der Wulp, 1859

76 (61) VIIL the ventral gills are absent in the abdominal segment.

77 (87) Antennae 5-jointed, second antennal joint has 2 opposing
Lauterborn organs (except Polypedilum nubifer).
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78 (90) In the mentum, the number of teeth is found in pairs.
Polypedilum Kieffer, 1912

79 (80) The median teeth of the mentum are smaller than the first
laterals (Figure 69).

P exsectum (Kiefter, 1916)

80 (79) The median teeth of the mentum are either greater than or
equal to the first lateral teeth.

81 (84) Like those with 6-jointed antennae, one of the Lauterborn
organs is alternated at the second and third antennal joint (Figure 70).

82 (83) Mentum has 2 middle teeth (Figure 71).
P. nubifer Skuse, 1889

83 (82) Mentum has 3 middle teeth (Figure 72).
Polypedilum sp.

84 (81) Lauterborn organs are opposite at the second antennal joint
(Figure 73).

85 (86) The second and third antennal joints are equal and the mentum
teeth are dark brown (Figure 74).

P. nubeculosum (Meigen, 1804)

86 (85) The second antennal joint is smaller than the third joint, the
mentum teeth are light brown.

P. convictum (Walker, 1856)

87 (77) Antennae are 6-jointed, there is one Lauterborn organ on the
second and third joints (alternate) each (Figure 75).

Stictochironomus Kieffer, 1919

88 (89) The antenna wedge exceeds the antenna tip. Submental plate
grooves are prominent (Figure 76). The external tooth of the mandible is
equal to the apical tooth (Figure 77).

S. longipugionis (Sahin, 1987)

89 (88) Antenna wedge V. extends to the antenna tip. Submental plate
grooves are not prominent (Figure 78). The external mandible tooth is
shorter than the apical tooth (Figure 79).

S. yalvacii (Sahin, 1987)
90 (78) The mentum has an odd number of teeth.
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91 (92) The first lateral teeth of the mentum are smaller than the
second (Figure 80).

Endochironomus Kieffer 1918

E. tendens Fabricius 1775

92 (91) The first lateral teeth of the mentum are larger than the second.
Dicrotendipes Kiefter, 1913

93 (94) The lateral margins of the mentum median tooth are straight,
the first laterals are approximately as wide as the median tooth, and the
5 pairs of lateral teeth shrink outwards. The submental plates are narrow
and fan-shaped, elongated like a basal stem, with very prominent grooves
(Figure 81).

D. nervosus (Staeger, 1839)

94 (93) The mentum median tooth has small notches on the sides.
The first and second lateral teeth are adjacent to each other and in forked
appearance. There are 6 pairs of lateral teeth, and the submental plates
are wide and fan-shaped, the base is not too long, the grooves are very
prominent (Figure 82).

D. tritomus (Kieffer, 1916)

95 (52) Antennas come out of antenna bases whose height is greater
than their width. Submental plates are narrow and long, and they are
grooved (Figure 83).

Tribus 2 TANY TARSINI
96 (99) Premandibles 2-arm (Figure 84).

97 (98) The epipharynx comb is whole, with a maximum of 3-5 teeth
(Figure 85).

Paratanytarsus Thienemann & Bause, 1913
P. lauterborni (Kieffer, 1909)

98 (97) Epipharyngeal comb with 3 lobes or segments, with more
than 5 teeth on it (Figure 86).

Rheotanytarsus Thienemann & Bause, 1913
R. exiquus (Johannsen, 1905)
99 (96) The premandibles have 3 or more arms (Figure 87).

100 (101) The base of the second antennal joint is narrow, the distal is
wide, and it is shorter in length than the third joint, or at most it is as long.
Lauterborn organs are broad and stems are short (Figure 88).
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Cladotanytarsus Kieffer, 1921
C. mancus (Walker, 1856)

101 (100) The base and distal of the second antennal joint are equal.
It is longer in length than the third antennal joint. Lauterborn organs are
narrow and their stems are longer than Lauterborn organs (Figure 89).

102 (103) Most of the hindfoot hooks are serrated on the inside (Figure
90). The stems of Lauterborn organs are 1.5 times longer than the last 3
antennal joints (Figure 89).

Virgatanytarsus Pinder, 1982
V. arduennensis (Goetghebuer, 1922)

103 (102) The hindfoot hooks are simple and toothless (Figure 91).
The stems of Lauterborn organs are 2.5 times longer than the last 3 antennal
joints (Figure 92).

Tanytarsus van der Wulp, 1874
T. gregarius Kieftfer 1909

0.5 mm
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Figure. Procladius (Holotanypus) sp.: 2- head capsule. Tanypus punctipennis:
3- last body segments. T. kraatzii: 4- mandible.



46 + Nurcan Ozkan

mm 200
—_
0.0% man.
—_—

0.05 mm

5 6

=
ww g
—llmm

il

11

wwig

—
| &
LS

Ll 272

18 19

Figure. T. punctipennis: 5- glossa and paraglossa; 6- mentum. T. kraatzii: 7-
glossa and paraglossa, 8- mentum. Procladius (Holotanypus) sp.: 9- mandible,
10- glossa and paraglossa, Psectrotanypus varius: 11- glossa and paraglossa,
12- mandible. Macropelopia goetghebueri: 13- mandible, 14- maxillary palpy,
15- mentum, 16- glossa and paraglossa. M. nebulosa: 17- mentum. Ablabesmyia
aequidensi: 18- maxillary palp. A. monilis: 19- maxillary palp. Monopelopia
tenuicalcar: 20- maxillary palp, 21- hind leg hooks, 22- antenna,
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Figure. 23- glossa and paraglossa. Natarsia punctata: 24- glossa and
paraglossa. Prodiamesa olivacea: 25- antenna, 26- mentum, 27- mandible.
Psectrocladius sordidellus: 28- brush base, 29- S1, 30- mentum. Zalutschia

megastyla: 31- S1, 32- mentum. Cricotopus annulator: 33- abdominal segments,
34- epipharyngeal comb, 35- premandible. C. fuscus: 36- premandible. C.
albiforceps: 37- mentum. C. flavocinctus: 38- mentum. C. bicinctus: 39-
mandible, 40- mentum. C. sylvestris: 41- epipharyngeal comb,
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Figure. Cricotopus sylvestris: 42- mentum. Halocladius fucicola: 43- fringes
of hair. Hydrobaenus pilipes: 44- mentum. Orthocladius thienemanni: 45-
mentum. Smittia aquatilis: 46- brush base, 47- antenna. Bryophaenocladius

virgo: 48- antenna. Limnophyes pusillus: 49- brush base. Cladopelma
laccophila: 50- labrum palp, 51- maxillary palpy, 52- mentum. Cryptotendipes
holsatus: 53- mentum, 54- premandible. Cryptochironomus defectus: 55-
premandible, 56- epipharyngeal comb, 57- mentum. Harnischia fuscimana: 58-
mentum. Einfeldia pagana: 59- ventral gills in the last body segments.
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Figure. Chironomus anthracinus: 60- ventral gills in the last body segments.
C. reductus: 61- last body segments. C. halophilus: 62- last body segments. C.
tentans: 63- ventral gills in the last body segments, 64- epipharyngeal comb.
C. plumosus: 65- epipharyngeal comb. C. riparius: 66- ventral gills in the
last body segments. C. anthracinus: 67- epipharyngeal comb. C. viridicollis:
68- epipharyngeal comb. Polypedilum exsectum: 69- mentum. P. nubifer:
70- antenna, 71- mentum. Polypedilum sp.: 72- mentum. P. nubeculosum: 73-
antenna,
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Figure. Polypedilum nubeculosum: 74- mentum. Stictochironomus
longipugionis: 75- antenna, 76- mentum, 77- mandible. S. yalvacii: 78- mentum,
79- mandible. Endochironomus tendens: §0- mentum. Dicrotendipes nervosus:
81- mentum. D. tritomus: §2- mentum. Pratanytarsus lauterborni: 83- mentum,
84- premandible, 85- epipharyngeal comb. Rheotanytarsus exiquus: 86-
epipharyngeal comb. Cladotanytarsus mancus: 88- antenna. Virgatanytarsus
arduennensis: 89- antenna,
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Figure. Virgatanytarsus arduennensis: 90- hind leg hooks. Tanytarsus
gregarius: 91- hind leg hooks, 92- antenna.

4. DISCUSSION AND CONCLUSION

In the study, the results of the research conducted between September
20015 and August 2016 on the ground of the Ogulpasa Stream, which
forms a part of the Meri¢-Ergene Basin river system, were evaluated. 52
species belonging to 4 subfamilies of Chironomidae were identified. It is
distributed as 10 species belonging to Tanypodinae subfamily, 1 belonging
to Prodiamesinae subfamily, 14 species belonging to Orthocladiinae
subfamily and 27 species belonging to Chironominae subfamily.

Although the number of species is almost the same at the stations
studied in the creek, the number of larvae of each species is different.
Station 1 is poorer than the other 2 stations. Habitat characteristics cannot
be said to be a factor here. The seasonal distribution of the larvae in the
stream is in accordance with the general biological characteristics of the
larvae of these family members. While it was in high numbers in autumn, it
decreased from winter to spring due to the irregularity of the water regime,
and in summer, despite the new individuals hatching due to maturation,
the number was less than in autumn and winter months. Tanypodinae and
Chironominae species were never found among the larvae that emerged
in small numbers due to the rapid currents in February, March, and April.

The most common species in Ogulpasa Stream are Procladius
(Holotanypus) sp., Chironomus anthracinus, C. viridicollis and Polypedilum
aberrans. This is in accordance with the bioecological characteristics of
the species. Tanypus, Cricotopus, Polypedilum and Chironomus genera
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are cosmopolitan (Polatdemir and Sahin, 1997) and can be found in any
aquatic environment. The ratios of their presence in the family are Tanypus
9.55%, Cricotopus 10.78%, Chironomus 25.25%, Polypedilum species
32.72%.

Floods in the spring in the creek reduced the number of individuals
due to drift. The low incidence of Tanypus species from predatory forms
can be explained in this way. Also, some of the Tanytarsini members may
have been less affected as they were in the tubes they made. However, the
fact that Polypedilum species from Chironominae are more common is
because they are the general preferences of places such as sand and under
stones in fast flowing waters.

In addition, Ulfstrand et al (1974) reported that in many countries,
aquatic insect larvae and nymphs drift with the current to escape from
predators, and their rates in benthos change. Elliot (1971) reported that
many aquatic insect adults fly upstream to lay eggs in spring and summer,
and their densities in benthic fauna change.

Apart from being consumed by demersal fish in these waters, these
numerical or species characteristics that cannot be explained by the
physicochemical structure of the water, habitat type and similar factors can
be explained by the migration of adults to nearby lakes, ponds and other
streams in spring and summer.
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1. Introduction

The Human Development Index (HDI) is a concept created by the
United Nations, which is used to measure the human development levels of
countries. The HDI determines the human development levels of societies
in three main areas: health, education and income. Energy, which is one
of the most basic inputs for the socio-economic development of countries,
raises the welfare level of societies and is used in almost all areas of daily
life. Energy is an important tool to eradicate poverty and sustain human
development in job creation, agriculture, transportation, trade and economic
development (Karekezi et al. 2012). Increasing energy consumption in
the last century has been recognized as a key element in the process of
industrialization and economic development (Warr and Ayres, 2010). The
continuity and indispensability of the need for energy raises the problem
that resources can run out over time. Although the demand/supply of non-
renewable energy resources is high, renewable energy resources have
become popular in recent years with the determination of economic targets
by considering environmental factors. Especially for a sustainable world
and sustainable economic growth, renewable energy sources are important
for countries. Renewable energy sources have become the focus of clean
and inexhaustible energy studies because they are both environmentally
friendly and can renew themselves faster than the rate of depletion.
Countries are making studies, regulations and investments in this field in
order to make progress in renewable energy. In recent years, the number
of empirical studies showing that energy consumption, economic growth
and human development are interrelated has been increasing. Menyah and
Rufael (2010) investigated the causal relationship between CO2 emissions,
renewable energy and nuclear energy consumption and real GDP for the
USA during the 1960-2007 periods. Steinberger et al. (2012) examined
the correlation between carbon emissions and human development and the
change over time in the related study. In his study, Dogan (2016) analyzed
the relationship between economic growth, renewable and non-renewable
energy consumption for Turkey in terms of both short- and long-term
estimation and causality. Inal et al. (2017) analyzed the relationship between
the annual GDP growth rate and the use of alternative energy sources
in Turkey, using annual data for the period 1960-2014. Saricoban et al.
(2018) investigated the effects of education expenditures, environmental
expenditures and HDI on carbon emissions. Wang et al. (2018) investigated
the relationship between renewable energy consumption, economic growth
and human development index in Pakistan for 1990-2014 using the Two-
Stage Least Squares (2SLS) method. The empirical results revealed that
the consumption of renewable energy does not improve the state of the
human development process in Pakistan. Rahmani (2019) empirically
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investigated the relationship between renewable energy consumption and
economic growth in the Turkish economy using time series for the period
1970-2016. Sasmaz et al. (2020) demonstrated the relationship between
renewable energy and human development in 28 OECD countries from
1990 to 2017 with panel data analysis and concluded that renewable
energy has a positive effect on human development. Abid et al. (2020)
examined the relationship between renewable and non-renewable energy
consumption, economic growth, environmental sustainability and human
development index in Pakistan with a fully modified ordinary least squares
approach. Bucak (2021) conducted panel data analysis using the annual
data of the Economic Complexity Index, the Human Development Index
and per capita carbon emissions (metric tons). As a result of the analysis,
it was found that there is a cointegration relationship between the three
variables, that is, the series move together in the long term. In this study,
we determined the role of renewable energy and economic growth in
the human development process in OECD countries with the fractional
regression model. In the fractional regression model, the appropriate
link function was selected using information criteria and the parameters
were estimated using the model. The article is organized as follows. In
section 2, the Fractional Regression model is defined. Section 3 presents
the employment of fractional regression model. Finally, the results are
summarized and discussed.

