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LARGE DIFFUSE DWARFS IN THE DYNAMICALLY
COLD TRIPLE GALAXY SYSTEMS

I.D.KARACHENTSEV!, A . EENAZAROVA!, V.E. KARACHENTSEVA?
Received 30 May 2024

We report on the discovery of three large diffuse dwarf (LDD) galaxies located in isolated
triple systems. They have effective diameters of 3.6+10.0 kpc and effective surface brightness of
26.2 +27.3 "/sq. arcsec. We note that the LDD galaxies tend to occur in small groups with a very
low dispersion of radial velocities. The total (orbital) mass of the triplets approximately equals to
their integral stellar mass within velocity measurement errors. The presence of LDD galaxies in cold
multiple systems seems mysterious.

Keywords: galaxies - dwarf galaxies - low surface brightness galaxies

1. Introduction. Over a wide range of luminosities, the average surface
brightness (SB) of galaxies, and their integral absolute magnitude, M, follow a
relation SB=(1/3) M+ const, which corresponds to an approximate constancy of
the average volumetric stellar density for major and dwarf galaxies [1]. However,
with the advent of deep sky surveys, a specific population of low surface brightness
galaxies has been discovered, whose luminosity is typical of dwarf systems and
whose sizes are comparable to those of normal galaxies. These objects are called
"ultradiffuse galaxies" (UDG). As defined by van Dokkum et al. [2], these include
galaxies with a central surface brightness in the g-band SBg(O) >24"/sq.arcsec and
a linear effective diameter A,,> 3.0 kpc, within which half of the galaxy's lumi-
nosity is contained.

Many UDG galaxies have been discovered in the nearby clusters: Virgo [3],
Fornax [4] and Coma [5], and a small number have been also found in nearby
groups around NGC 253, Cen A, NGC 5485 [6-8]. A catalog of 7070 UDG
candidates selected over 20000 sq. degr. of sky was recently published by Zaritsky
et al. [9]. According to [10], about 40% of UDG objects are found in clusters,
about 20% are located in groups, and the remaining 40% occur in scattered
filaments, avoiding common field regions. No isolated UDG galaxies have yet been
discovered. This arrangement of diffuse galaxies relative to the elements of the
cosmic web indicates that the structure of UDG galaxies is determined not so
much by features of their internal evolution as by the influence of external
environment. The disperse stellar structure of UDG galaxies is obviously a sensitive
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indicator of the tidal influence of their neighbors.

Studying the closest examples of UDG galaxies helps to advance our under-
standing of their specifics. In the Local Volume with a radius of 10 Mpc, 15 objects
were noted [11] that meet the criterion of an ultradiffuse galaxy. All of these UDG
objects are located in the known nearby groups. Among them, some (Sag dSph,
KK 208, ScI-MM-Dw2, And XIX) have an elongated structure with an apparent
axial ratio b/a<0.5, which is caused by gravitational disturbance from a massive
neighbor. Others (Garland, NGC 3521sat, d0226+3325) have an irregular shape
and a young stellar population, indicating that these dwarfs likely formed from
tidal tails and bridges on the outskirts of major galaxies. We consider it appropriate
to strengthen the criterion for a large diffuse dwarf (LDD) galaxy, selecting into
this category objects of even lower surface brightness, having a round smooth shape
and lack of young stellar population. As a criterion for a galaxy to belong to a
LDD object, we use the following conditions:

i. The effective diameter of a galaxy in the g-band is A50!g> 3.0 kpc;

ii. Effective surface brightness in the g-band SBSO’g> 26.0™/sq. arcsec;

iii. Apparent axial ratio b/a > 0.5;

iv. Morphological type dSph with a smooth shape and an old population
(g-r>0.50).

Of the thousand galaxies in the Local Volume, only five known galaxies satisfy
these conditions: CenMM-dwl1, IKN, KK 77, Cen-MM-dw3 and NGC 4631dwl
with distances in the range (3.6-7.4) Mpc, effective diameters A,,=(3.1-5.6) kpc,
effective surface brightness SB, = (26.2-28.1) "/sq. arcsec and absolute magnitudes
M,= (-11".6 - -12".6). The names of the galaxies are indicated as they are
presented in the Updated Nearby Galaxy Catalog [1], a regularly updated version
of which is available on-line'. It is likely that the Local Volume contains other
LDD galaxies that have not yet been discovered due to the incompleteness of deep
sky surveys.

2. A LDD galaxy in the NGC 3056 triplet. While searching for new
nearby dwarf galaxies in DESI Legacy Imaging Surveys, DR10 [12], we discovered
a low surface brightness object at coordinates RA =09:54:43.9 DEC =-28:30:54
(J2000). Its image is shown on the left panel of Fig.1. To the north of it at
a distance of 13", there is a galaxy of type SOa with a radial velocity V,,= 674
kms™ relative to the centroid of the Local Group. This galaxy with its two
satellites: ESO 435-016 and ESO 435-020 forms a triple system, presented in the
list of nearby isolated triplets of galaxies [13]. The parameters of this system are
shown in Table 1. Its columns contain: galaxy name; its coordinates; morpho-
logical type; apparent B-magnitude; radial velocity in kms™; projection separation

I http.//www.sao.ru/lv/lvgdb
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Fig. Images of three large diffuse dwarf galaxies from the DESI Legacy Imaging Surveys: LDD
0954-28, LDD 0911-14 and LDD 0852-02 from the left ro right. Each image size is 2'x2'.
North is to the top, East is to the left.

from the main galaxy, Rp, in kpc; estimate of the orbital (projected) mass
M, =(16/n G)AV2RP in units of 10" M4, where AV is the difference in radial
velocities of the satellite and the host galaxy, and G is the gravitational constant
[14]. The irregular galaxy ESO 435-020 has a peculiar structure with signs of
recent merging. A feature of the triplet is the small dispersion of the radial
velocities of galaxies, comparable to the errors in velocity measurements. The
reason for this may be the projection effect, when the velocity vectors of both
satellites are almost perpendicular to the line of sight. The observed low velocity
dispersion may also be a consequence of the low total mass of the galaxy triplet.

The last row of the table corresponds to the LDD galaxy we noted with a
very low surface brightness. We assume that this object is a physical member of
the triplet. The analysis undertaken by Karachentseva et al. [15], showed that
isolated dSph galaxies are extremely rare. In the volume of the Local Supercluster
with a radius of approximately 40 Mpc, only a dozen such putative cases have been
noted. Radial velocity measurements in dSph galaxies are very difficult due to the
absence of a noticeable amount of neutral hydrogen in them and due to the low
optical surface brightness. In those rare cases when such measurements were

Table 1
PROPERTIES OF NGC 3056 TRIPLET OF GALAXIES

Name RA(2000.0) | DEC(2000.0) | Type B Ve R M,
deg deg mag kms" kpc 10"

NGC 3056 148.637 -28.298 SOa 12.6 674%5 0 -
ESO 435-016 149.691 -28.622 Im 13.5 678+4 209 04
ESO 435-020 149.838 -28.133 Irr-p 144 67312 227 0.03

LDD 0954-28 148.683 -28.515 Sph 17.8 - 47 -
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possible, the radial velocities of spheroidal dwarfs turned out to be close to the
velocities of neighboring normal galaxies [16], making the assumption of their
isolation unlikely.

3. Other examples of LDD in triplets of galaxies. The catalog of
isolated galaxy triplets in the Local Supercluster [17] contains data on 168 triple
systems with radial velocities V, <3500 km s'. The sample of these triplets is
characterized by the following median parameters: member radial velocity disper-
sion of 40kms™, projected harmonic radius of 155kpc, projection (orbital) mass
of 5-10" Mg, and orbital mass-to-stellar mass ratio M, /M. =125.