2.Material and Methods
2.1. Fractional Regression Model

The Fractional Regression model (FRM) was developed by Papke and
Wooldridge (1996) in order to deal with limitations on linear and nonlinear
econometric models for bounded response variables. In the standard
FRM, the data does not require transformation to estimate the conditional
expected value of the dependent variable. Furthermore, the semi-maximum
likelihood method (QMLE) is used in parameter estimation and it produces
fully robust and relatively efficient estimates under general linear model
conditions.

Let y,, defined fractional response variable in the range [0,1] for the
i-th individual and i=1,...,N, at time t, t=1,...T, and x, denote a k-vector
of explanatory variables. The conditional expected value for the standard
fractional regression model defined by Papke and Wooldridge (1996) is as
follows:

E(y, [x)=G(x,6) )

Here, 0 is a vector of the parameters of interest, G (.) is a nonlinear
function limited in the range of 0<G(.)<I. The parameters of the model
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indicated by equation (1) can be estimated by QML method. Alternatively,
nonlinear least squares or maximum likelihood estimation can be used, but
itis less efficient than QML estimation. Generally, logit or probit functional
form is defined for G (.). Alternative features like loglog, cloglog and
cauchit models were defined by Ramalho et al. (2011). Appropriate G(.)
link functions for the fractional regression model are given in Table 1.

Table 1. Link functions for the fractional regression model

Link G(x0)
Logit e"’e/(l +ex9)
Probit ®(x0)
cloglog 1—e"
loglog e—e™
Cauchit 1/2 + 1/m(arctan(x0))

2.2. Performance Measurement

There are many statistical criteria used to evaluate model performance
in regression analysis. The criteria used are very important in terms of
comparing different regression models. The criteria used in the evaluation
of model performance in this study; the coefficient of determination (R2),
the mean squared error (MSE), the mean absolute error (MAE), the root
mean squared error (RMSE). A high R2 value indicates that the prediction
relationship is good. MSE, MAE, RMSE are the average error measure, so
low values indicate good performance. The error measures are defined as
follows

MSE = =3(y; = 9))

MAE = = (Zly; - 91)

RMSE =

)

RE=1 ~
E(yi_}_’)
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3. Application Part

In the study, data for 2019 of 38 OECD (Organization for Economic
Cooperation and Development) countries were used and the data was
obtained from (URL-1, 2021). A set of 5 continues variables are used in
this paper and described as, dependent variable(Y): Human Development
Index (HDI), independent variables: Gross domestic product (GDP-per
capita) (x1), CO2 emission (metric tons per capita) (x2), ,Renewable
energy (percentage of total primary energy supply) (x3), Urbanization (as
the growth rate of urban population) (x4). Analyzes were performed using
R software’s 3.5.2 version. The role of renewable energy and economic
growth in the human development process in OECD countries were
determined by the FRM method using “frm” package from the R software.
In the fractional regression model, model structures were established by
taking logit, probit, cloglog, loglog, cauchit link functions, respectively.
Model performance criteria are as given in Table 2.

Table 2. Performance measurement for Models

Models R2 IMSE IMAE RMSE

IFRM1(with logit link) 0.837 0.0003847816 |0.01467276  |0.01961585
IFRM2(with probit link) 0.812 0.0004508721 10.01590308  |0.02123375
IFRM3 (with cloglog) 0.784 0.0005260815 0.01727863 0.02293647
IFRM4 (with loglog link)  [0.844 0.0003674295 10.01437777  |0.01916845
IFRMS (with cauchit link) [0.919 0.0001868213 0.010108 0.01366826

The model with the highest R2 value and lower error rates than MSE,
MAE and RMSE shows the best performance. In Table 2, the model
that gives the best performance in parameter estimation is the fractional
regression model with cauchit link function (FRMS).

Table 3. Coefficients for the FRM5 model

Coefficient Estimate Std. Error t value Pr(>t))
(Intercept) 0.620949 0.207938 2.986 0.003 ***
x1 0.000062 0.000008 8.256 0.000 ***
x2 0.073498 0.022779 3.227 0.001 ***
x3 -0.115628 0.063544 -1.820 0.069 *
x4 0.005535 0.004131 1.340 0.180

* Significant at the 0.05 probability level
** Significant at the 0.01 probability level
**%* Significant at the 0.001 probability level
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Table 3 shows the coefficients of fractional regression model where
the link function is selected as cauchit. According to the fractional
regression model the variables GDP and Renewable energy affect the
human development index positively. Besides that, CO2 emission has a
negative influence on the human development index.

4. Conclusion

The human development index is a multidimensional concept with
economic, social and social dimensions. Human development and the
welfare of the society will increase if factors such as improvements in
education, health, nutritional conditions, and reduction in crime rates in
the society are provided together with economic growth. However, the fact
that the economic size of the countries is high does not mean that other
factors will increase along with it. When countries use non-renewable
energy sources in the production process to increase their economic
growth, the amount of carbon released increases, global warming and
environmental pollution occur, and welfare decreases. (Dinger and
Karakus,2020). Renewable energy sources protect the environment by
reducing carbon emissions, energy imports are limited or not required if
necessary investments are made, thus reducing or eliminating the problem
of energy dependence. In the case of non-renewable energy consumption,
carbon emissions occur, which creates a major obstacle for countries in the
path of development. From this point of view, the scope of the energy used
is of great importance for the growth and development of countries.

In this study, fractional regression model was used to determine the
role of renewable energy and economic growth in the human development
process in OECD countries in 2019. First, five different fractional regression
models were created by taking logit, probit, cloglog, loglog, cauchit
link functions. When the model performance criteria were examined, it
was seen that the fractional regression model created by choosing the
cauchit link function with the highest R2=0.919 and the smallest MSE=
0.0001868213 value was the best model. When parameter estimations
are made with the fractional regression model by choosing the cauchit
link function, a positive effect of GDP, and Renewable energy variables
on the human development process, and a negative effect of the CO2
emission variable have been observed. The results are quite consistent
with the literature (Manga and Akar, 2020). As CO2 emissions increase,
environmental pollution and climate change will be inevitable. Climate
change has become an indisputable reality that poses a serious threat to
the sustainable growth of society, economy and environment (Wang et al,
2019). Therefore, countries need to implement sustainable environmentally
friendly policies.
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1. INTRODUCTION

Tourism is one of the largest industries in the world and provides
employment opportunities for hundreds of thousands of people every
year. The rapidly growing tourism sector encourages the citizens of
countries to become producers or consumers of tourism. The economic
contribution of tourism to countries can be shown as the reason for these
behaviors of countries. The tourism sector, which contributes directly or
indirectly to the economy in many countries, is an important economic
activity, especially in developing countries. In many developing countries,
international tourism is seen as an important source of economic growth
(Brohman, 1996). Tourism should not be viewed only to create an
economic resource. Tourism is not just a change of geographical location
with people moving from one place to another; Simultaneously, it has a
direct or indirect effect on many fields such as education, cultural, socio-
cultural, economic, sociological, psychological, environmental. Therefore,
developed and developing countries give increasing importance to tourism
activities. In recent years, the number of studies on estimating the number
of foreign tourists has increased. Onder and Hasgiil (2009) used artificial
neural networks and traditional time series analysis methods to estimate
and compare the number of long-term foreign visitors. Chun et al. (2012)
used ARIMA models and backpropagation neural network (BPN) methods
to estimate the number of tourists coming to Taiwan abroad and stated
that the BPN model gave the best results. Karahan (2015) estimated
the number of tourists coming to Denizli in the first six months of 2014
with the artificial neural networks (ANN) model. Sel and Numan (2020)
estimated the number of foreign tourists and tourism revenues in Turkey
for 2020 monthly with ARIMA models. Cuhadar (2020) estimated the
domestic tourism demand in Turkey using the Exponential Smoothing and
Box-Jenkins methods.

In this study, the data set of the number of citizens coming to
Turkey monthly was used between 2012 and 2020, taken from the TUIK
database. After applying ELM and MLP algorithms to this data set, model
performances were compared. The article is divide as follows: In section
2, MLP and ELM are explained. In section 3 are shown the results of the
algorithms. Finally, in section 4, given the conclusion part.

2. MATERIAL AND METHODS

2.1. Extreme Learning Machine (ELM)

The extreme learning machine (ELM) model was proposed by Huang
et al. in 2006 (Huang et al., 2006). In the ELM model, unlike the artificial
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neural network algorithms, the hidden layer w is determined randomly. In
an ELM, let us say X is the input and Y, is the output of the network. The
mathematical expression of the ELM model is defined as follows (Suresh
et al., 2010)

M
Zﬁig(wi}(k+bi):yk k=12..N

where f3; the output weight, ¥, the input weight matrix, and the b, the
threshold values in the i. neuron.

The ELM algorithm can be summarized in three steps as follows. The
first step is, input weight W, and bias b, is produced randomly with i =1,...,
M. The second step is the output matrix of the hidden layer H calculated.
The last step is the calculation of output weights (Liang et al., 2006).
Nikolaos Kourentzes et al. have developed a newly introduced R package
called nnfor to estimate and forecast ELM algorithms in time series data
(Kourentzes, 2019).

2.2. Multilayer Perceptrons (MLP)

In artificial neural network algorithms, the input layer consists of
hidden layers and output layers. Multilayer artificial neural networks are
preferred for nonlinear problems. In this algorithm, it can have multiple
inputs and multiple hidden layers. The neurons of a given layer feed with
their outputs the neurons of the next layer. The one-step-ahead forecast

fft +1 1s computed using inputs that are lagged observations of the time
series or other explanatory variables. The mathematical expression of the
MLP model is defined as follows

H 1
Vi1 =By + Z BLeCvy + Z Vi P0)
h=1 iz1

w(p, v) are the network weight with B, y for the output and hidden
layers, respectively (Alzahrani et.al., 2020).

In MLP applications for the time series, lags of the series, potentially
together with lagged observations of explanatory variables, are used as
inputs to the network. The network output is compared to the target, and
the resulting error is used to update the network weights.
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3. APPLICATIONS

In this study, ELM and MLP methods have been applied to predict the
number of tourists in Turkey. Monthly time-series data from 2012 to 2020
of tourist numbers were collected from URL-1. The graph of the change in

the number of tourists to Turkey between 2012 and 2019 is given in Figure
1.
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Figurel. Time series plot of the number of tourists in Turkey

While the number of tourists in 2019 found the highest value, the
number of tourists decreased in April 2020 due to Covid. After these
restrictions were over, they started to rise. The logarithmic transformation
has been done to the dataset.

Firstly, The ELM model was applied to the number of tourists. The
parameters in Table 1 were obtained as a result of the experiments.
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Table 1. Parameters of the ELM learning algorithms

Input :4

Hidden Layer:40
Layer Numbers RN

Output Layer :1
Activation Functions Linear

0.082
MSE ?

A visual summary of the ELM model was given in Figure 2.

ELM

Inputs Hidden
(S (40) Output

Figure 2. The structure of the ELM model

In Figure 2, the output indicates that the resulting network has 40
hidden nodes, trained 20 times, and the different forecasts were combined
using the median operator. Finally, the predicted value obtained from the
ELM model and actual values were given in Figure 3.
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— Predicted value
— Actualvalue

Values

T T T T
2014 2016 2018 2020

Year

Figure 3. Comparison between the predicted value and actual value for ELM
model

It is seen in figure 3 that the predicted values obtained from the ELM
model and the actual values are very close. Secondly, the MLP model was
applied to tourist data. The parameters in Table 2 were obtained as a result
of the experiments.