We assumed that a low velocity dispersion in a multiple galaxy system may
be a favorable factor for the presence of very diffuse objects in it. Among 168
nearby triplets, there are 17 systems with the small ratio Mp /M, <2, located in
the Legacy Imaging Surveys area. Looking at these cases, we found two more triple
systems with major members NGC 2781 and UGC 4640, containing candidate
LDD objects. Their images are shown in the middle and right panels of Fig.1.
Data on these triplets are presented in Tables 2, 3, the parameters of which are
similar to those in Table 1. Radial velocities of galaxies and their errors are taken
from Lyon Extragalactic Database = LEDA [18]. The distances to NGC 2781 (30.6
Mpc) and UGC 4640 (49.0 Mpc) were estimated from their radial velocities taking
into account local cosmic flows in the Numerical Action Method model [19]. The

Table 2
PROPERTIES OF NGC 2781 TRIPLET OF GALAXIES
Name RA(2000.0) | DEC(2000.0)| Type B Ve R M,
deg deg mag kms' kpc 10"
NGC 2781 137.864 -14.817 SOa 12.5 1766122 0 -
DDO 57 137.832 -15.051 Im 14.8 178412 9% 3.6
MCG-02-24-03 138.028 -15.432 Sm 15.2 179416 101 9.3
LDD 0911-14 137.856 -14.703 Sph 18.2 - 46 -
Table 3
PROPERTIES OF UGC 4640 TRIPLET OF GALAXIES
Name RA(2000.0) | DEC(2000.0)| Type B Ve R M,
deg deg mag kms" kpc 10"
UGC 4640 132.933 -02.134 Sc 13.8 3091%3 0 -
Arp 257a 132.909 -02.367 Sm 14.4 3103+4 200 34
Arp 257b 132.908 -02.354 Im 16.8 3106+6 189 5.0
LDD 0852-02 133.148 -02.177 Sph 19.2 - 184 -
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distance to NGC 3056 (12.2 Mpc) was determined from surface brightness
fluctuations [20].

As a control sample, we searched for LDD galaxies in the virial zones of 17
triplets with an Mp /M,.>100 and didnot find a single LDD object. Since triplets
of galaxies with M /M, <2 constitute only 10 percent of their total number (17/ 168),
the probability of three triplets with LDD members falling into this category is
0.001.

4. Surface photometry of LDD galaxies. We performed surface pho-
tometry of three new very low surface brightness galaxies, absent in [9] catalog,
to estimate their structural parameters. For this purpose, data from DESI Legacy
Imaging Surveys, DR10 in the g and r bands were used. The photometry of the
galaxies was carried out by measuring photometric curves of growth using standard
ellipse-fitting and aperture photometry techniques in photutils®. This was preceded
by background subtraction. Also, foreground and bright background objects were
masked and then the corresponding pixels were replaced by the mean flux in the
aperture rings contained in the mask. We fit the resulting curve of growth, f (r),
using the following modified exponential law:

fr)= )+ 120), r>n, (1)
where [ (r) - the flux corresponding to the standard exponential law and f (ro)
- the additional flux from the inner part (r<r) of the galaxy. This leads to:

f(r)=ﬁm(1—%(l+%e‘r/hn, )

tot

where f, ., o7 and h - fitting parameters of the model: total flux, total flux
(without adding f (ro)) from the standard exponential law and the exponential
scale from the standard exponential law.

The results of measuring the integral magnitudes of galaxies g and r, effective
radii Tsog and ry, are presented in Table 4. It also shows B=g+0.542(g-r) +0.141
and V=_g-0.496(g-r)-0.015 integral magnitudes of galaxies in B and V system
[21].

As one can see, the integrated color indices B -V, taking into account the
color excess E(B-V) due to extinction, turns out to be typical for dSph galaxies
with old stellar population. The effective linear diameters A4,;> 3.0kpc of all three
diffuse galaxies and their effective surface brightness SB,>26.0"/sq.arcsec satisfy
the conditions formulated above for LDD galaxies. The assumption that these
LDD galaxies are physical members of the triplets under consideration looks very
plausible, given that such diffuse objects have not yet been discovered in the general

2 https.//photutils.readthedocs.io/en/stable/
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Table 4
PHOTOMETRIC PARAMETERS OF THE LDD GALAXIES

Name g r | B v|r |r SB A |B-VIEB-V)| M

50,g 50,r 50,8 50,8 B
mag | mag | mag | mag " " |mag/sq.arcsec | kpc | mag | mag mag

LDD0954-28 {17.31[16.75|17.75|17.02| 30.77 {31.96 26.74 3.64 |0.73 | 0.065 |-12.95
LDDO0911-14 {17.76 {17.12 |18.25|17.43|19.83(19.65 26.24 5.88 [0.64 | 0.046 |-14.37
LDD0852-02 {18.70{18.08 {19.18 |18.38|21.10(21.15 27.31 10.02{0.62 | 0.016 |[-14.34

field. The absolute magnitudes of these LDD galaxies, indicated in the last column
of Table 4, are 1-3 mag brighter than similar objects in the Local Volume.

5. Brief discussion. We estimated the stellar mass of galaxy triplets M,
using the ratio M, /Mg =0.6(L,/Lg) according to Lelli et al. [22]. The values
of the total luminosity of triplets in the K-band are taken from the catalog [17]
with correction for the adjusted distance. Data on Table 5 show that the estimate
of the total (projected) mass of triplets turned out to be approximately equal to
their stellar mass within the Mp errors due to the velocity measurement errors.
From this we can conclude that the "cold" kinematics of the triplets under
consideration does not require the presence of a noticeable amount of dark matter
in them. It remains unclear how such a feature of triplets can be related to the
presence in their volume of very diffuse galaxies with old stellar populations.

In general, various possible scenarios for the formation of LDD galaxies have
been discussed in the literature: a high angular momentum of the LDD [22], a
stellar feedback from the host galaxy [23], and "failed Milky Way" mechanism [24].

Note that the average projection separation of LDD galaxies, 92 kpc, is about
half the average distance of late-type satellites, 170 kpc. The same effect of
segregation of dSph and dlrr galaxies is also well known in other groups and
clusters of galaxies.

The diffuse satellite LDD 0911-14 exhibits a strong shape distortion in the
form of a tidal tail directed towards the massive host galaxy NGC 2781. Our
photometry of this satellite was limited to the main body of the object. Taking
into account the tidal tail almost doubles the integral luminosity and effective

Table 5
TRIPLE SYSTEMS OF GALAXIES WITH LDD
Name D log(M,) log(M))
Mpc 101 10'°
NGC 3056 12.2 0.87 0.2240.20
NGC 2781 30.6 5.11 6.45+2.85
UGC 4640 49.0 2.51 4.20£0.80
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diameter of this galaxy.

It is obvious that galaxy systems with cold kinematics and the presence of
very diffuse members can also be found among groups with a larger population.
As an example, we note a group of four satellites around the galaxy NGC 660.
At a projection distance of 13' east of NGC 660 there is an extremely low surface
brightness galaxy (01:43:55.2 + 13:38:42), discovered by Karachentsev & Kaisina
[25]. The spiral galaxy NGC 660 itself has a very peculiar shape in the form
of two merging galaxies. With its low ratio M, /M* =3, this group stands out
among other groups in the Makarov & Karachentsev [13] catalog.

Recently, Okamoto et al. [26] discovered an extremely low surface brightness
satellite near the nearby spiral galaxy NGC 253 using deep stellar photometry with
the Hyper Suprime-Cam on the Subaru telescope. According to the authors, this
"ghost" galaxy has an effective diameter of 6.7 £ 0.7 kpc, an effective surface
brightness of SB,,~30"/sq.arcsec, an apparent axial ratio of b/a=0.94, and old
stellar population. This satellite, NGC 253-SNFC-dwl, is located at a projection
separation of Rp= 75kpc from the center of NGC 253 and shows weak signs of
tidal disruption. In its size and extremely low surface brightness, this dim satellite
of NGC 253 is similar to the Milky Way satellite, Antlia 2, with A,;=5.8+0.6
kpc, SB,,=31.9"/sq. arcsec [27] and the satellite of M 31, And XIX, with
A, =6.2%+2.0kpc, SB,,=31.0"/sq.arcsec [28]. Such objects are undetectable by
conventional photometry, since their surface brightness is 5-6 mag fainter than that
of the UDG galaxies discussed by [3].

It is interesting to note that the galaxy NGC 253, along with NGC 2683
and NGC 2903, has the minimum radial velocity dispersion of satellites (o, <45
kms') among the 25 brightest galaxies in the Local Volume with a luminosity
similar to that of the Milky Way. This fits with the trend that the cold kinematics
of the satellites (or the deficiency of dark matter in the group) favors the survival
in the group of "fragile" satellites with very low stellar density.

We did not consider here the possible reasons for the observed correlation
between the presence of LDD galaxies in a group and the deficiency of dark matter
in it. Apparently, it is necessary to accumulate richer statistics of such cases, as
well as perform dynamic modeling of tidal destruction of diffuse satellites under
different assumptions about the shape of the satellites' orbits and the amount of
dark matter in the LDD galaxy. According to Penarrubia et al. [29], the tidal
influence of the dark halo of the main galaxy in a group reduces the central surface
brightness of a satellite and shortens its size. Torrealba et al. [27] noted that N-
body modeling a strong tidal stripping of a diffuse companion can explain the
observed properties of Antlia 2-type galaxies.

More in-depth observations of the mentioned triplets of galaxies both in the
optical range and in the neutral hydrogen line could clarify the problem of the
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supposed connection between the cold kinematics of the group's satellites and the
presence of LDD galaxies in it.
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BOJIbIINE JUO®DY3HBIE KAPJTMKN B TMHAMUYECKHA
XOJIOOAHBIX TPOMHbBIX CUCTEMAX TAJTAKTHUK

N.1.KAPAYEHLIEB', A.E.HASAPOBA!, B.E.KAPAYEHILIEBA?

Mgl coobiiaeM 00 oOHapyXeHUM Tpex O0omblnx Iruddy3HBIX KapIUKOBbBIX
(LDD) ranaktvk, pacnojiOXKeHHbIX B M30JMPOBAHHBIX TPOMHBIX cucTeMax. OHM
uMeloT 3 dexTuBHbIe auaMeTphl (3.6 - 10.0) KK v 3(pheKTUBHBIC TOBEPXHOCTHEIE
sapkocTtH (26.2-27.3)3B. Besl. ¢ KBaapaTtHoi ceKyHabl. OTMeueHo, uyto LDD ranakruku
MMEIOT TeHIEHIIMIO BCTpEYaTbCs B MEJIKMX TPYIIax ¢ OYeHb MaJloil aucnepcueit
JiyyeBbIx ckopocteil. CymmapHas (opOuTaibHas ) OlLleHKAa MacChl 3TUX TPUILIETOB
MPUMEPHO paBHA UX CyMMapHOM 3BE3IHOU Macce B Tpeesiax OlMOOK U3MEPEeHUs
JIy4eBbIX cKopocTeil rajaktuk. Hammuve LDD rajakTuk B XOJOOHBIX KPaTHBIX
cucTeMax MpeacTaBIsIeTCs 3araJOuHbIM.

KiroueBnie cioBa: easakmuku - KapaukKoebsle caraKkmuKu - eadlaKkmuKku HU3KOU
nOﬁerHOCmHOlJ ApKocmu
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Recently a data set containing linear and circular polarisation information of a collection of
six hundred pulsars has been released. The operative radio wavelength for the same was 21 cm.
Pulsars radio emission process is modelled either with synchroton/superconducting self-Compton
route or with curvature radiation route. These theories fall short of accounting for the circular
polarisation observed, as they are predisposed towards producing, solely, linear polarisation. Here
we invoke (pseudo)scalars and their interaction with photons mediated by colossal magnetic fields
of pulsars, to account for the circular part of polarisation data. This enables us to estimate the
pseudoscalar parameters such as its coupling to photons and its mass in conjunction as product. To
obtain these values separately, we turn our attention to recent observation on 47 pulsars, whose
absolute polarisation position angles have been made available. Except, a third of the latter set, the
rest of it overlaps with the expansive former data set on polarisation type and degree. This helps
us figure out, both the pseudoscalar parameters individually, that we report here.

Keywords: ALP-y (14.80.Va) mixing: pulsar (97.60.Gb): polarisation (42.25.Ja)

1. Introduction. 1In the last two decades, scenarios in which pseudoscalar
[1-6] particles and photons couple and subsequently mix (Fig.1) in the presence
of magnetic fields. There are many ways in which photon can interact with axion
like particles (ALPs). And these interaction can change the polarisation properties
of electromagnetic radiations through different phenomena [7,8]. First may be,
since the axions alter the photon dispersion relation, EM wave propagation in the
presence of an axion backdrop can modify the polarisation of the wave. Different
photon polarisation modes propagate through an axion cloud at different phase
velocities. [9,10] provides the modified dispersion relation of photon polarisation
modes. Second may be, the axion photon scattering process at the second level
of coupling O(gﬁy) can also produce circular polarisation by converting linear
polarisation through Faraday conversion. The development of the Stokes param-
eters at the second order of g,, is then computed using the quantum Boltzmann
method. In third we study the scattering process of photons from a magnetic field
by exchanging virtual axions in the intermediate states as a second order phe-
nomena in terms of O(gzy) using the quantum Boltzmann approach, i.e. when
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plane polarized light coming from a source it's parallel component which is parallel
to magnetic field may interact with magnetic field and convert into axion like
particles (ALPs) and these ALPs may again interact with magnetic field and
reconvert back to the photons, while perpendicular component of plan polarized
light will go as it is. Because ALPs have very little non zero mass so its velocity
is smaller than photons. So, due to this conversion parallel component of plan
polarized light will moves slowly and a phase difference will come in the parallel
and perpendicular components of plane polarized light which will induce circular
component in the incident light. This mixing have received a lot of attention [11-
17], both phenomenologically [18-25] and observationally [26-33]. This is of
particular interest in astrophysics, where this mixing of photons with pseudoscalars
could make the universe transparent [34], change the polarisation properties of
light [35] and is be potentially responsible for effects such as "Supernovae
dimming" [34] or "Large-scale coherent orientation" [35] of the universe, also
known as "Hutsemekers" effect. The best-known light pseudoscalar particle, the
axion, was introduced long ago [36] to explain the absence of CP violation in
Quantum Chromodynamics (QCD) [37]. One postulated the existence of a new
spontaneously broken continuous Peccei-Quinn symmetry, so that the axion was
a pseudo Goldstone boson. It was soon realised that one needed to introduce a
very large scale in the theory in order to suppress the interactions of the axion,
while preserving the Peccei-Quinn mechanism. The invisible axion [38] emerges
at a unification scale, and the effective coupling is suppressed by this scale. The
invisible axion, being closely related to QCD, has definite and interrelated
expressions for its mass [39] and coupling strength [40] to other particles, given

Fig.1. Axion photon mixing in the polar cap region.
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a specific model [41,42]. Various cosmological and astrophysical bounds can be
used to further constrain the parameters [40], and the allowed parameters do not
lead to observable effects over cosmological scales. The mass of the pseudoscalar
particle needs to be very close to the photon effective mass in order to mix in
the rather weak magnetic fields of the extra galactic space. However, generic
pseudoscalars or axion-like particles (ALP's) have been hypothesized by many
extensions of the standard model of particle physics. Theories such as supergravity
[43] and superstring theory [44] contain many broken U(1) symmetries, that can
lead to very light scalar, or pseudoscalar, particles.

Pulsars, discovered fifty years back [45], are a fusion fuel less state of a two
to three solar mass Mg, star [46], wherein surmounting inward gravitational pull
[47], in absence of a commensurate radiation pressure from fusion, makes it
collapse [48], into a tiny object [49]. Two effects follow: the protons and neutrons
coalesce together making the pulsars synonymous with neutron stars [50]; and,
also during this compression phase the the magnetic flux is conserved, thereby
promoting the magnetic induction field inside it to a colossal [50] value. Other
effects such as the "pulsating” nature of the "star" in its last phase of stellar
evolution, leading to the nomenclature and discovery of the same [50], won't be
pursued here.

Pulsars have been harnessed to estimate the coloumn density [51], by
observing pulsar dispersion measure. Also, the magnetic field of the interstellar
medium (henceforth ISM) along the line of sight can be estimated by observing
its rotation measure [51]. Pulsars were traditionally, observed on earth inside the
radio frequency window specifically, from 100 MHz - 100 GHz [50]. However, over
time, pulsars became known for emission in other wavebands like X-ray, Y -ray,
etc. [52]. Despite, half a century of efforts, the mechanisms for such types of
radiation and properties thereof, such as polarisation, are not very well understood
[53]. This in turn banks heavily on the fact that pulsar atmosphere or its
magnetosphere models are still in its infancy [54]. There are competing contenders
as preferred models for pulsed emission and continuum radiation. Curvature
radiation, synchroton radiation, inverse Compton radiation, superconducting self
Compton radiation, etc. are at the forefront, but none fits all observational features
of pulsars [53]. We shall, however, restrict ourselves, polarisation properties of
radiation inside the pulsar atmosphere without looking into the radiation origin.
Here we shall harness the two pulsar properties the size, and magnetic field which
in turn is deduced from period and associated derivative, to estimate the pseudoscalar
parameters like the mass and its coupling to photons, with the help of 21 cm
observations.