Table 2. Parameters of the MLP learning algorithms

Inputs:35
s
Activation Functions Linear
MSE 0.0046
Input

A visual summary of the ELM model was given in Figure 4.
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MLP

Inputs Hidden
(35) (5) Output

Figure 4. The structure of the MLP model

In Figure 4, the output indicates that the resulting network has five
hidden nodes and input nodes, it was trained 20 times, and the different
forecasts were combined using the median operator. Finally, the predicted
value obtained from the ELM model and actual values were given in
Figure 5.
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Figure 5. Comparison between the predicted value and actual value for MLP
model

It is seen in figure 5 that the predicted values obtained from the MLP
model, and the actual values are very close. Predicted values and actual
values are very close to each other such as the ELM model.

Table 3. Evaluation Metrics for ELM and MLP models

Model MSE RMSE MAE
ELM 0.0829 0.28479 0.1641
MLP 0.0046 0.068 0.0477

We compared these two models using MSE, RMSE, MAE values. The
MLP model outperformed the ELM model with its MSE value of 0.0046,
RMSE value of 0.068, and MAE value of 0.0477, which is smaller than
the ELM model.
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4. CONCLUSION

Many factors affect tourists’ visits to a country. Some of them are
shaped by the natural and physical conditions of the country. It is shaped
depending on the country’s natural and physical conditions and political,
social, and economic stability. Unusual events such as epidemics, natural
disasters, political and economic crises can negatively affect tourism
development. The rapid spread of COVID-19 to large areas, the uncertainty
of the transmission process and its treatment, and the obligatory travel
measures, directly affected tourism and reduced the volume of tourism in
the regional sense (Wen et al., 2020). When the tourism data in Turkey and
the world are examined, it is seen that there are great decreases in 2020
(URL-2)

In this study, ELM and MLP methods were applied to predict the
number of tourists visiting Turkey. First, the optimal result was achieved
when four inputs and 40 hidden layer parameters were used in the ELM
model to the monthly dataset. The predicted values obtained from the
ELM model and the actual values are very close. Secondly, MLP was
applied to the monthly dataset. The optimal result was achieved when 35
inputs and five hidden layer parameters were used in the MLP model to the
dataset. Similar to the ELM method, the actual and predicted values were
close to each other in the MLP method. Afterward, we compared the ELM
versus MLP method according to performance criteria. Results show that
MLP with one hidden layer overcomes clearly ELM (Vergana et al., 2015).
These two models are likely to provide a scientific basis for predicting the
number of tourists in the following years.
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1. INTRODUCTION

Substances which are necessary for biochemical tasks in the
metabolism, synthesized by the organism or not synthesized by the
organism and taken externally through the nutrients are called vitamins.
Especially green plants are among the most important sources of vitamins
(Munzuroglu et al., 2000). Vitamins are involved in the regulation of
biochemical events in metabolism with their presence in the structure of
enzymes and proteins that function in metabolism. Vitamins are classified
into two groups, fat-soluble and water-soluble. One of the fat-soluble
vitamins is vitamin D. Vitamin D is a type of sterol which is a hormone
and has hormone precursors, and is produced in tissues and released to the
bloodstream, acting in other tissues.(Holick, 1994; Champe et al., 2007 ).

Vitamin D is also called the sunshine vitamin. This vitamin is
crystalline in structure, white in color. It is also resistant to heat and
oxidation (Holick, 2005). Vitamin D is also referred to as calciferol. Two
types, called metabolism cholecalciferol (vitamin D3) and ergocalciferol
(vitamin D2), are very common (Ongen et al., 2008). Since vitamins D2
and D3 are metabolized via similar pathways, they are called vitamin D
(Hatun et al., 2003; Gog¢oglu, 2010). While most of the cholecalciferol
form is synthesized in the skin by ultraviolet-B (UVB) rays, very little is
taken via diet. The D2 form is obtained from plant-based foods (Gil et al.,
2018; Uitterlinden et al., 2004).

HO"
Figure 1. Ergocalciferol (D2) Figure 2. Cholecalciferol (D3)

HO

2. SOURCES OF VITAMIN D

Vitamin D is obtained in three ways. It is taken by the metabolism
through nutrients, the exposure of vitamin D-containing substances
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to ultraviolet light, and the direct exposure of the skin to sunlight
(Goziikara, 2011). Vitamin D has two forms; the form of cholecalciferol
(Vitamin D3), which is synthesized in the skin by ultraviolet rays, and
the form of ergocalciferol (Vitamin D2), which is taken via nutrients
(fish, dairy products and eggs, etc.). Cholecalciferol (D3) is synthesized
from 7-dehydrocholesterol in the skin under the influence of ultraviolet
rays (UV) (Glerup et al., 2000; Holick, 2005). Vitamin D taken into the
body is converted to 25(OH)D by the 25 hydroxylase enzyme in the liver
(Lerchbaum & Obermayer-Pietsch, 2012). In addition to its synthesis in
the body, vitamin D can also be taken into the body with foods (Ongen
et al., 2008). Dietary intake of vitamin D is limited. Especially mackerel,
salmon and tuna, egg yolk, butter, milk, liver, oats, broccoli, potatoes,
parsley, seaweed, and mushrooms are among the foods rich in vitamin D
(Atas et al., 2008; Holick, 2006). Studies indicate that cod liver oil is rich
in vitamin D. Sources of vitamin D are shown in Figure 3 (Aksit, 2012).
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Figure 3. Sources of Vitamin D

However, none of these nutrients can meet the daily requirement of
vitamin D (Fletcher et al., 2002; Atas et al., 2008). The largest source of
this vitamin is the D3 form produced with sunlight (Glerup et al., 2000).
Studies have shown that the biological activity of vitamin D3 is higher than
that of vitamin D2 (Armas et al., 2004; Bikle, 2007). The two forms of
vitamin D are chemically similar, but they are biologically quite different.
The ways of obtaining the two forms of this vitamin are different. While
cholecalciferol is synthesized in the skin through sunlight, ergocalciferol is
plant-based. Ergocalciferol is produced by exposing the ergosterol in yeast
and fungi to ultraviolet rays (Miiller & Volmer, 2015).
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3. VITAMIN D METABOLISM

Vitamin D forms in metabolism are absorbed in the intestines.
Later, it is mixed into the bloodstream via vitamin D binding proteins.
The metabolisms of D group vitamins are similar. Fat-soluble D group
vitamins are present in many structures such as the liver, adipose tissue,
intestines, and skin (Giirdol & Ademoglu, 2010). These vitamins, which
are transported to the liver especially by binding proteins, are converted
to 25(OH)D to 25-hydroxy vitamin D via the 25-hydroxylase enzyme
(Murray et al., 2004; Ongen et al., 2008). The enzyme involved in the
synthesis of vitamin D is 25-hydroxylase. Steps of vitamin D synthesis are
presented in Figure 4. (Wacker & Holick, 2013; Bringhurst et al, 2005).

Sekil 1: Vitamin D biyosentezi
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Figure 4. Biosynthesis of Vitamin D

The first step in the synthesis of vitamin D is the conversion of
Provitamin D (7-dehydrocholesterol) in the skin to Previtamin D3 with the
help of UVB rays with a wavelength between 290-315 nm. Previtamin D3 is
then converted to vitamin D3 (cholecalciferol). Vitamin D (cholecalciferol
or ergocalciferol) in metabolism is converted to 25-hydroxycholecalciferol
[25(OH)D, calcidiol] by the 25-hydroxylase enzyme in the liver. Then,
the resulting 25(OH)D is converted to 1,25-dihydroxycholecalciferol
[1,25(0OH)2D3], whichisanactive vitamin D product, by the 1 a-hydroxylase
enzyme in the kidneys and other tissues. Eighty-five percent of vitamin D
is transported by binding to vitamin D-binding protein (DBP) and 14.6%
by binding to albumin (Bouillon, 2011).

Moreover, 25-hydroxy vitamin D gives information about the level of
vitamin D in the body (Ozkan & Déneray, 2011). Many studies have been
conducted on blood 25(OH)D levels to specify vitamin D deficiency and
excess in the human body. The results of these studies are shown in Table
1 below (Wacker & Holick, 2013; Holick et al, 2011; Lavie et al., 2011).
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Table 1. Blood serum 25(OH)D Level (ng/mlL)

Serum 25(OH)D Level (ng/mL) IDiagnosis

10 ng/mL Severe deficiency

20 ng/mL Deficiency
21-29 ng/mL Insufficiency (Moderate deficiency)

30 ng/mL Sufficient (optimum range 40-60 ng/mL)
40-50 ng/mL Ideal

150 ng/mL Intoxication (Toxic)

4. FUNCTIONS OF VITAMIN D IN METABOLISM

Important effects of vitamin D, which is an important nutrient for
metabolism, on health has recently been discovered. It is known that
vitamin D affects important biochemical events such as calcium metabolism
and absorption. Studies show that vitamin D deficiency is associated
with increases in tuberculosis, sclerosis, type 1 diabetes, cardiovascular
diseases, rheumatoid arthritis, hypertension and many types of cancer, etc.
(Grant & Holick, 2005; McLaren, 2006).

The most important function of this vitamin in metabolism is calcium
and phosphorus metabolism and mineralization of bones (Champe et al.,
2007; Fariba et al., 2013). Vitamin D especially regulates phosphorus and
calcium metabolism in the body. It is an important hormone playing a role
in the body’s growth, development, and formation of a healthy skeletal
structure (Atas et al., 2008; Kulie et al., 2009). Furthermore, together with
parathormone, vitamin D ensures calcium and phosphorus absorption in
the body. In this way, it ensures the equilibrium of these elements (Ca and
P) in the body. Calcium metal is extremely important for human and animal
metabolisms. The need for calcium metal in the body leads to the secretion
of parathormone in the metabolism. For this reason, parathormone has a
very important role in the regulation of vitamin D metabolism (Hatun et al.,
2003). 1,25 dihydroxy vitamin D3 (1,25(0OH)2D) is an active metabolite
of this vitamin. This metabolite functions in maintaining the plasma
calcium level. 1,25 dihydroxy vitamin D3 helps increase Ca absorption in
the duodenum and P absorption in the ileum in the body. Moreover, 1,25
dihydroxy vitamin D3 metabolite decreases parathormone synthesis and
increases the production of insulin hormone (Ongen et al., 2008).

Recent studies have been conducted on the effects of this vitamin on
reproductive health and infertility (Colonese et al., 2015). In particular, it
has been reported that vitamin D has different functions in cell proliferation,
differentiation, neurotransmission, and neuroplasticity in the nervous
system in the body (Eyles et al., 2012).
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Vitamin D has been found to have a protective role against many
types of cancer (Dadali, 2010). It has also been proven by studies that it
protects the body against significant diseases such as hyperparathyroidism,
coronary artery disease, and tuberculosis (Wilkinson et al., 2000; Wang et
al., 2008; Talapatra & Tymms, 2010).

5. VITAMIN D DEFICIENCY AND RELATED DISEASES

Vitamin D deficiency in the metabolism has many causes. These are
age, indoor environments, covered clothing, genetic factors, kidney and
liver diseases, smoking, air pollution, use of sunscreen, physical inactivity,
and use of drugs that affect vitamin D metabolism.

Increases were observed in Type I diabetes, multiple sclerosis,
rheumatoid arthritis, osteoarthritis, Crohn’s disease, various cardiovascular
diseases, and many types of cancer associated with the deficiency of this
vitamin (Mutlu & Hatun, 2011). It was stated that vitamin D and Ca
deficiency led to osteoporosis, in which there was a high probability of
weakening and fracture of bones (Fletcher et al., 2002).

It was revealed by studies that the deficiency of this vitamin
affected the endocrine functions and inhibited insulin secretion in the rat
pancreas (Norman et al., 1980). In another study conducted with rats, it
was concluded that the deficiency of this vitamin negatively affected the
reproductive capacity of rats (Halloran & Deluca, 1980). It was reported that
the deficiency of this vitamin caused rickets in children and osteomalacia
in adults (Lane, 2009). It was also concluded that the deficiency of this
vitamin leds to high plasma triglycerides and VLDL levels and impaired
insulin metabolism in the body (Whayne, 2011).

It is known that vitamin D deficiency in high-risk areas leads to various
types of cancer (breast, ovarian, colon, esophageal, and prostate cancer).
There is also evidence that the deficiency of this vitamin leads to heart
failure. A relationship was determined between vitamin D deficiency and
rheumatoid arthritis development (Holick, 2005). Studies have shown that
low levels of this vitamin cause an increase in daytime sleepiness in the
body (McCarty et al., 2012).