In section 2 we describe the polarimetric data set on six hundred pulsars [55],
along with the quantities that can be derived from these observed parameters
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Table 1
PULSAR POLARISATION PROPERTIES AT 1.4 GHz (sample)

Jname P P log(E) | L/I | V/I ||V/I| err B x
(ms) | unitless [(eres™)| % | % % % Gev? rad

J0034-0721| 943 |4.24E-16| 31.3 [10.7| 7.7| 7.5 | 3 |4.44E-08]0.303493832023204
J0051+0423| 354.7 | 7.14E-18| 30.8 |13.1| -2.3 | 11.2 | 3.3 | 3.53E-09 [0.287272232961884
JO108-1431| 807.6 | 8.43E-17| 30.8 |76.7 | 15.5|13.1 | 3.1 [ 1.83E-08 {0.085016451375219
J0134-2937| 137 |[8.21E-17| 33.1 |45.3|-17.2 (169 | 3 |7.44E-09|0.178538083464964
JO151-0635|1464.7|3.99E-16| 30.7 |29.1| -1.7 | 4.2 | 3.3 |5.36E-080.070948527302082
JO152-1637| 832.7 | 1.16E-15| 319 |15.1| 1.1| 6 3 |6.90E-08{0.190253188556182
J0206-4028 | 630.6 | 1.27E-15| 32.3 |10.6| 9.3| 9.9 | 3.1 [6.27E-08 |0.366407550893253
JO211-8159(1077.3|3.17E-16| 31 17 11.7 1154 | 5.5 |4.10E-08 |0.502033554635695
J0255-5304 | 447.7 |2.86E-17| 31.1 | 7.3| -4.1| 5.5 | 3 |[7.94E-09(0.329545023167104
J0304+1932|1387.6| 1.35E-15| 31.3 |33.4| 15.1 | 148 | 3 [9.60E-08(0.209112164789615
J0343-3000 (2597 |[5.59E-17| 29.1 |14.3| 3.1 | 3.9 | 3.2|2.67E-08|0.107846382092558
J0401-7608 | 545.3 | 1.64E-15| 32.6 |28.6| -0.1 | 4.7 | 3 |6.63E-08| 0.08060916072996
J0448-2749 | 450.4 | 1.46E-16| 31.8 |23.9(-13.3 | 11.8 | 3 |[1.80E-08|0.225223527837328
J0450-1248 | 438 |1.07E-16| 31.7 |253| 25| 6 3.4 | 1.52E-08|0.126047990334037
J0452-1759 | 548.9 |5.28E-15| 33.1 |189| 3.6| 42 | 3 |[1.19E-07[0.109334472936971
J0459-0210 |1133.1| 1.47E-15| 31.6 |10.4|-12.9 | 9.6 | 3.8 | 9.05E-08|0.337370471111776
J0520-2553| 241.6 |2.84E-17| 319 |18.2| 43| 5 3.6 [ 5.81E-09{0.129970070094264
J0525+1115| 354.4|7.12E-17| 31.8 |[10.6 | 125|155 | 3 [1.11E-08{0.478954335502063
J0528+2200(3745.5|4.21E-14| 31.5 |36.9| -49| 4.6 | 3 |8.81E-07|0.062683228726001
J0533+0402| 963 1.8E-16 | 309 (13.3| 4 5.5 | 3.2 [2.92E-08 (0.211767678516289
J0536-754311245.9|6.17E-16| 31.1 |48.8 [-11.1| 11 3 |6.15E-08(0.110852247980192
J0540-7125 1286 |8.55E-16| 31.2 |14.2| 3.1 |15.8 | 4.8 |7.35E-08|0.391121799864486
J0543+2329| 246 1.5E-14 | 346 (452 -82| 7.9 | 3 |1.35E-07|0.086515496781741
J0601-0527 | 396 |1.25E-15| 329 |309| 4.4 |11.3 | 3 |4.94E-08|0.175294355633881
J0614+2229| 335 |6.01E-14| 34.8 |72 20.3 | 20.1 3 |3.15E-07(0.135938275210493

assuming a basic pulsar model [50]. The observation of circular polarisation is
hitherto unexplained by radiation models, theoretical [56-58] and statistical [59]
alike, so far. Thereafter, in the section 3, we invoke the light quanta to
pseudoscalar interaction to step wise calculate the correlators, ab initio, between
the three degrees of freedom. Thereby, in section 4 we digress to Stokes
parameters; the experimental interface with theoretical quantities like ellipticity
parameter and polarisation position angle, using the definition of correlators. In
the next section 5, we discuss the extraction process of pseudoscalar parameters,
for mixing case only, discarding another two cases and leaving the general case
open that might arise, naturally. Also in this segment we estimate the values of
regression parameters derived from statistical analysis of the data set tables. In the
next section we present our results. Thereafter, we conclude by projecting the
feasibility of our result and scope in future directions.
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2. Observation. The following data shown in Table 1 is a small part of
the data obtained from [55]. It contains the spin down luminosity E [48] and
pulsar spin period P [49] all six hundred of them. Following the basic pulsar
model [50,60] we may derive pulsar parameters such as spin period time derivative
P and the magnetic field B.

EP’

4n’ 1 M
Also, from the ratio between the percentage of circular to linear polarisation
provides us with the ellipticity parameter X .

B, =3.2-10"\PP, P=

tan(Zx)z L ()

lin
We have extracted and separately tabulated these derived values for further use in
section 3.

3. Pseudoscalar photon mixing. We begin our discussion with a deri-
vation of the equations of motion for the axion-photon system [61] where the
term "axion" stands generically for any light pseudoscalar particle. A suitable
Lagrangian density is given by

1 vl 1 5, 1 v
Lo PP 40,0 amia’+ 2o R
90 m*

Jnrr 2]

where a is the axion field, m_ its mass, F, the electromagnetic field tensor, and
FW =ghvee F / 2 its dual. The third term describes the CP-conserving interaction
between the pseudoscalar and the electromagnetic field where the energy scale M
is a phenomenological parameter to characterize the interaction strength i.e.
oy =1/M , g, is coupling constant. The last term in Eq. (3) is the Euler-
Heisenberg effective Lagrangian' arising from the vacuum polarizability. It describes
photon-photon interactions in the limit where the photon frequencies are small
in comparison with the electron mass m, and all field strengths are weak in
comparison with the critical field strengths. In our case last term is negligible.
We will solve equation of motion for above Lagrangian.

The following mixing matrix (4) provides for the necessary ingredient of
photon pseudoscalar mixing mediated by a magnetic field [61]. Also this reference
assumes a free space, for calculation, hence there are no Faraday effect (M,,, M|,
entries) terms coupling the two photon polarisations. Inside pulsar magnetosphere
this could hardly be the case. However, we may still ignore the Faraday terms.
The reason being the smallness of it inside spaces with large magnetic fields; as
shown in by one of the coauthors [62], by deriving the limiting propagation

)

2
+




294 K.CHAND, S MANDAL
frequency, below which Faraday effect holds significance.

2 2 2
_ Cl)p(l)B(Cl)p —ma) cos®
- 2 )
|@| sin“@®

®; ,
for the values derived from the pulsar database, such as the magnetic field, and
the plasma frequency from literature [63], which is much smaller than the
pseudoscalar mass, we see that Faraday effect can safely be neglected at the
operating frequency of 1.4 GHz (>> ®, ), with which the observations were made.

4 0 0
M=l0 A4, T |, @
0 T -B

The symbols in the matrix (4) stands for

A4 = 4w2§sin2®+wi , A, = 7w2<§sin2®+wf, , B=m?, T=gBo. 5)
where, B is the magnetic field, ® is the angle between the k and the magnetic
field B, m_the axion mass, and g:(a/45n)(e@/m})2, with m, [61] the lightest

Fermion mass.
The non-diagonal 2x2 matrix, in Eq. (4) is given by,
(4 T
M= 7 e (©)
One can solve for the eigen values of the Eq. (7), from the determinant
equation,

A, -\ T
T —m- =0 ™)
and the roots are,
2
M, :AZTmai%\/[(Az-i-mg)z +4T2] (8)

3.1. Equation of motion. The equation of motion for the axion photon
mixing, in the non-diagonal basis gets decoupled and can be written in the matrix
from as:

AL
(02 +02)1+M] 4, |=0.

a

)

where I is a 3x3 identity matrix and M is the mixing matrix.
The uncoupled and the coupled equations can further be written as,
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(2 +02)+ 4 ](4,)=0 (10)

and

[(w2+6§)I+M2](jJ=O. (11)

It is possible to diagonalise Eq. (11) by a similarity transformation (we would
denote the diagonalising matrix by O), leading to the form,

[(0)2+6§)I+MD][;“]=0. (12)
when the diagonal matrix M, is given by:
M, O

My = o M) (13)

3.2. Dispersion relations. Defining the wave vectors in terms of ks, as:

k=0 +4,, k, =y’ +M,, k =—o*+M, (14)
kKo=yol+M_ , k' =—Jo’+M_. (15)

3.3. Solutions. The solutions for the gauge field and the axion field, given
by (12) as well as the solution for eqn. for 4, in k space can be written as,

and

Z\ (Z): ZH (O)eik+z+ E\f(o)eﬁ‘k*z > (16)
a(z)=a,(0)e™ +a (0)e™*, (17)
A, (z)=4,,(0)e™+ 4, (0)e ™. (18)
The diagonal matrix can be written as
M,=0"M,0 (19)
when
0- cos® —sind _[c =5
“|sin® cos® ) |s ¢ (20)

in short hand notation.

3.4. Similarity transformation. The diagonal matrix

c =s\M;,, My,\c -s
Mp = ’ 1)
-s ¢ \M,, My)\s c

With M, =A,, M,=T, M, =T lastly M, =-B.
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The value of the parameter 0, is fixed from the equality,

c s\(M,, My,\c -s M, O
My = = ; (22)
-s c)\M, My)\s ¢ 0 M
leading to,

M|+ 5> M py+2esM M12(02—s2)+cs(M22—M11) (M, 0O
[Mlz(cz—s2)+cs(M22—M“) M+ ¢2M oy~ 2esM,, J_( 0 M]' (23)
Equating the components of the matrix equation (23), one arrives at:
2M,, T
M —My, - Az_m2 '

a

tan(29) = (24)

3.5. Correlation functions. The solutions for propagation along the +ve

Z axis, is given by,
4,(z)=4(0)e" (25)
a(z)=a(0)e™ (26)

that can further be written in the following form,
4@ _[(e" 0 (40
[a(z) 0 )\a0)) @7)

@((ZZ//S))J:OT@((ZZ/{)O))] (28)

it follows from there that,

[i((zz))}o(eigz efgﬁz]OT(jgo))} (29)

Using Eq. (29) we arrive at the relation,

Since,

4, (z)= [eik*z cos?0 + ™+ sinze]Aﬂ (0)+ [eik*z —e*e ] cosBsin@a(0) (30)
a(z)= [eik*z— e ]cos@sine AH(0)+ [eik*z sin®0 + e coszﬁ]a(O). (31)
If the axion field is zero to begin with, i.e
a(0)=0. (32)
Then the solution for the gauge fields take the following form,
A“(z) = [eik*z cos?0 + et sinze]AH(O) (33)

A, (z)=e"74,(0). (34)
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The correlations of different components take the following form:

<A|T (Z)AH (z)> = [cos46 +sin*0 + 2sinzecos26cos[(k+ -k )z]]<A‘T (O)AH (O)> (35)
(4](2)4, (=) = [cos0 ™ 41 sin20 - | 47 (0) 4, (0) (36)
(47(2)4,(=)) = (4} (0) 4, 0)). (37)

4. Stokes parameters. Using the definitions of the Stokes parameters, in
terms of the correlators:

1=(47(z)4,(2)+ (41 () 4. (), (38)
<AH > <A (z > (39)
U= 2Re<A‘T (z)4, (z)>, (40)
v =2Im(4;(z)4,(2)). (41)

Using the relations for the corresponding correlators, the Stokes parameters turn
out to be

1= [eos*0 -+ sin*0 + 2sin0cos 0cos [(k, ~ k1 )z]]( 47 (0).4,(0)) + (4] (0) 4, (0))
QO = |cos*0 +sin *0 + 2sin *Ocos *Ocos [(k -k, z]]<AH )AH O)> < 1(0)4,(0) >
U= 2([cos Ocos [(kl ) ]]+ sin Gcos[ k -k )z])<A‘T (0) l(O)> (42)
v =2[cos?0sin [(k, ~ &, )z]J+ sin0sin[(k, ~ k2)z]}( 4] (0) 4, (0)).
The Stokes parameters are also expressed as such
I=1,, (43)
Q=1,cos2ycos2y,, (44)
U =1,sin2ycos2y,, (45)
V=1,sin2y. (46)

where ¥, v are are usual ellipticity parameter and the polarisation position angle.
The degree of (linear /) polarisation is given by,

:\/Q2+U2+V2 _\O’+U?

> DPiin = (47)
1 P 1 P
and the linear polarisation angle is given by
U
tan2y =—, tan2y = . 48
Q DPiin ( )
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It has been noted in [64], that in case, we make any coordinate transformation
around the axis of photon propagation the two linear polarisation become mixed.
Hence, we need to be careful, as our solution process entails a similarity
transformation. To see this we define the density matrix

olz)= <A|T(Z)A||(Z)> <AH(Z)A1(Z)> ZLL 1(z)+0(2) U(z)—iV(z)J
<A‘T (Z)AL (z)> <AI (z)AL (z)> 2 U(Z)+ l'V(z) I(z)— Q(z) ’
if we rotate the density matrix by an amount o about an axis perpendicular the

plane containing A”(z), A,(z), the density matrix transforms as p(z)— p'(z)
given such to be

p'(z):%R(a)( 1(z)+0(z) U(Z)_iV(Z)]R—l(a)’

(49)

U(z)+iv(z) 1(z)-0(2) (30)
where,
R(a):[cosa —sina} 51)
sino.  cosa

Under such transformation the /(z) and ¥(z) remains unaltered. However, the
Q(z) and U (z) starts mixing with each other by the following

(S e 2

We conclude this section by mentioning that in such a case the ellipticity
parameter remains unaltered but the polarisation position angle changes by 2a
as given below

tan(2y') = tan(2y), tan(2y’)=tan(20 + 2y). (53)

5. Ellipticity parameter and polarization position angle. As a follow-
up to the analytical expressions given in the previous section/s, we consider two
special case of the Stokes parameter where either one of the two effects, namely,
the mixing effect or, the vacuum birefringence effect would be absent. Thereafter
we shall consider the general formula. In each case, we would like to obtain the
value of the ellipticity angle X after propagation a fixed distance z of light and
determine it's frequency dependence. For all the three cases we shall assume the
light to be completely plane polarised in the transverse direction, or U polarised.
This is common observance in pulsar polarisation cases.

5.1. Case - I: Mixing only. Here we assume that the vacuum birefringence
terms (i.e. & term inside the diagonal ones A, A,) are absent. We also assume
a pseudoscalar mass which is much less than the plasma frequency here. This
greatly simplifies calculation without being much deviant from the reality, if we
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consider the parameters of the pulsar environment. Next we consider how the
circular polarisation varies in this case. Assuming 0 <<1 one have

v =| sin [(kL—k+)z]+[%} sin|(k, ~ k1)z] |(4](0)4, (0)). (54)

Following the set of Egs. (14)-(15) we can simplify the arguments of the
remaining sinusoids of Eq. (54) as given below:

(g%Bo) | , . _
> 2 , KR =+ 0?2 2 ol
o, +m; Jo o, +m;Jo 20

a

2 2
(g8o) m
ky =k, =- + (55)
So, if £=0, then the ellipticity parameter to its lowest order (oc 6%) is found
to be as follows, which matches well with [64,65], though the later most prob-
ably has a typo‘).
1 2 3
~—(g®Bm, )z
X~ g (gBm,) (56)
Similarly, we may now turn our attention to two linear polarisation degrees of
freedom, where the mixing angle 6<<1, is small, to figure out the polarisation
position angle.