Besides, it was determined that there was an increase in the cases
of depression and schizophrenia as the amount of vitamin D in the body
decreased. An increase was determined in the cases of both schizophrenia
and bipolar disorder in children born in autumn-winter periods, during
which the exposure to sunlight in pregnancy was less (McGrath et al.,
2002).
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6. VITAMIN D EXCESS AND RELATED DISEASES

High amounts of vitamin D intake has a toxic effect. An excess amount
of vitamin D leads to an increase especially in serum calcium and phosphate
levels. As a result, calcium accumulates in the kidneys and blood vessels.
Disorders such as weakness in the muscles, gastrointestinal disorders, and
renal dysfunction occur in the body (Asi, 1999). Furthermore, high amounts
of vitamin D cause calcification in the joints and soft tissues. A high level
of 25 (OH) vitamin D in blood serum leads to increased calcium absorption
and severe hypercalcemia. In addition, the symptoms observed as a result
of excess vitamin D are related to the effect of hypercalcemia. Studies
have reported that calcium causes symptoms such as hypotonia, polyuria,
fatigue, polydipsia, restlessness, arrhythmia, nausea, and vomiting, as well
as its effects on the heart, kidneys, nerves, digestion, and muscles (Kara et
al., 2012; Hatun et al., 2003).

7. METHODS OF QUANTIFYING VITAMIN D AMOUNT

To quantify serum vitamin D levels, 25(OH)D levels are used. This is
because the half-life of 25(OH)D metabolite was reported as 2-3 weeks.
The 1.25(OH)2D metabolite, which is the biologically active form of
vitamin D, is not suitable for quantifying vitamin D levels. This is because
the half-life of this metabolite is as short as 4-6 hours. Additionally, it has
1000 times lower activity than the 25(OH)D metabolite (Aksoy, 2000).
There are many methods to quantify the 25-OH Vit D metabolite amount
in the metabolism. These methods are as follows:

1. Enzyme immunoassay,

2. Competitive protein binding method,

3. Chemiluminescence immunoassay (CLIA),

4. Radioimmunoassay,

5. High performance liquid chromatography (HPLC),

6. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
(Burtis et al., 2012).

Today, LC-MS/MS method is more preferred. The reason this method
is more preferred is that it produces more accurate and error-free results
with fewer samples. Moreover, with the LC-MS/MS method, the extraction
of 25(OH)D2 and 25(OH)D3 vitamins from serum or plasma can be
performed and quantitatively measured (Horst & Hollis, 1999; Burtis et
al., 2012).
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1. The Importance of Medicinal and Aromatic Plants

Plants have been used by humans since the existence of humanity
to meet many basic needs such as nutrition, shelter, heating, treatment of
diseases and still continue to be used with increasing interest (Bayram et al.,
2010; Faydaoglu and Surucuoglu, 2011; Sevindik et al., 2017, Mohammed
et al., 2018; Goktas and Gidik, 2019). Medicinal and aromatic plants, which
do not yet have a standard classification among the plants, but represent an
important group in terms of health, are used to prevent or treat diseases,
to ensure the continuity of health, and to give a pleasant smell, aroma or
flavor (Bayram et al., 2010; Pehlivan et al., 2018; Mohammed et al., 2019a).
Today, medicinal and aromatic plants, which have a wide range of uses,
are utilized in many areas such as food, cosmetics, paint, textile, medicine
and agriculture. The demand, interest and usage rate of these plants varies
according to the development level of the countries (Acibuca and Budak,
2018; Goktas and Gidik, 2019). Traditional, complementary and alternative
medicine, in which medicinal and aromatic plants are used, is preferred
more in developing countries than in developed countries. However, it is
seen that the interest in medicinal and aromatic plants and the use rate of
herbal origin drugs have increased in developed countries in recent years
(Besen and Beji, 2014; Bayram et al., 2010; Acibuca and Budak, 2018;
Mohammed et al., 2019b; Akgiil et al., 2020). Compared to the 1930s and
1940s, when the production and use of synthetic drugs worldwide peaked,
the increase in demand for natural products in developed countries towards
the end of the 20th century led to the fact that both herbal medicines and
medicinal and aromatic plants became important (Bayram et al., 2010;
Mohammed et al., 2020). In this case, it can be said that the demand for
medicinal and aromatic plants in the world market has increased (Bayram
et al., 2010; Goktas and Gidik, 2019). As a matter of fact, it is estimated that
the medicinal and aromatic plants market has reached an annual figure of
approximately 100 billion dollars (Acibuca and Budak, 2018; Mohammed
et al., 2021).

Today, it has become necessary to discover natural bioactive
compounds and to create natural and alternative treatment opportunities
from these compounds, due to reasons such as the fact that synthetic drugs
and various treatment methods used in the treatment of human-specific
diseases cause serious side effects and are costly (Akgiil et al., 2017;
Korkmaz et al., 2018; Bal et al., 2019; Goktas and Gidik, 2019; Sarac et
al., 2019; Ashokkumar et al., 2020). The raw material of the developed
herbal drugs is usually obtained from medicinal plants (Faydaoglu and
Surucuoglu, 2011). Medicinal plants have a large number of components
with different bioactivities that can affect animal metabolism or physiology.
Therefore, medicinal plants are an important resource for the discovery of
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new alternatives and bioactive molecules in drug development studies for
various diseases (Sarac et al., 2018). In a study conducted by the World
Health Organization (WHO) on 91 countries, it was reported that the
medicinal plants used for treatment are around 20,000 in total, and about
500 of them are cultivated and produced (Benli and Yigit, 2005; Bayram et
al., 2010; Faydaoglu and Surucuoglu, 2011; Sarac et al., 2018).

In the studies carried out so far, it has been determined that many
medicinal plants, especially the plants used traditionally among the people,
and the extracts obtained from these plants have beneficial biological
activities and therapeutic effects (Khalaf et al., 2008; Yucel et al., 2012;
Sarac et al., 2019).

2. General Characteristics of Cardamom (Elettaria cardamomum
L.) Plant

Elettaria cardamomum L., which originates from South Asia,
is a perennial, rhizomatous herbaceous plant species belongs to the
Zingiberaceae family that can grow up to 2-5 m (Akgul, 1993; El Malti
et al., 2007; Rajan et al., 2017; Ashokkumar et al., 2020). The leaves,
which are lanceolate, green or dark green and glabrous, are about 30-35
cm long and 7-10 cm wide. Its flowers are white. Approximately 120 days
after flowering, triangular, oval, capsule type fruits are formed. Initially
green, the fruit turns a golden yellow or brownish color when ripe. Each
capsule contains about 12 to 32 seeds, depending on the genotype. It is
commonly known by the names small, green or true cardamom (Akgul,
1993; Agaoglu et al., 2006; Rajan et al., 2017; Ashokkumar et al., 2020).
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Figure 1. Capsule fruits and seeds of E. cardamomum plant

It is cultivated mostly in southern India, Sri Lanka, Tanzania, Nepal,
Indonesia, Malaysia, Costa Rica, Mexico and Guatemala (El Malti et al.,
2007; Ashokkumar et al., 2020; Souissi et al., 2020). It is also known
in Morocco as the producer of cardamom used in cooking (El Malti et
al., 2007; Singh et al., 2008). In southern India, where its cultivation is
most intense, it is cultivated at an altitude of 900 to 1400 m and there are
Cardamom Hill Reserves for cardamom cultivation, covering an area of
1050 square kilometers (Ashokkumar et al., 2020).

Figure 2. An image of Cardamom Hills in India

The use of the cardamom plant by humans dates back to the fourth
century BC and is still used for various purposes today (Korikanthimathm
et al., 2000). Commonly used parts of the plant are the capsule fruits
and seeds. Its seeds, which are ground into powder, are used as a spice
in various dishes, especially meat dishes, in many countries. It is one of
the most widely used spices in Moroccan cuisine, especially to flavor
Moroccan tajines. In addition, in India, which is known as the world’s
largest producer, consumer and exporter of spices, cardamom spice has



96 - Handan Sarac

been used frequently since ancient times and is known as the “Queen of all
Spices” (Korikanthimathm et al., 2000; El Malti et al., 2007). It is the third
most expensive spice after saffron and vanilla (Paniagua-Zambrana et al.,
2020). Due to its distinctive sharp aroma and pleasant flavor, there is also
a cardamom coffee variety among the flavored coffee varieties (Karaca et
al., 2005). Cardamom coffee, which is called “gawah” in Arab culture, is a
popular coffee variety because it reduces the caffeine content in coffee and
is good for headaches and stress (Ashokkumar et al., 2020).

The essential oil obtained from its seeds has a wide range of uses. It
is used in products such as alcoholic and non-alcoholic beverages, frozen
desserts, bakery products, puddings, sauces, etc. in the food sector, and
in perfumes, lotions, soaps, detergents and massage oils due to its strong
aphrodisiac and antiseptic effect (Ravindran, 2002; El Malti et al., 2007;
Singh et al., 2008; Ashokkumar et al., 2020).

It is known that the cardamom plant is used traditionally in the
treatment of various diseases, as well as the use of flavor and aroma. It is
used in traditional Chinese and Indian medicine to relieve intestinal gas
problems and various digestive problems (Ravindran, 2002; El Malti et
al., 2007). In fact, it is stated in the literature that it has positive effects on
fertility as it plays a role in genital system secretion (Besen and Beji, 2014).
Capsule type fruits are traditionally used in the treatment of diseases
such as asthma, gum infections, cataracts, heart and kidney diseases,
diarrhea and constipation. In addition, it is known that the drink made
from cardamom powder is an antidote for snake and scorpion venom, its
capsules have an effect on inflammation and headache, and it is also used in
the treatment of epilepsy. It has a high potential for use as pharmaceutical
and nutraceutical thanks to various bioactive substances found in its fruits,
seeds and especially its essential oil (Karaca et al., 2005; Ashokkumar
et al., 2020). Phytochemical analyzes showed that cardamom plant has
important components such as carbohydrates, proteins, lipids, minerals,
essential oils, flavonoids, terpenoids, alkaloids, tannins, anthocyanins
and carotenoids in its chemical composition (Khatri et al., 2017; Noumi
et al., 2018; Souissi et al., 2020; Ashokkumar et al., 2020). Although the
essential oil content of the plant, which is widely used, varies depending
on environmental factors such as soil conditions, climate difference and
altitude, it contains mainly monoterpene group components (Singh et al.,
2008; Savan and Kucukbay, 2013; Ashokkumar et al., 2019; Jena et al.,
2021).
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Table 1. The major components in E. cardamomum plant

Compound Composition Part of Plant References
Carbohydrates (%) 68.2 Fruits Sontakke et al. (2018); Ashokkumar
et al. (2020)
Protein (%) 10.6 Fruits Sontakke et al. (2018); Ashokkumar
et al. (2020)
Lipid (%) 24 Fruits Sontakke et al. (2018); Ashokkumar
et al. (2020)
Ash (%) 6.72 Seeds Abera et al. (2019)
Oleoresin (%) 10.025 Seeds Abera et al. (2019)
Essential oil (%) 8.01 Seeds Abera et al. (2019)
Total Flavanoids (ug/g) 314.0 Fruits Ashokkumar et al. (2019)
Minerals (mg/100g)
Calcium (Ca) 109.87 Seeds Abera et al. (2019)
Potassium (K) 843.28 Seeds Abera et al. (2019)
Phosphorus (P) 151.29 Seeds Abera et al. (2019)
Iron (Fe) 11.66 Seeds Abera et al. (2019)
Magnesium (Mg)  102.76 Seeds Abera et al. (2019)
Manganese (Mn) 29.32 Seeds Abera et al. (2019)
Zinc (Zn) 1.57 Seeds Abera et al. (2019)
Sulfur (S) 37.14 Seeds Abera et al. (2019)

Table 2. The main components in the essential oil of E. cardamomum plant

Compound Composition (%) References

o-terpinyl acetate 44.3-40.7 Singh et al. (2008); Savan and Kucukbay (2013)

1,8-cineole 10.7-30.4 Singh et al. (2008); Savan and Kucukbay (2013);
Chegini and Abbasipour (2017)

a-terpineol 9.8-14.89 Singh et al. (2008); Ashokkumar et al. (2019)

linalool 8.6-6.4 Singh et al. (2008); Savan and Kucukbay (2013)

sabinene 2.1-13.50 Savan and Kucukbay (2013); Ashokkumar et al.
(2019)

a-pinene 1.15-2.42 Ashokkumar et al. (2019)

nerol 3.69-6.10 Ashokkumar et al. (2019)