U
tan(2y) = o (57)

However, in the beginning of this section we have already mentioned that U=1.
This is true for the parameters of interest used here and the observational cases to
be discussed later. This makes the polarisation position angle inversely proportional
to Q. But before we evaluate the expression for O, we note that in the case of mixing
the beam is assumed to propagate at an angle ©/4 as compared to the magnetic field
of the pulsar. Hence we need to change our expression for polarisation position angle
accordingly. As discussed during derivation of Eq. (53), we have;

tan[2\|/ + Ej L (58)
2) Q0

Next, we evaluate Q keeping in mind the approximations made before. Keeping
terms up to order 0% in the expression for Q, we have,

0= —292[sin2[<kl_+;>zﬂ. (59)

Again, following the set of Egs. (14)-(15), we have

D It claimed concurrence with the former but is actually at variance, with it
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2

m
k,—kl)y=—*%.
(k- )= (60)
Substituting, one gets, in conjuntion with [65]
1
v=—(g®:z). (61)

16
However, unlike the circular polarisation, which was attributed to its entirety, to
the mixing effect, one can not ascribe the entire pulsar linear polarisation [66]
to this tiny mixing effect, where the mixing angle 0 <<1. So, we note that the
pulsar radio emission is inherently linearly polarised to a large degree, due to
curvature, synchroton and superconducting self Compton effects thereof. We use
U=1 and only the Q part is modelled via pseudoscalar photon mixing; where

0-+(gwz) 62)

along with the definitive couple of Eq. (48) to note that the linear polarisation
observed is equal to

Pin = Qsec[Zw + g] (63)
We note that the determination process of absolute pulsar polarisation [67] position
Table 2
REGRESSION RESULT FOR THE COUPLING OF THE
PSEUDOSCALAR
Coefficients Mean Std.-Error F-statistics t-value Pr(> |1])
Slope 2.404e-25 4.567e-26 27.7196 5.265 1.21e-05

Linear polarisation degree

T
4e+26

T
2e+26
0.125B%z%sec(2y + /2)

Fig.2. Linear regression between PPAs and Lin. Pol. Abscissa is in GeV? units and the ordinate
is dimensionless.
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Table 3

SMALL SAMPLE OF ABSOLUTE PULSAR POLARISATION
POSITION ANGLES, FROM [68]

Pulsar PA,, deg PA, VY, deg
B0011+47 +136(3) 43(7) -87(8)
BO136+57 -131(0) 43(3) 6(3)
B0329+54 119(1) 20(4) 99(4)
B0355+54 48(1) -41(4) 89(5)
B0450+55 108(0) -23(16) -94(16)
B0450-18 40(5) 47(3) -7(6)
B0540+23 58(19) -85(3) -37(19)
B0628-28 294(2) 26(2) 88(3)
B0736-40 227(5) -44(5) 91(7)

angles, is now experimentally feasible and the same values have already been
scraped out for 30 odd pulsars. The literature contains a little less than fifty
absolute PPAs from [68], out of which only 30 cross matched with that of our
old set of 537 data, used to calculate the ellipticity parameter.

The expression for Q has only one unknown, the coupling of pseudoscalar
with photons. Hence, we may do a regression analysis here, too, to estimate the
same. The summary table is given in Table 2.

For the sake of brevity, we post a small segment of total 47 pulsar given in
[68] in Table 3. The pulsar names here are catalogued in B1950 almanac standard,
which were then converted to J2000 almanac standard and cross matched with
the original and usable 537 strong population data on pulsar polarisation. 30 odd

2]

Fig.3. Linear regression between observed and (scaled) theoretical ellipticity parameter. Abscissa
is dimensionless and the ordinate is in GeV™ units.
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Table 4
REGRESSION RESULT FOR THE MASS OF THE PSEUDOSCALAR
Coefficients Mean Std. error F-statistics t-value Pr(>t))
Slope 7.471e-38 2.251e-38 11.0164 3.319 0.000964

samples of them were found to be common in both.

Now, we turn our attention back to the ellipticity parameter given in Eq. (56).
Being a small angle, we have relegated the tangent as equivalent to its angular
argument. The regression analysis thus to be undertaken is between circular and
linear random variables, lying on LHS (ellipticity parameter) and RHS (magnetic
field) respectively. Suffice it to say that the LHS is readily read off from the Table
1. The result of correlation study is given in the Table 4.

5.2. Case - II: Vacuum birefringence only. Here if we assume the
mixing to be absent then we get 6 =0 and hence we get the circular polarisation
as

v =2(sin[(k, k. )=])( 4] (0) 4, (0)). (64)
Here, we need to evaluate only one argument and it is the same as given
above:

1
ke —k, = %{— 3¢} (65)

We note, that, the mass of the pseudoscalar cancels and the mixing term is
assumed zero. We see, that, the circular polarisation has now become inversely
proportional to frequency assuming the argument to be considerably small as in
the other case. Given that no circular polarisation would be produced in this case,
it would be uninteresting to ponder over here.

5.3. Case I1I: Limiting case. We note the essential non-linearity resulting
from the two effect taken in conjunction. Since we can not just add the two effects
separately, even if they both are small and perturbative, to obtain the final result.
We also note that the two effects shall be competing with each other when the
following condition is met

o~ gB.
Leaving aside the numerical prefactors - tentatively we see that, unless the value of
magnetic field is much larger than normal pulsars (as in magnetars) and the beam
frequency used in experiment is quite high (unlike the present case), even the modest
values coming from astronomical bounds on pseudoscalar may not be comparable
with the vacuum birefringence effect and the former is in fact larger in effect.
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5.4. Case 1V: General case [69]. Here in this subsection we calculate
the amount of circular polarisation, vide the Stokes parameter V', without resorting
to any of the approximations made in the preceding two subsections, for com-
pleteness. Here the expression for the V becomes

Vz{coszl g¥o z}sin[(kl—lﬁ)z]

TEw?sin’o + wf, +m

a

(66)

2.2 2
TEw sin“oL+ @), +m

+sin2[ gto } sin[(k, — k') }<A|T (04, 0))-
Hence at lowest order the first term, in (0 << 1) limit, would not change anything
from what the first term, for the case of the pure mixing effect, did. But the
second term, even at the lowest order shall render the expression for V qualitatively
different from what is was then at pure mixing effect. Needless to say that pure
vacuum birefringence effect does not match, even qualitatively, with any of them,

either. For completeness, we write down the values of the wave vectors again.

2
k -k, = L{<";(4coszot - 7sin2a)+ {&:l}
2m

2.2 2
TEw sin“o + m,

k, -k, L 48 cos’o+m>— ﬂ (67)
i + 20 a .

Tew?sin’ou + m?
Thus far we have only shown the difference of results of all three separate cases
in terms of the V parameters depicting circular polarisation. This can be done

with other two linear polarisation degrees of freedom, too. We leave this for a
future endeavour.

6. Result. By the careful analysis of [55], containing 600 Pulsar polarisation
data, of which 537 are used here and that of [68], containing 47 absolute PPAs
for pulsars, 30 of which are common to the above, we came to the following
result given in Table 5. We however note that more data samples on absolute
PPAs are required to obtain a more statistically significant result on the coupling,
which is deduced, from this parameter. Currently a little over fifty pulsars are

Table 5
THE RESULT OF THIS ANALYSIS

Results Obtained

Parameters Values Significance level
g4 4.903-10"° GeV" =0.001%
m, 2.733-10"% eV <0.1%
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amenable to this type of absolute PPA studies. The second quantity, namely the
mass, has the numbers (>500) on its side. Nonetheless, its extraction from the
ellipticity parameter, in turn, hinges on the coupling value, indirectly affecting the
confidence interval found from the population. Also, for the sake of thoroughness
we mention that the degree of linear polarisation is claimed to be dependent on
frequencies in which they are observed [70]. The PPAs that are quoted in [68],
are for various radio frequencies, e.g. 327 MHz, 691 MHz, 3.1 GHz etc., including
that of 1.4 GHz, which corresponds to 21 cm. Since, there has been no connection
to PPAs are made with frequency, to our knowledge to this date, we did not
investigate this further.

7. Discussion and outlook. Taking advantage of new age of data explosion
arising out from newer observational techniques and that of machine tools, we
tried to estimate pseudoscalar particle mass and its coupling to photons. The results
thus obtained do not match any standard axion models such as DFSZ or KSVZ
etc. Hence these finding must be accommodated in the fold of axion like particles
(ALPs) outside of the QCD realm. Surprisingly, our bottom up study, has
automatically, led us to values, that are comparable and between the contemporary
theories on cosmic axion background radiation (CAB), leading to soft X-ray
excesses observed from Coma cluster [71] and that of the extra-galactic background
light (EBL) to ALPs conversion and oscillation, leading to an observed anomalous
y ray transparency of the universe [72]. Fortunately, the previous constraints set
on the mass and coupling of pseudoscalars, either by the changes in of quasar
polarisation, hypothetically by ALPs [73], or by the y ray burst SN1987A [74],
occurring through a so called ALPs burst, are not in conflict with our results,
either.