3. Biological Activity and Therapeutic Effects of Cardamom (E.
cardamomum L.) Plant

Various bioactivity properties of cardamom plant, which is rich in
bioactive components, have been studied to reveal its medicinal effects
and the traditional use of the plant has been scientifically supported. The
biological activity studies of the cardamom plant have mostly been on
the determination of the antioxidant, antimicrobial, antiinflammatory,
antidiabetic and anticancer effects of the plant. Among these, it is seen that
there are more studies on antimicrobial activity in the literature.
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3.1. Antimicrobial Activity

Compounds with antimicrobial effects are mostly found in the
essential oil of plants (Faydaoglu and Surucuoglu, 2013). For this reason,
studies investigating the antimicrobial effect of the cardamom plant were
generally carried out using the essential oil extract of the plant or various
extracts of the fruit and seeds with high essential oil content. It has been
shown by various in vitro studies that most of these extracts inhibit
some important pathogenic microorganisms such as Escherichia coli,
Staphylococcus aureus, Bacillus cereus and have antimicrobial effects
(Kubo et al. 1991; Singh et al., 2008; Ozkan et al., 2018). In one of these
studies, cardamom essential oil was tested on a variety of pathogenic and
multi-antibiotic resistant bacteria, and the essential oil extract of the plant
was found to be very effective in inhibiting the growth in the majority of
the pathogenic strains (El Malti et al., 2007). In another study in which
the antibacterial effect of extracts obtained from the fruit and seeds of the
cardamom plant was determined, it was reported that both fruit and seed
extracts were effective against Aggregatibacter actinomycetemcomitans,
Fusobacterium nucleatum, Porphyromonas gingivalis, and Prevotella
intermedia microorganisms (Souissi et al., 2020). In a different study
investigating the antibacterial effect as well as the antifungal effect of the
cardamom plant, it was determined that 3000 ppm doses the essential oil
of and methanol, ethanol, chloroform and diethyl ether oleoresins of the
plant had a wide spectrum of antimicrobial activity against Aspergillus
terreus (MTCC 3374), Fusarium graminearum (MTCC 2088), Penicillium
purpurogenum (MTCC 1786) and Penicillium madriti (MTCC 3003)
fungi strains and various gram positive (S. aureus (MTCC 3103) and B.
cereus (MTCC 430)) and negative (E. coli (MTCC 1672) and Salmonella
typhi (MTCC 733)) bacterial strains (Singh et al., 2008). In a similar
study, the antimicrobial effect of water, ethanol, methanol, ethyl acetate
and hexane extracts of the dried fruits of the cardamom plant was studied
by a total of six gram positive and gram negative bacterial strains (E. coli
MTCC-739, S. typhi MTCC-531, B. cereus MTCC-430, Bacillus subtilis
MTCC-736, Streptococcus pyogenes MTCC-442, and S. aureus MTCC-
740). As a result of the study, it was determined that water and ethanol
extract had an inhibitory effect on all tested bacteria, but the activity in the
water extract was higher. In addition, it was determined that ethyl acetate
extract was effective against all microflora except S. ¢yphi strain, methanol
extract was effective only against S. aureus and E. coli, and hexane extract
was completely ineffective against all test microorganisms (Kaushik et al.,
2010). In another study conducted in previous years, some pathogens that
cause food poisoning and various diseases in humans and strains that cause
food spoilage were selected as test microorganisms, and it was found that
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the diethyl ether extract obtained from cardamom seeds showed different
levels of inhibitory activity on Mycobacterium smegmatis, Klebsiella
pneumoniae, S. aureus, E. coli, Enterococcus faecalis, Micrococcus luteus
and Candida albicans, except for Pseudomonas aeruginosa. In addition, it
was detected that the most sensitive strain to cardamom seed extract was
S. aureus (Agaoglu et al., 2006). Due to the traditional use of cardamom in
the treatment of dental diseases, researchers have focused on investigating
the effect of cardamom extracts against various microorganisms that cause
dental caries or periodontal diseases. In most studies conducted for this
purpose, it has been concluded that cardamom extracts can be a potential
source of new antimicrobial agents in the treatment of microbial-induced
dental problems (Aneja and Joshi, 2009; Souissi et al., 2020). As a result of
these studies, it is clear that the essential oil extract and different extracts
of the cardamom plant have a strong antimicrobial effect on both gram
negative or gram positive bacteria and fungi strains. Considering that
plants with antimicrobial activity are used for therapeutic purposes, as well
as as food preservatives, anthelmintic and antifungal against plant pests
(Faydaoglu and Surucuoglu, 2011), the importance of the cardamom plant,
which has a strong antimicrobial effect emerges. It is estimated that the
broad-spectrum antimicrobial activity of the cardamom plant may provide
an important resource for new antimicrobial treatments and potentially be
used in the treatment of many diseases caused by microorganisms showing
antibiotic resistance.

3.2. Antioxidant Activity

Antioxidants are systems that destroy the negative effects of free
radicals (Faydaoglu and Surucuoglu, 2011; Sevindik et al., 2016; Bal et
al., 2017; Celik and Ayran, 2020). The antioxidant potential of a plant
depends on the presence of components such as ascorbic acid, carotenoid,
anthocyanin and tocopherol, primarily phenolic compounds such as
flavonoids and phenolic acids (Khalaf et al., 2008; Sarac et al., 2018; Sarac
et al., 2021). Many biological activity properties such as antimutagenic,
anticarcinogenic, antiaging, antimicrobial, antiviral, antiallergic are also
based on antioxidant compounds (Sarac et al., 2018; Sevindik et al., 2018;
Mohammed et al., 2020; Sarac et al., 2021). Cardamom fruits or seeds are
very rich in antioxidant substance content that neutralizes free radicals
and prevents oxidation at the initial stage. In a study, it was determined
that the cardamom essential oil extract and methanol, ethanol, chloroform
and diethyl ether oleoresins have significant antioxidant capacity (Singh
et al., 2008). In another study investigating the antioxidant activity of
methanol extract of some important plants, including E. cardamomum, it
was determined that the cardamom plant showed a moderate antioxidant
activity (Khalaf et al., 2008). In a study investigating both antioxidant and
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antidiabetic properties of methanol and water extracts of cardamom fruits,
it was determined that water and methanol extract of the plant exhibited
in vitro antidiabetic and antioxidant activities. In addition, it was detected
that the water extract exhibited better activity among the extracts (Ahmed
et al., 2017). In a similar study with water extract of cardamom fruits,
it was determined that the plant exhibits antioxidant, antiobesity and
antidiabetic activities (Al-Yousef et al., 2021). Furthermore, studies on
diabetic rats have found that various cardamom extracts improve impaired
hippocampal functions such as learning and memory, and have the
potential to lower blood sugar and cholesterol (Winarsi et al., 2014; Gomaa
et al., 2019). Among the purposes of use of antioxidant-based drugs are
the prevention or treatment of important diseases such as Alzheimer’s,
stroke and diabetes, which can develop due to oxidative or cellular damage
caused by free radicals (Khalaf et al., 2008; Ahmed et al., 2017). Due to the
thought that synthetic antioxidants used today are not reliable, important
studies are carried out on obtaining natural antioxidants from medicinal
and aromatic plants (Faydaoglu and Surucuoglu, 2011; Celik and Ayran,
2020). In this respect, it is predicted that it is possible to develop new and
natural antioxidative drug formulations from the cardamom plant, which
has a high antioxidant potential, as an alternative to synthetic antioxidants
for the future.

3.3. Anti-inflammatory Activity

In the literature review, various studies have been found to reveal
the anti-inflammatory activity of the cardamom plant. In a study
investigating the anti-inflammatory activity of cardamom essential oil on
rats, it was determined that cardamom essential oil extract showed anti-
inflammatory activity in a model of acute right paw inflammation induced
by lambda-carrageenan in rats. In addition, it was determined that the anti-
inflammatory effect of cardamom essential oil at a dose of 0.10 mL/kg
was close to indomethacin, which was determined as the reference drug
in the study (Karaca et al., 2005). In a similar study, it has been reported
that 1,8-cineole found in the essential oil of the cardamom plant has an
anti-inflammatory potential against inflammatory airway diseases such as
asthma and chronic obstructive pulmonary disease (Juergens, 2014). In
other studies, it is thought that the anti-inflammatory effect of cardamom
plant is largely due to this component. Furthermore, a-pinene, one of the
major components of cardamom essential oil, has been reported in some
studies to have a gastric protective effect and therefore the cardamom plant
has gastro-protective activity. (Polo et al., 2012; Ashokkumar et al., 2019).
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3.4. Anticancer Activity

There have been several studies showing that cardamom extracts
significantly increase the cytotoxic activity of natural killer cells and have
a strong cytotoxic activity in cancer cells. One of these studies predicted
that the cardamom plant has a potential anticancer effect and can be used
as a potential therapeutic means to prevent or weaken carcinogenesis
(Majdalawieh and Carr, 2010). In another study, it was found that
nanoparticles synthesized from cardamom plant have a high cytotoxic
effect on Human Cervical Carcinoma (HeLa) cell line (Rajan et al., 2017).
In a similar study, it was determined that silver nanoparticles synthesized
from cardamom seed extract exhibited significant anticarcinogenic
activity on Human Larynx Carcinoma (Hep-2) cancer cells (Krishnan et
al., 2015). In a different study investigating the chemoprotective effect of
cardamom, results supporting the the chemopreventive anticancer effect
of cardamom were obtained. The study revealed that cardamom extract
can serve as an apoptotic stimulating agent, offer a new and potentially
curative effect for cancer therapy, and have fewer side effects than
commercially used anticancer drugs (Elguindy et al., 2016). Today, 63% of
cancer drugs are derived from plants, and studies show that herbal drugs
have few side effects and a high success rate in treatment (Sarac et al.,
2018). Therefore, researching plants with the potential for anticancerogen
effects such as cardamom will lead to promising important developments
in cancer treatment.

3.5. Insecticidal Activity

Although it is known that cardamom essential oil has insecticidal
activity in addition to many bioactivity properties, very few studies have
been carried out on this subject. One of these studies found that cardamom
essential oil has a toxic effect against tomato leaf miner, Tuta absoluta
insect pests, one of the most important pests of the Solanaceae family in
the World (Chegini and Abbasipour, 2017). The use of cardamom essential
oil as a natural insecticide that is not harmful to health and does not cause
pollution by accumulating in the soil will provide an important advantage
for both the environment, health and farmers (Ashokkumar et al., 2020).

4. Conclusion

In this review, general information about the bioactive components,
biological activity and therapeutic effects of Cardamom (E. cardamomum)
plant and scientific studies on this subject are presented. Today, due to
health problems and concerns caused by synthetic products, people have
started to look for the remedy in natural products. Assuming that we live
in a world where everything that is natural is preferred, natural methods
and products should be used in such matters as prevention or treatment of
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diseases. In this respect, it is important to investigate and scientifically
support the causes of traditional use of medicinal plants, which constitute
a resource rich in bioactive compounds in nature, to identify their active
ingredients and to develop drugs for the future from these substances. (Sarac
et al., 2019). Cardamom, one of these plants, has been used by humans for
centuries both as a functional food with its smell, flavor and nutritional
quality, and in the treatment of various diseases due to its medicinal effects.
Many scientific studies have shown that bioactive phytochemicals found
in the structure of the cardamom plant have antioxidant, antimicrobial,
antidiabetic, anticancer, gastro-protective and insecticidal activities. In
these studies, it is noted that biological activities of the plant, especially
in the extract of essential oil and water, are high. However, it is seen in
the literature that the toxicity data and in vivo studies of the cardamom
plant are inadequate. With the contribution of such scientific studies, it
is thought that cardamom plant can benefit significantly in the fields of
medicine, pharmacy and agriculture.
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1. INTRODUCTION

Mathematical models of processes and systems in real-world
problems are generally expressed in terms of difference or differential
equations. In this context, mathematical modeling is widely used in
natural sciences such as physics, chemistry, biology, earth science,
meteorology, engineering disciplines such as computer science, artificial
intelligence, medicine, as well as in social sciences such as economics,
management, finance, economics, psychology, sociology and political
science. In these modeling processes by differential equations, besides
ordinary differential equations (ODEs) [1-7], impulsive differential
equations (IDEs) [8-10], fractional-order differential equations (FODEs)
[11-12] and piecewise differential equations (PDE) [13-14] are frequently
used in the literature.

With regard to the qualitative theory of FOSs, stability analysis is
one of the most important research topics. The basic results regarding the
stability properties of fractional order systems have been recently
reviewed in [15].

In here, an n-dimensional autonomous IFOS with Caputo
derivatives is introduced. Then, some definitions and theorems about
LAS conditions of the equilibrium point are given for both commensurate
FOS (CFOS) and IFOS. In addition, the some extracted results related to
stability analysis are given.