As mentioned in section 5 a future incorporation of vacuum birefringence effect
into this study, may be performed, so as to see how the result on these estimates
may change, for better or worse. These parameters may also be harnessed for
devising CDM/WDM models and to obtain their relic densities.
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NCCIEAOBAHUE TTCEBAOCKAJIAPOB C ITOMOIIBIO
HABOPOB JAHHBIX O ITOJIAPU3ALIMU T1YJIbCAPOB

KYAHIA, CMAHIAJ

HenaBHo 6bUT 0ny0mMKOBaH HOBBIN HA0Op TaHHBIX, COAEPKAILNI MHGOPMAILIIO
0 JIMHEeHOM M Kpyrosoil mojspusauuu 600 myabcapoB Ha paguoBojHe 21 cwm.
CylecTByolIe MOAEIN PaauoU3IydeHUs MyJIbCapoB, TAKME KaK CUHXPOTOHHOE,/
ABTOKOMIITOHOBOE WJIM UCKPUBJIEHHOE U3JTyYeHUEe, HE MOTYT OOBSICHUTh HAOII0-
JIaEMYIO KPYTOBYIO MOJISIPM3ALIMIO, TIOCKOJIBKY OHU IIPEACKA3bIBAIOT TOJIBKO JIMHEITHYIO
noJisipudauuio. YTtoObl pelnTh 3Ty MpobjeMy, Mbl IpeajaraeM HCIOJIb30BaTh
(TIceBaO)CKaNISIpHbIE YaCTULIbI, B3aUMOJCICTBYIOIIME ¢ (DOTOHAMU B TIPUCYTCTBUU
WHTEHCHUBHBIX MarHUTHBIX TOJIEW TyJIbCApOB, IJI OObSICHEHUS KPYTOBOW MOJISI-
pu3zaLuy. DTO MO3BOJISIET HAM OLIEHUTh TICeBIOCKANSIPHBIC TTapaMeTphl, TaKMe Kak
CBSI3b C (DOTOHAMU U MacCy B BUIE UX MpousBeAcHUsI. UTOObI TMOJYYUTh ITU
3HAYEHMS MO OTAEIbHOCTH, MBI BOCIIOJIb30BAJIMCh HEJABHUMM HaOI0neHUIMU 47
MyJIbCApOB, TSI KOTOPBIX OMpeaeeHbl aOCOMIOTHBIE MO3ULIMOHHBIE YIJIbI TTOJSIPY-
3anuu. JIBe TpeTu 3TOro HOBOro Habopa HAOMIOACHMIA TIEPECEKAETCS ¢ OOIIMPHBIM
MPeabIIYyIIM HAaOOpOM AAaHHBIX O TUIIE U CTEIEHM MOJISIpU3ALMU. DTO TMO3BOJIMIO
OIpeAeIuTb 00a TICeBIOCKAISIPHBIX MapaMeTpa MHINBUIYAIbHO.

KimroueBbie cnoBa: ALP-Y (14.80.Va)cmewenue: nyascap (97.60.Gb): noaspuzayus

(42.25.Ja)
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This study presented the first light curve analysis of the OP Boo and V0511 Cam binary stars,
which was conducted in the frame of the Binary Systems of South and North (BSN) Project.
Photometric ground-based observations were conducted with standard filters at two observatories in
the Czech Republic. We computed a new ephemeris for each of the systems using our extracted
times of minima, TESS data, and additional literature. Linear fits for O-C diagrams of both
systems were considered using the Markov Chain Monte Carlo (MCMC) method. The light curves
were analyzed using the Wilson-Devinney (WD) binary code combined with the Monte Carlo (MC)
simulation. The light curve solutions of both target systems required a cold starspot. The absolute
parameters of the systems were calculated by using a P- M parameter relationship. The positions
of the systems were also depicted on the Hertzsprung-Russell (HR), P- L, logM,, -logJ,, and
T - M diagrams. The hotter component in both systems is determined to be a more massive star.
Therefore, it can be concluded that both systems are W-type contact binary systems.

Keywords: binaries: eclipsing - methods: observational - stars: individual (OP

Boo and V0511 Cam)

1. Introduction. The component stars in a contact binary system overfill
their own Roche lobes [1]. It indicates their surfaces' potentials are equal. The
W Ursae Majoris (W UMa) system belongs to a type known as Low-Temperature
Contact Binaries (LTCBs), and their stars' temperatures are close to each other
[2,3]. Contact binary systems are divided into two categories, A and W, according
to the companions’ masses and temperatures [4]. In the A-subtype, the more
massive component has a higher effective temperature; otherwise, the system is
classified as the W-subtype.

In addition, the estimation of absolute parameters in contact systems using
orbital period has been the goal of many investigations [5-8]. Mass transfer
between two stars can also be determined by analyzing variations in the orbital
period over time. There are also theories about the upper and lower limits of the
orbital period in contact systems, which indicate that it is less than 0.6 days [8].
Although these systems are very important in terms of the formation, stellar
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structure, and evolution of stars, there are still many ambiguities and questions.
It seems that observing and studying more contact systems can help by creating
a larger sample to answer the questions [9].

The first light curve analysis of the OP Boo and V0511 Cam binary systems
from the northern hemisphere of the sky was provided in this work. These two
binary systems were discovered by the ASAS-SN survey and Khruslov [10]. OP
Boo and V0511 Cam are introduced as contact binary systems in catalogs and
databases.

The OP Boo (GSC 03861-00642) binary system's coordinates are RA =
225°.80046 and Dec = 53°.56501 from the Gaia DR3. This system's apparent
magnitude is reported as V'=12.78 in the ASAS-SN catalog. OP Boo's orbital
period is reported as 0.3114482 day in the ZTF catalog, 0.311447 day in the
ATLAS catalog, and 0.3114445 day in the ASAS-SN catalog.

V0511 Cam (GSC 04548-01797) is a binary system with coordinates RA =
151°.47734 and Dec =81°.98326 from Gaia DR3. The ASAS-SN variable stars
catalog reported an apparent magnitude of V' =12.59 for V0511 Cam. The orbital
period of the V0511 Cam system is reported to be 0.4046236 day in the ASAS-
SN catalog, and 0.404615 day in the VSX database.

The first light curve study of binary stars is important to create larger samples
for deeper parameter investigations of these types of systems. The paper is
organized as follows: Specifications on photometric observations and the data
reduction process are given in Section 2. For each of the systems, the new
ephemeris and extracted minima times are presented in Section 3. The light curve
solutions for the systems are contained in Section 4. Section 5 presents the
estimation of the absolute parameters. Finally, the conclusion is included in
Section 6.

2. Observation and data reduction. Two observatories in the Czech
Republic observed the binary systems V0511 Cam and OP Boo in an expanse
of two nights.

OP Boo was observed using a GSO Newton 200/1000 telescope and a ZWO
ASI 178MM CCD. The observation was performed at a private observatory
(49°.645N, 14°.755E) in April 2019. This observation was carried out with a V'
filter and a 60-second exposure time. We reduced the raw CCD images, and the
basic data reduction was performed for dark and flat-field images using Muniwin
2.1.31 software. During the observation, we used UCAC4 718-055116 (V™&=
12.95) as a comparison star, UCAC4 718-055147 (V™ =12.65) for the first check
star, and UCAC4 718-055152 (V™ =12.51) for the second check star.

V0511 Cam was observed in September 2021 at the Stefanik Observatory
(50°.081N, 14°.398E). We applied a 16-inch F/10 Schmidt-Cassegrain telescope
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and a SBIG STI0XME CCD. In this observation, the Johnsons-Cousins R, filter
was used, and the exposure time was 60 seconds. We employed PCs that were
online synchronized with stratum 0 NTP servers using Dimension 4 software. The
CCD image processing and data reduction were done with dark and flat-field
images, relative aperture photometry by Muniwin 2.1 software, and artificial
comparison stars from three sources. Therefore, UCAC4 861-006287 (V™=
12.26), UCAC4 860-006752 (V™ =12.29), and UCAC4 861-006284 (V™ =
11.97) are used as comparison stars. UCAC4 860-006775 (V™ =13.37) was our
check star in this observation.

The apparent magnitudes reported in this section for comparison and check
stars are from the AAVSO Photometric All Sky Survey (APASS) DR9 catalog.

TESS data were used in this study for both target systems. TESS observed
the OP Boo system in sector 50 with a 600-second exposure. For the V0511 Cam
system, we also utilized sector 60 with a 200-second exposure time. The data is
available at the Mikulski Space Telescope Archive (MAST).