2. PRELIMINARIES AND DEFINITIONS

Definition 2.1. The Riemann-Liouville form derivative of order &« > 0 of
a function f fractional integral operator with order @ > 0 for the function
f:(0,+0) - R is described as the following:

1

Kpg (f(t)) = m

(%)n ,f(t —x)" f(x)dx,n—1<a<n, (1)

where I'(.) is the Gamma function, which is defined by

@) = f Fle=tdt (2)
0
(16-18].
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Definition 2.2. Taking into account the definition of Caputo sense, the
fractional derivative of the function f(t) is identified as

‘DE(f(D) = )nf(x)dx n—-1l<a<n (3)

m i f“ )" (;

where f: (0,400) - Rand a > 0 [19-21].

The Caputo sense was used in this study.

Remark 2.1. Let us consider the nonlinear FOS given as

d®X(t)
7 =F(t,X(D)),

with suitable initial conditions X (0) = X, where

X(®) = [x,(£), x5 (1), ..., x,,()]T € R™ is the state vectors of Eqs (4),
F=1[f1far 0 full ER™, fi:[0,+)xR™ > R, (i = 1,2,...,n),

@ = [ay, ay, ..., a,]" is the multi-order of Egs (5),

deX(t) _ [d%ix,(t) d%2x,(t)  d®nxn()]T
P =R, e ] 18,19.22,23)

In the remainder of the paper, it is assumed that «; is a rational number in
the interval (0,1].

Definition 2.3. Let us consider that @y = a5, = -+ = a,, = «. In this case,
Egs. (4) can be rewritten as
“X(®)
=F(t, X(t
dt (t.X®),

namely CFOS. Otherwise, Eqs (4) is called as IFOS [15,24].

Definition 2.4. The autonomous IFOS in the equations (4) can be
represented as

dX(t)
T =F(X(®)), (6)
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with initial conditions X(0) = X,. In addition, the fixed point (or
equilibrium point) of the equations (6) is the point X = (X, %3, ..., Xy,
calculated from

F(X)=0. (7)
[25].

Lemma 2.1. Considering CFOS in (5), it is

daxl

W = fl(xlleI '"lxn)

daxz

{7 ae ~ fo(x1,x2, ., Xp) 8

d“x
Fan = fn(xlrx2' ---'xn)

with the initial values x;(0) = x1,,%,(0) = X3, ... x,(0) = xp,. The
fixed point (or equilibrium point) is point X = (¥, %3, ..., X,;) found by
the equations f;(xq,%x3,..,%x,) =0 for i=12,..,n. By J=

0h 0Ny ofr

dy; 9y, 6yn]

|22 o o | .

dy1 98y, ' oyn|, the Jacobian matrix for evaluate the locally
l% Ofn %}

dy1 9y, T Oyn

asymptotic stability (LAS) of equilibrium points is used. Let A; for
i =1,2,...,n be the roots of the characteristic polynomial obtained from
the equation Det (] YY) =(r29,y%%,...y20) AIn) = 0, where I, is the

unit matrix. If these eigenvalues satisfy Routh-Hurwitz stability criteria
or the conditions

(larg@01>5), ©

then, the equilibrium point is LAS for system (8) [26].

Theorem 2.1. (Routh-Hurwitz Criteria): Let be real constants the
coefficients a; for i = 1,...,n are, the charasteristic polynomial is

P(A) ="+ aq A"+, +a,_ 1A+ a,. (10)
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the n Hurwitz matrices by the coefficients a; of upper polynomial are

e 1 a, 1 0
H, = (ay), H2=(1 ), Hy=|as; a, a | .. H,=
4 % s Q4 Az
aa 1 0 0 . . . 0
/a3 a, a; 1 . . . 0\
as a, asz a; . . . 0

where a; =0 if j>n. The

\0 o o o . . . an/
roots of polynomial P(A) are negative or have negative real parts, iff the

determinants of all Hurwitz matrices are positive: Det H; > 0, j=

1,2,...,n . In terms of convenience, the criteria for equations of degree
n =2, 3, 4and 5 can be given as

(n=2tas,a; >0,
|n=3:a;,a; > 0and a,a, > as,
n=4:a,,a3a, > 0and a;a,a; > as? + a;%ay,
n=5:a,,0a,,a3,a4,as > 0,a,a,a3 > az? + a;?a, and
(aya4 — as)(a1aza3 — az® — a;%ay) > as(a;a; — a3)* + a a5°.
This criteria has given necessary and sufficient conditions for the roots of

the characteristic polynomial (with real coefficients) to lie in the left half
of the complex plane [27].

Thus we have following figure:

COMMENSURATE FRACTIONAL ORDER SYSTEMS

Incaseofa; = a, = =a,=a<1 Incaseofa; = a; = =a,=1
Afori=12,..,n Afori=12,..n
Imaginary part Imaginary part
arn
Stable s larg(A)] > = Stable
(Routh-Hurwitz Criteria) i (Routh-Hurwitz Criteria)
‘5 U Fii U
Relg=o |8 Mylargl < 5 ReP) <0 N)Re(R) = 0
ant S s
3, | F T Real
azn = Real part :ll i - pgxqt
Stable 2 B an Stable "2 B
(Routh-Hurwitz Criteria) ; L I:>Iarg(li)| < 5 Routh-Hurwit: Criteria) & E>Re(li) >0
-l L A <o E E
B
Re(3;)< 0 i ar Re(4;) <0
Elarg()l> 5

Figure 1. Regions of stability and instability of the equilibrium point in terms of
the roots of the characteristic equation of the system (8).
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Lemma 2.2. Eigenvalues A; fori = 1,2,...,m(a; + a, + -+ a,) of
system (6) are obtained from the charasteristic polinom are obtained from

det(diag(Ame, Ame2, .., Aman) — J(X)) =0 (8)

where m is the smallest of the common multiples of the denominators of
. = oF .
rational numbers a4, @y, ..., @, and J(X) = x|, .- Ifall eigenvalues 2;
X=X

then X is LAS for IFOS in Egs (6) [21].

As aresult, Figure 2. can be given.

INCOMMENSURATE FRACTIONAL ORDER SYSTEMS

Incaseof @y + a, # - #*a, <1

}'i fori = 112L.~‘.~f¢1-m(a1 + as R it an)

Imaginary part
m
Stable s larg(4;)| > o
(Routh-Hurwitz Criteria) i
Re(1;) <0 a4 ik
e i < L .\'¢ ar A o
E L AS‘ l g( l)l — zm
2m T
— Real part
Stable C2m

(Routh-Hurwitz Criteria)

-~ -

Re(}{i) <0

m B T
> <
2C>Iarg(lz)| <5

by N By N @

larg(A)] > =

Figure 2. Regions of stability and instability of the equilibrium point in terms of
the roots of the characteristic equation of the system (6) [28].

Corollary 2.1. Let us consider IFOS (0 < @ < 1) in Equations (4) and
CFOS (0 < a < 1) Equations (5). Moreover, let X = (¥7,%3, ..., X) be
the equilibrium point. If the characteristic equation satisfies the Routh-
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Hurwitz stability criterion, then this point is LAS. But the reverse of this
situation is not true. That is, if this criterion is not met, we cannot say that
the point is unstable.

Corollary 2.2. Considering CFOS (a = 1) in equations (5), this system
is said as ODES (Ordinary Differential Equations System). Let X =
(1, %3, ..., X,) be the equilibrium point. This point is LAS, if and only if
the characteristic equation satisfies the Routh-Hurwitz stability
conditions.

Theorem 2.1. (Descartes’s Rule of Signs)[29] Let p(x) = agx? +
a;xP1 + -+ + a,xPn denote a polynomial with nonzero real coefficients
a; , where the b; are integers satisfying 0 < by < by < by < - < by,.
The number of positive real roots of p(x) = 0 is either equal to the
number of variations in the sign in the sequence of coefficients ay, ..., a,,
or less than that by an even whole number. The number of negative real
roots of p(x) = 0 is either equal to the number of variations in sign in the
sequence of the coefficients of p(—x) or less than that by an even whole
number.

Lemma 2.3. Considering Egs. (6), let n > 2 and the equilibrium point
X = (x1,%3, ..., X,). Also, it is assumed a; > a, > --- > a,,, otherwise It
can be arranged by changing the order of the equations in system (6). By
partial derivatives, the determinant of the charasteristic equation of (8) is

(lmal _oh ) _9h _Oh
0x1ly_5 0xzly_¢ 0xply_x
_ 9 (,Vnaz ) ) _ 0k
0x;1,_g 0x,1,_o 0xyl g =0. (10)
_ O (Aman _ Ok )
0x1l,_5 0xzly_¢ 0xply_x

The characteristic polynomial obtained from (10), which involves most
2™ terms, can be write follows:

Forn = 2, itis
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Am(a1+a2) + (_%

6x2
(%| Uy oy 3y ) —0
Oxily=x Ox2ly_x = Ox2ly_x oxily_% '

e (-2
X=X

ax1

_) Amez 4
X=X

Forn = 3,1t is

Am(a1+a2+a3) _ Am(a1+a2) df3 _ Am(a1+a3) 9if,

Ixslx=x Ix2lx=x
ety gme (O M) oy oy
Ox1ly—x Oxaly—y oxsly_x  Oxsly_x dx2ly_x

e (2] I oy oy e (3

Oxily_x Oxsly_x  Oxsly_xdxly_% Oxaly=x 0x1lx-%
L)y
Ixzlx=x 0x1lx=%
(% O s _ Y| Oy O
O Ofp) s O O Y
Oxlx=x 0x1lx=x 0x3ly=x  Oxaly=x 0x3ly_% 0x1ly_%
U T
Ox3ly—x 0x1ly_x Oxzly_x = Oxzly_y Oxsly_y oxily_x/°
Forn, itis
lm(a1+a2+---.+an) _ lm(a1+a2+~~~.+an_1)% _ Am(a1+a2+---.+an_2+an)% . =0. (11)

0xply_g 0xn_1ly_5

Corollary 2.3. Consider the characteristic equation in (11), where
m(a; + a, + -+ . +a,)-degree. With respect to to the Descartes’s Rule of
Signs, let P be the number of sign changes of the terms of this
polynomial. If P is an odd number, then X is unstable point.

Corollary 2.4. Taking into consideration the determinant in (10).
Suppose the characteristic equation can be written as the multiplication of
the some elements on the principal diagonal of this determinant. For
example, we have
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(Amal — %| ) (lm(a2+a3+~-~.+an) _ Am(a2+a3+-~-.+an_1) iy

0x1 X=X 0xp X=X
Am(a2+a3+..._+an_2+an) 6fn_1| ) =0

axn—l X=X ’

and so,

a
PUCTRCLLY I (12-a)

0xqly_
Amlaztas+tan) _ Am(az+ll3+"'-+an—1)% — mlaztaz+tanotan) —afn_l =0 (12-b)

Oxply_x 0xn_1ly_z

Consider the equation in (12-a). In here, it is

of
dx4q

Amasn —

(13)

X=X

0f1
Ox1lyx=%
A; is a positive real number for i = 1,2, ..., ma;. As seen Figure
2, the eigenvalues do not satisfy the stability condition of the
equilibrium point. Thus the point is unstable.

Note: If the Descartes’s Rule of Signs is taken into account, then
the sign change number of terms of equation (12-a) is found to be
1. In this case, it is concluded that one of the eigenvalues is a
positive real number.

i. Let > 0. Since ma; is a positive integer, one eigenvalue

.. a .
ii. Let f < 0. By De-Moivre formulas, we have A™% =
1lx=Xx
>0 s
afy . dafy may ., (m+2km
—— cismt, and so, A, =|—— cis for
Ox1ly_x Oxyly_x may

k=0,1,2,..,(ma; — 1), such that cism =cosm+isinm,i=

v—1. Also, it is
T
1) = —
larg(ho)] = - -

jarg(1p)] = —=

TG = ma, (14)
(2ma, — Dm

|ar9(’1(maz—1))| = may .

Considering the condition |arg(4)| > % for stability the

equilibrium point, the stability condition is

T 3 2ma—-1)m T
——,..,——~———>— and so,
ma,’ ma, ma, 2m
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a <2
a; <6 (15)
a; < 2(2ma, — 1).

Inequalities in (15) has been always provided since the inequaties
0<ay,ay,...,a, <1 in Remark 2.1 is already satisfied. Thus, the
multiplier in (12-a) satisfies the stability condition of the equilibrium
point. In this case, it will be sufficient to examine only equation (12-b).
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Organic-inorganic hybrid perovskite semiconductors (HPS) have
recently tended to be one of the effective and important semiconductors
to applications in optoelectronic devices. The HPS group is described as
AMX, formula, with A being an organic cation surrounded by a metal
halide in an octahedral structure [1]. The HPSs having direct band gap
with high absorption coefficient [2], low exciton binding energy with low
recombination [3] and high carrier mobility with large carrier diffusion
length [4] properties play a crucial role in obtaining optoelectronic devices
with relatively high efficiency. Therefore, the HPSs as active layer are
used in various efficient optoelectronic device such as solar cell (SC) [5],
light emitting diode (LED) [6], photodiode (PD) [7] and laser diode (LD)

[8].

On the other hand, metal-semiconductor Schottky interfaces (MSIs),
which are essential components of almost all semi-conductor based (opto)
electronic devices, have an important role in process- and cost-effective
device fabrication thanks to their simple structure. Also, the MSIs have
also never lost their attractiveness for understanding photoelectric
responses and supporting developments in the related technological field
thanks to very fast switching and low forward voltage [9]. Schottky barrier
diodes (SBDs) are based on MSIs. Additionally, electrical parameters of
SBDs depend especially on the ideality factor (n), zero-bias-barrier height
(®,,), series resistance (R ), interfacial layer and density of interface states
[10]. Recently, the main electrical parameters have also been investigated
as function of light intensity while the analysis of electrical parameters
typically have been carried out in dark condition. Furthermore, various
SBDs applications, especially having interface layer, have been performed
in optoelectronic devices such as solar cell and photodiode [11-15].

Typically, the light harvesting devices such as solar cells and
photodiodes absorb photons at their active layer and then photo-current is
generated. Therefore, circular or liner channel space, grid-line, transparent
window and semi-transparent metal contact in the vertical or planar SBD
configurations should be preferred [16-19], which allows photons to
reach the active layer. For example, Cifci et al. have been investigated
Al/perovskite/p-Si Schottky barrier photodiode with ultra-thin metal
cathode (10 nm Al) [20]. The reverse-bias current has increased by light
illumination from 4.91x10"! A to 1.48x1077 A in the presence of perovskite
interlayer (from 2.05x107® to 1.61x1077 for the Al/Si Schottky junction).
Moreover, Ravi et al. have reported that the photo-current has dramatically
decreased and the photo-response has dropped more than a fourfold due
to increasing metal contact thickness from 15 nm to 300 nm in the Au/
Si Schottky junction [21]. This result has been attributed to the need for
the metal contact to be thin enough for the photons to pass through it and
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to reach the interface. However, in the many reported studies, the vertical
SBD formed with opaque rectifier contact has showed significant photo-
response and thus a reflection of the optoelectronic device characteristic in
the current-voltage (I-V) curve. For example, Torkhov et al. have studied
the effect of rectifier contact area and shape in the SBD (Au/n-GaAs:Sn)
in dark and illumination conditions in detail [22]. In this case, the reverse-
bias I-V characteristics have showed that the reverse-bias current can be
increased by three orders of magnitude under illumination. It has been
attributed to a significant decrease in the effective barrier height due to
light absorption. Furthermore, Li et al. have reported anomalous photo-
current in Fe/Zn ,Fe S Shottky barrier contact [23]. In the report, in
which decay behaviors with changing temperature were investigated, the
anomalous photo-current has been attributed to photoionization of the
acceptor-like interface states.

In this study, the CH,NH,Pbl, Cl_perovskite thin film was coated on
the n- and p-type Si substrates using spin coating process. Additionally,
the rectifier Al contact (~120 nm) having different contact area (diode
area) was deposited by thermal evaporation, 7.85x10 cm? (S: small) and
3.14x10% cm? (L: large). The fabricated diodes have been named as Sn-Si
(Al/CH,NH,PbI,_Cl /n-Si/Al), Ln-Si (AI/CH,NH,PbI, Cl /n-Si/Al), Sp-Si
(Al/CH,NH,PbI,_ Cl /p-Si/Al) and Lp-Si (Al/CH,NH,PbI, CI /p-Si/Al),
which indicate different contact areas and substrates. The current density-
voltage (J-V) characteristics of the AI/CH,NH,Pbl, Cl /Si/Al SBDs were
investigated in dark and under solar light to reveal out photo-response
mechanism.

Result and Discussion

Solution-based coating method is one of the most used and
straightforward process to grow thin films. However, there are several
drawbacks to obtain suitable perovskite thin film by precursor solution
containing organic and inorganic salts due to different crystallization rates,
wettability of substrate surface (surface energy), ambient condition (solvent
vapor pressure) and solution/coating parameters [25]. Additionally, these
parameters have profound effect on chemistry of the material and the
resulting film characteristics. Therefore, the perovskite thin film deposited
by solution-based method should be analyzed carefully in aspect of
morphology, structure and optic before device fabrication stage.

The SEM surface images recorded at 10 um scale given in Fig. 1(a, b)
were recorded to analyze of surface morphology of perovskite thin films
coated onto the n- and p-type Si substrates. As seen in Fig. 1(a) and (b),
the perovskite films have same surface morphology with good covering
Si surface, and also the SEM images produced from randomly chosen
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locations indicate smooth and uniform morphology. Furthermore, the
films have grown in densely compact way without common morphological
defect such as pinholes, cracks, pitfalls and voids. On the other hand, an
attentive observation of the top surface reveals that surface of the films
has a cluster-like nano-grains. These features are suitable to effective light
absorption, charge separation, carrier transportation, and carrier collection,
and thus high photo-response [26]. Fig. 1(c-f) shows 3D (c, d) and 2D (e,
f) AFM images. The cluster-like nano-grains and morphology without the
defects are also observed in AFM images. Although the surface roughness
of the film coated on the n-Si substrate is lower, the surface roughness
value of the films is close each other; (root mean-square) R, 0 27.33 nm

and R, .: 32.29 nm, as seen in Fig. 1(e, ). The AFM images show a similar
tendency in agreement with the SEM results. Thus, it can be concluded that
the Si substrates have same surface features and the electrical conductivity

type does not play a critical role in the formation of perovskite thin film.

Figure 1. SEM and AFM images of perovskite thin films deposited onto the
n-type (a, c, e) and p-type (b, d, f) Si substrates.

The structural analyze was carried out using the perovskite thin film
coated onto the n-Si substrate. Figure 2(a) shows the XRD patterns of the
perovskite film with inset figure corresponding K and K , diffraction
peaks of the Si in range of 20:68° and 70°. The diffraction pattern includes
dominant characteristic peaks located at 14.42° and 28.67° and weak peaks
at 22.83°, 32.50°, 43.87° and 59.40°. The dominant characteristic peaks
located at 14.42° and 28.67° are assigned to (110) and (220) crystal planes,
which oriented parallel to the substrate [27], and (211), (310), (314) and
(400) crystal planes indicate reflection positions inconsistent with cubic
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symmetry of cluster-like nano-grains [28]. The crystal growth in the two
dominant characteristic planes is attributed to tetragonal crystal structure
[29], represented in Fig. 2(b). Furthermore, the values of full width at
half maximum (FWHM) of the peaks located at 14.42° and 28.67° were
determined as to be 0.143° and 0.101° and these small values mean
phase purity [30]. The structural analyze (XRD) is consistent with the
morphological results (SEM). The optical absorption spectrum of the
perovskite film coated onto the PEDOT:PSS/ITO substrate is given in Fig.
2(c). The optical absorbance spectrum clearly shows that the perovskite
film has absorption onset at around 790 nm and then good absorbance
feature in range of visible light region. Additionally, the (ahv)? versus hv
plot and band gap energy obtained from following equations:

_ (l—R]jexp(—at] _ B
T 1 —R%exp(—2at) exp(—4) 1)

ahv = K(hv — Eg)lf: (2)

where T, R, a, t, hv and K indicate transmittance, reflectance,
absorption coefficient, film thickness (~190 nm), energy of incident photon
and a constant. The energy band gap (Eg) is found out to be 1.59 eV. The
calculated E, value is compared with values for the CH,NH,Pbl, CI
perovskite films reported [31]. On the other hand, as similar to the absence
of diffraction peak of Pbl, impurity in the XRD pattern, the absorbance
spectral curve has also exhibited no Pbl, shoulder peak around 500 nm
[32]. Briefly, the morphological, structural and optical analyses have
verified the presence of suitable perovskite interlayer film which can serve
as a high photo-sensitive layer.
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Figure 2. XRD pattern (a), cell structure (b) and UV-vis absorbance spectrum
(c) of CH,NH PbI, Cl thin film.
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In the theory, interdependence of current and voltage for ideal SBD
with dominant parameters consisting of the current flow through the metal—
semiconductor junction (/), saturation current (/), voltage drop across
the junction (V), electronic charge (¢), Boltzmann constant (k), absolute
temperature (7)), ideality factor (n) determines by the thermionic emission
theory (TE) given by following Eq. (3).

ol ool :
TSR nkT =P kT 3)
The I. given by
— AA'T? exp | 3%
I,=AA'T exp( T ) (4)

where 4 is the active diode area (rectifier contact area), 4A* is the
effective Richardson constant as 112 A.cm?K? for n-type Si and 32
A.cm?K? for p-type Si, @, is the zero bias barrier height. Fig. 3(a)
shows the semi-logarithmic current density-voltage (log(J)-V) plots of
samples dependent on prepared opaque rectifier contact area and substrate
conductivity type. As seen in the figure, the n-Si based diodes have high
rectifier behavior at forward bias with low saturation current at reverse-
bias region. Additionally, the threshold voltage of Sn-Si diode has shifted
towards positive voltage region at around 0.2 V. On the other hand, the p-Si
based diodes have a similar rectifier behavior at forward bias region while
the saturation current at reverse-bias region is relatively lower for the Sp-
Si. The rectifier performances of Ln-Si, Sn-Si, Sp-Si and Lp-Si are given
inset figure in Fig. 3(a). These different behaviors and values evidence
that the substrate conductivity type and rectifier contact area (active area)
designate electrical properties of the SBDs. The energy band structures of
diodes based on n- and p-type Si are illustrated in Fig. 3(b). This energy
band structure models have been consisted of using band energy values
and fermi levels reported literature [33, 35]. As show in the energy band
structure models, Koller et al. have reported the anomalous contribution to
the photo-current phenomena and explained it as assuming the formation of
double junctions inside the single device [36]. The anomalous contribution
to the photo-current phenomena has attributed to superiority between the
normal and anomalous current of the two junctions [36, 37]. Similarly,
the SBDs having CH,NH,Pbl, Cl perovskite interlayer may be have
two junctions and then two depletion regions, as seen in Fig. 3(b). The
Junction-1 has formed perovskite semiconductor layer at the equilibrium
condition while the Junction-2 at the perovskite/Si interface has a depletion
region as-like p-n, p*-p or n™-n junctions. Therefore, the band structures of
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diodes show that the perovskite/p-Si interface generates a potential barrier
to both electrons and holes, and thus this barrier may be cause of low
rectifier performance of the p-Si based diodes rather than n-Si based.
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Figure 3. (a) J-V curves of the diodes with inset figure shows rectification ratio,
(b) schematic energy band diagrams of n- and p-Si based diodes after contact,
(c) F(V)-V curves based Norde method of the diodes, (d) a-V curves based
Mikhelashvili model of the diodes and (e) N ~(E -E or E -E ) curves of the
diodes.

To determine barrier height and ideality factor, from Eq. 3-based the
TE method [38], the zero bias barrier height (@,)) and ideality factor (n)
can be rewritten as Eq. (5) and (6).

kT, AA'T?
‘pBD = ? ln( ID ) (5)
-2, ©
kT “dInl

As seen in Table 1, the barrier height of the diodes has varied from
0.766 eV to 0.935 eV. Interestingly, in the both Si substrates, the barrier
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height of diode having small rectifier contact area is lower than that the
diode having large contact area. However, the more ideal diode having
the n value close to unit has been obtained by large contact area in the
diode based on n-Si while the diode based on p-Si has a higher ideality
factor value than the others. For the comparing, the Norde model as an
alternative method can be used to determine the series resistance (R ) and
@,, value. The Rs and @, values are determined using plot of F(V) versus
V and the Norde function is given by Eq. (7).

F(V) = ;—R?Tln( 1) ) (7)

AA*T?

where I(V) is current obtained from the log(J)-V plot. As seen in Fig.
4(c), from the plots of F(V) versus V, the &, value can be calculated by

Eq. (8).

Viyin kT
Y q

Pg=F(Vyn) + (®)

where F(V ) is the minimum value of F(V) and V__ is the
corresponding voltage. The Y is a constant which is an arbitrary integer
greater than ideality factor. For real contacts (n> 1), the Rs value can be
obtained by Eq. (9).

_kr(r—n)

9
q'{m[n ( )

£

where I . is the value of the forward current at the voltage V_. . As
given in Table 1, the @, values are compatible with the values obtained
by the TE method and the Rs values showed a considerable change from
0.624 k€ to 5.084 kQ. Furthermore, n and @, values were also calculated
by using the Mikhelashvili model [39], which also includes the series
resistance region of log(J)-V curve. The power exponent parameter o is
descripted as given Eq. (10).

d(InI)

“V) = )

(10)
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The n and @,, values were calculated from Eq. (11) and (12) using
a(V) versus V plot given in Fig. 3(d).

n= Vinax (amﬂx — l)
kTa?

max

(11)

Py, = % [amx +1-In ([’“—*)] (12)

AA'T?

where o and V __ are x and y coordinate points of maximum peak
level in the plot of a(V)-V. As given in Table 1, n and @, values are
compatible with the values obtained by TE and Norde methods. The high
n value can be largely attributed to increasing series resistance, interface
defects and inhomogeneity of Schottky barrier height [40, 41]. Therefore,
the interface state density (N_) distribution was calculated using Card and
Rhoderick’s function [42] related to energy of the £ -E and E-E . The
E -E and E -E,. are energy gaps between the interface states energy (E_)
and bottom of the conduction band for the n-Si, and the top of valance band
for p-Si, respectively.

Eg —Egs = q(#.—V) (10)

Ess— Ey = —q(®,—V) (11)

As seen in Fig. 3(e), the Nss values have decreased from conduction
band to mid-gap with increasing E -E and increased from mid-gap to
valance band with decreasing £ -F,. On the other hand, the Sn-Si diode
has a broad distribution that meaning the states act as deep and shallow
donor type while the state distribution in the Lp-Si diode has located at
higher energy gap (around 0.65 eV) with a sharp decrease which indicates
dominantly deep acceptor states. Furthermore, the energy distribution
profiles of the both diodes based on p-Si suggest that the states are
dominantly deep acceptor type. It can be attributed to existence of the
perovskite/Si interface caused the deep acceptor type states. Similarly,
the localized deep acceptor/donor type state distribution has reported
by Gokgen et al. for Au/poly(propylene glycol)-b-polystyrene(HAuCl,
dispersed)/n-Si diode [43].
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Table 1. Ideality factor, Schottky barrier height and series resistance values of

the diodes.

TE Method Norde Method Mikhelashvili Method

(I-V) (F(V)-V) (0-V)

n @, (eV) O, (eV) R (kQ) n D, (eV)
Sn-Si  2.077 0.935 0.966 3.133 1.869 0.982
Sp-Si  1.424 0.830 0.796 1.628 1.312 0.767
Ln-Si 1335 0.802 0.784 0.624 1.248 0.867
Lp-Si 2337 0.766 0.778 5.084 2.244 0.745

Fig. 4(a-d) shows log(J)-V plots of the diodes in dark, and under
AM1.5 50 mW/cm? and 100 mW/cm? light intensity (0.5 Sun and one
Sun), respectively. As seen in Fig. 4(a) and (b), the Sn-Si diode has showed
high response in reverse bias region with dramatically increasing reverse
saturation current value as in a photodiode, while the photo- response of
solar cell log(J)-V curve-like has originated with increased contact area in
the Ln-Si diode. Interestingly, the p-Si based diodes nearly has not been
affected from the sole light, except for a weak photo-response starting
from 0.5 V at the reverse-bias current of the Lp-Si diode. Furthermore,
to analyze detail of the charge transport in the diodes, the log(J)-log(V)
plots are given in Fig. 5(a-d), Sn-Si, Ln-Si, Sp-Si and Lp-Si, respectively.
Typically, the forward-bias characteristic of the SBDs has three distinct
charge transport mechanisms having different slopes (n), namely ohmic
conduction, trap-filling regime (TFL) and quadratic trap-free space charge-
limited current (Child’s) mechanisms. While the ohmic conduction occurs
dominantly by the mobile charge-carriers which its mobility depends on
electric field, the Child’s regime dominantly occurs by charge carriers
injected from the contacts. In the TFL region, the charge-carriers movement
at both energetic and positional distribution originate from the trapping
and de-trapping processes and the presence of large TFL region suggests
that the electrons or holes trapped at rather deep energy levels [44]. The
deep traps as observed in the N_ distribution profile related to large TFL
region, especially in Sp-Si and Lp-Si diodes at around 0.1-1 V, has proven
itself as very weak photo-response.
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Cl /p-Si/Al diodes in dark and under dzﬁ"erent lzght intensity, respectively.

On the other hand, the charges excited by electrical field and/or light
sweep out from the space charge region and then further injection of
carriers from the electrode occurs. As a result of this process, the current
density changes rapidly with applied voltage and it is well known that this
process is observed by effect of light reached into light-harvesting layer.
Interestingly, although the opaque Al rectifier contact, the n-Si based
diodes have high light-response as photodiode-like for the Sn-Si and solar
cell-like for the Ln-Si diode, and then the log(J)-log(V) curve of the Sn-
Si and Ln-Si diodes has increased with increasing reverse-bias voltage
at ohmic region due to shift towards positive value of threshold voltage.
All the results show that the AI/CH,NH,PbI, Cl /n-Si/Al diode has two
junctions in single structure while the AI/CH,NH,Pbl, CI /p-Si/Al diode
has a dominantly junction occurred by Schottky rectifier contact.

To understand the phenomena better, linear J-V characteristics of the
Sn-Si and Ln-Si diodes are given in Fig. 6(a) and (b), respectively. It is well
known that the turn on voltage for Si-based Schottky diode is 0.2 to 0.3
V whereas for p-n junction diode is 0.6 to 0.7 V. Clearly, the Sn-Si diode
having photodiode-like photo-response has turn on voltage range of 0.5 to
0.6V and the Ln-Si diode having solar cell-like photo-response has turn on
voltage around 0.3V. It can be attributed that the Al/CH,NH,Pbl, Cl /n-Si/
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Al diode has two junctions in single structure while the AlI/CH,NH,PbI,
Cl /p-Si/Al diode has a dominant junction occurred by Schottky rectifier
contact, as mentioned above. Furthermore, Karin et al. have reported that
the CH,NH,Pbl, CI_thin film are p-type semiconductor confirmed by Hall
Effect study [45] and the carrier diffusion length has been reported in the
range of nm to a few um [46]. Therefore, the dominant p-n junction effect
may be occurred in the n-Si based diodes rather than p-Si. However, the
light cannot be absorbed in the active region due to opaque Al rectifier
contact, which determine the active area as the vertical area under contact,
and then light absorption in the active area cannot be source of photo-
current. However, highly doped interface can generate the anomalous
photo-response for the incident photo-energy [23]. Furthermore, to achieve
breakdown voltage up to the ideal value of the SBDs, the edge termination
techniques are applied to eliminating electric field crowding around
the edges of metal contact [47], which is consisting of an overflowed
depletion region (ODR) [48], as seen in Fig. 6(c). In other words, the edge
termination techniques such as high resistive guard ring reduces the spread
of depletion region crowding at the metal edges and then dramatically shift
towards the high field region from the metal edge to deep inside the active
region, thereby eliminating the effect of surface states [49]. These two
phenomena may have occurred in the Al/perovskite interface under solar
light. Therefore, when all the sample surface is illuminated, edge electric
field effect increases with hot carrier injection by photon absorption and
then the depletion layer close to the interface with carriers contribute to
the photo-current in reverse polarization. This phenomenon is observed
as lower breakdown voltage, increased reverse current and dominant p-n
junction behavior with shift from Schottky contact to ohmic-like feature
of the rectifier contact, which is observed in the Sn-Si diode. This effect
decreases with increasing contact area due to that in small diodes the
conductance per unit area decreases with increasing diode area which
predicts a thicker barrier for larger interfaces [50]. Therefore, the two
junctions feature is observed in the Ln-Si diode with lower turn on voltage
and solar cell-like J-V character under solar light, as seen in Fig. 6(b). The
Ln-Si based diodes has open circuit voltage (V, ) at around 0.3 V with short
circuit current density (J_) 3.45 and 15.59 mA/cm* depend on the light
intensity. Consequently, when passivation of overflowed depletion region
around contact is performed and only the surface area corresponding to the
active area is illuminated, the SBDs having opaque metal contact in the
direction of illumination probably will not exhibit optoelectronic device
characters such as photodiode and solar cell.
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Figure 6. Linear J-V plots of Al/CH NH Pbl, Cl/n-Si/Al diodes fabricated with
different Al contact area; (a) 7.85x107 cm? and (b) 3.14x10? cm?, (c) cross-
section illustration of Al/ CH . NH Pbl, Cl /n-Si junction to show of an overflowed
depletion region (ODR) and p-n depletion region.

Consequently, contrary to generation of photo-current by photons
absorbed in active layer covered with circular or liner channel space, grid-
line, transparent window and semi-transparent metal contact, the photo-
current has been observed at the vertical SBD configuration consisted of the
opaque Al metal contact. As seen in Fig. 7, the photo-diode and solar cell-
like behavior has been observed at the diodes based on n-Si substrate while
the p-Si based diodes showed weak photo-response. This phenomenon is
attributed to the presence of two junctions inside the diode fabricated with
p-type CH,NH,PbI, CI thin film having pum scale carrier diffusion length.
Furthermore, the presence and effect of electric field crowding around
the edges of metal contact which is consisting of an overflowed depletion
region has occurred the anomalous photo-current response. The Sn-Si
diode showed a dominant p-n junction behavior having turn on voltage
shift from 0.62 V to 0.53 V with increasing light intensity, and 1.97 and
33.06 mA/cm? reverse-bias photo-current at -1.0 V. Additionally, the Ln-
Si diode showed Schottky barrier solar cell-like behavior having V. value
at around 0.3 V with 3.45 and 15.59 mA/cm* J  values depend on the
light intensity. However, it is clearly seen that the SBDs having opaque
metal contact in the direction of illumination probably will not account
for photo-response and will not behave like optoelectronic devices such
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as photodiode and solar cell in case of passivation of overflowed depletion
region around contact. Therefore, these effects should be considered in
device design and characterization, and the use of active area is important
in studies where light effects are evaluated.

Solar light illumination
vAg

7

Photodiode-like
Solar cell-like

n-Si = high photo-response
p-Si = weak photo-response

Figure 7. Graphical abstract of n-Si based the photo-diode and solar cell-like
devices.

Experimental Details
Materials

The wafer substrates (n-Si and p-Si) were purchased from MTI KJ.
The methylammonium iodide (MAI) powder (99.99% purity), lead chloride
(PbCl,) (99.99% purity) powder and dimethylformamide (DMF) solvent were
purchased from Sigma-Aldrich. The chemical solvents; acetone, isopropyl
alcohol, hydriodic acid, and hydrochloric acid were purchased from Sigma-
Aldrich. ITO substrates were purchased from Delta Tech./(CB—50IN-S111).

Fabrication

Fabrication process was started with chemically cleaning of the (100)
Si wafers using the RCA1 and RCA2 procedures, as in reported study
[24]. After the cleaning process, the Al ohmic contact was deposited onto
the unpolished side of Si wafer by thermal evaporation and annealed at
465 °C under N, atmosphere for 5 min. The perovskite precursor solution
was prepared as a mixed solution of MAI and PbCl, with molar ratio of
3:1 (40% w/w) in the DMF solvent. The perovskite thin film was spin
coated by one-step spin coating method onto the Si substrates at 5000 rpm
for 60 seconds. And then, the perovskite thin films are thermally annealed
at 90 °C for 60 minutes. Onto the perovskite/Si/Al structure, the circular
Al rectifier contacts were deposited by thermal evaporation using shadow
mask having different area 7.85x10 c¢cm? and 3.14x10 cm?. Therefore,
the 7.85x10~ cm? and 3.14x10 cm? are also considered as vertical diode
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area. Finally, the diodes having AI/CH,NH,PbI, Cl/Si/Al structure has
been obtained. Additionally, the perovskite film was spin coated onto
PEDOT:PSS/ITO substrate to analyze of the optical absorption spectrum,
where the PEDOT:PSS was spin coated onto the ITO at 5000 rpm for 60s
and annealed at 125 °C for 25min.

Measurement and Characterization

The measurement systems used are Bruker D2 PHASER XRD with
CuKa radiation at A= 1.54184 A, Zeiss/Sigma 300 SEM, PerkinElmer
Lambda2S UV-visible spectrometer (325-1100 nm), Hitachi 5100N
AFM, and KLA Tencor P7 profilometer. For the electrical measurement,
Keithley 2400 pico-ammeter/voltage source-meter was used. The solar-
light illumination was carried out using a solar simulator system having
AM 1.5G with Keithley 2400 source-meter unit. As an illustration, the
fabrication and measurement processes were depicted in Fig. 8.

Fabrication Process Measurement Process

Ohmic contact (Al/Si)

Spin coating
Dark
(Perovskite/SifAl) . l ar|
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CH;NH;Pbl; Cl,

£\
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/
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Figure 8. lllustration of fabrication and measurement processes.
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