3. Orbital period variations. The orbital period of contact systems is
known to have changed over time. It is an important parameter obtained from
observations to understand some characteristics of these kinds of systems. Orbital
period analysis and a new ephemeris computation are important for those systems
whose orbital period variations and light curve analysis have not yet been
investigated.

We have extracted a primary and a secondary minimum for each of the OP
Boo and V0511 Cam systems. All minima are given in the Barycentric Julian Date
and Barycentric Dynamical Time (BJD,;). Table 1 contains the times of minima
extracted in this study and collected from the literature. Appendix tables 4 and 5
listed the primary and secondary times of minima extracted from TESS data.

For OP Boo, we used a primary minimum (2456191.62078) from the Paschke
[11] study and an orbital period (0.3114445 day) reported by the ASAS-SN catalog
as a reference ephemeris. For V0511 Cam, a primary minimum (2451470.67123)
from the Khruslov [12] study and orbital period (0.4046236 day) come from the
ASAS-SN catalog, used for the reference ephemeris. So, the epoch and O-C values
of all minima were computed using the reference ephemeris of each system.

The number of observed minima and their time intervals are important for
O-C analysis. There have been few ground-based observations of the two systems
in the study, and linear fits have been taken into consideration for O-C diagrams
(Fig.1). We used 20 walkers and 10000 iterations for each walker in the MCMC
process to determine new ephemeris for each system. Thus, we carried out the
MCMC sampling using the PyMC3 package [13]. The new ephemeris for each
system is presented in Equations 1 and 2:
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OP Boo: Min./(BIDpy )=2456191.61897(37)+ 0.311446559(33)E
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Fig.1. The O-C diagrams of OP Boo and V0511 Cam eclipsing binaries with linear fits and

corner plots.

Table 1
GROUND-BASED OBSERVATIONS' AVAILABLE CCD
TIMES OF MINIMA
System Min.(BJD,,,) | Error | Filter | Epoch O-C Reference
OP Boo 2456191.62078 | 0.02000 | CCD 0 0 Paschke [11]
2457471.49608 | 0.00050 | CCD | 4109.5 | -0.0059 Lehky et al. [14]
2458595.36130 | 0.00700 4 7718 0.0119 This study
2458595.50872 | 0.00660 V 7718.5 | 0.0036 This study
V0511 Cam | 2451470.67123 R 0 0 Khruslov [12]
2456043.51046 | 0.00300 -Ir 11301.5 | -0.0144 | Hubscher et al. [15]
2459459.33503 | 0.00052 R 19743.5 | -0.0223 This study
2459459.53719 | 0.00470 R 19744 | -0.0224 This study
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Table 2
PHOTOMETRIC SOLUTIONS OF THE OP Boo AND
V0511 Cam SYSTEMS
Parameter | OP Boo V0511 Cam Parameter OP Boo V0511 Cam
T (K) 4852(27) 5809(38) r(mean) 0.356(5) 0.306(5)
T, (K) 5388(32) 5908(38) r,(mean) 0.402(7) 0.487(7)
q=M/M, | 1.233(41) 2.856(65) Phase shift 0.069(1) -0.056(1)
Q. .=Q, 4.100(15) 6.298(22) Col.W (deg) 87 107
i° 59.57(23) 59.19(39) Long.spm (deg) 344 305
f 0.035(4) 0.206(33) Rad.spm (deg) 21 20
L/, 0.359(1) 0.278(1) TW /T, 0.95 0.90
L/, 0.641(2) 0.722(2) Component, Hotter Hotter

4. Light curve solutions. Photometric light curve analysis of the OP Boo
and V0511 Cam system was performed by the WD (Wilson-Devinney) code and
MC simulation [16].

We assumed the bolometric albedo and gravity-darkening coefficients were
A,=A,=0.5[17] and g, =g,=0.32 [18], respectively. We used the limb darkening
coefficients from the van Hamme [19] study. Also, we considered the reflection
effect in our contact binary systems [20,21].

In this study, we considered the initial system temperature from Gaia. Then,
we estimated the components' temperature ratio from the depth difference of the
primary and secondary minima. We set the temperature reported from the Gaia
DR2 and Gaia DR3 on the hotter stars of OP Boo and V0511 Cam, respectively.

Then, using MC simulation, we performed a mass ratio and other parameters
search with large ranges. So, we searched for a mass ratio between 0.1 and 9,
inclination between 40 and 90, surface potentials between 1.5 and 9, and
temperatures between 4000 and 7000 for both stars Poro et al. [22].

After searching and ensuring a suitable theoretical fit, we did the MC
simulations with the five main parameters i, g, 2, T, and T,. It should be noted
that the error rate of normalized flux in the TESS data was high (about 0.1),
and the analysis was carried out regardless.

According to the asymmetry in the maximum of the light curve, we added
a cold starspot on the hotter component of the OP Boo and V0511 Cam systems.
This can be described by the O'Connell effect that contact systems are known
for their magnetic activity [23]. Fig.3 shows that OP Boo's starspot is located near
the contact region, which is to find the best synthetic fit on the light curve.
Furthermore, the starspot on the V0511 Cam system has a lower temperature than
the OP Boo due to the difference in light curve maxima.
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The results of the light curve analysis are shown in Table 2. The observed
and synthetic light curves of the V0511 Cam and OP Boo binary systems are
displayed in Fig.2. Furthermore, the geometric structures of the systems are shown

in Fig.3.

5. Estimation of absolute parameters. There is a method to estimate
the absolute parameters through Gaia's parallax [8]. This method can be accurate
if the values of a, (Rg) and a, (Ry) are close together. The values of a, (Rg)
and a, (Rg) are derived during the process of estimating absolute parameters using

OP Boo - Ground - based Observation 1 V0511 Cam - Ground - based Observation )
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Fig.2. The photometric light curves of the systems, and synthetic light curves obtained from
light curve solutions and residuals are plotted.

Gaia DR3 parallax, and they should be the same in theory [24,25]. However,
their values require that they be found relatively close to each other in compu-
tations. a (Rg) is calculated using the average of a, (Rg) and a, (Ry) in the
Gaia DR3 method for estimating absolute parameters.

Additionally, the possibility of using this method is dependent on V _ from

the observation and the appropriate A4, . The precision of computations, including
parallax, is reduced with increasing values of A, [26]. Regarding the OP Boo
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OP Boo

V0511 Cam

Fig.3. 3D view of the binary systems in 0, 0.25, 0.5, and 0.75 phases.

binary system, in Gaia DR3 the value of the parallax error (0.5880) exceeds that
of the parallax (0.4216) and this causes a large error in the distance value (d(pc)
=2371.99 £990.48). However, we can also look at the Re-normalized Unit Weight
Error (RUWE) in Gaia DR3, whose value for this system is 54.94 but should
be less than 1.4 [27]. On the other hand, values of d(pc) =634.17 £4.35 and
RUWE=1.02 are acceptable and appropriate for the V0511 Cam system. So, Gaia
DR3 parallax is not a good way to estimate the absolute parameters of the OP
Boo system.

There are other methods for estimating absolute parameters, most of which
use sample-based statistical analysis. So, we employed the P- M, relation from
the Poro et al. [8] study (Equation 3). This relation is related to a more massive
component.

M, =(2.924+0.075) P+ (0.147 £ 0.029). 3)

This relation comes from a sample of 118 systems, and for all of them, the
Gaia parallax was used to estimate absolute parameters. Therefore, its output may
closely resemble that of the Gaia Parallax used directly.

First, we estimated the mass of the more massive star using the P- M, relation.
The mass ratio is then employed to determine the mass of the other star. a( Ry)
was calculated using the system's total mass and orbital period, and the radius of
each star can be found using r, . Additionally, the stars' luminosity was
determined using each star's radius and temperature. Finally, we calculated the
absolute bolometric M, , of the stars using the well-known Pogson's relation [28],
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Table 3
THE ABSOLUTE PARAMETERS OF OP Boo AND V0511 Cam
Parameter OP Boo V0511 Cam
Cooler star Hotter star Cooler star Hotter star
M/ M, 0.858(13) 1.058(52) 0.463(12) 1.323(66)
R/Rg 0.855(84) 0.965(99) 0.854(107) 1.360(167)
L/Lg 0.365(85) 0.708(173) 0.750(224) 2.032(595)
M, , (mag.) 5.824(228) 5.105(237) 5.043(284) 3.960(279)
log(g) (cgs) 4.508(75) 4.493(64) 4.240091) 4.292(79)
a (Ry) 2.401(200) 2.793(298)

where M, s is taken as 4.73-mag. The estimation of absolute parameters of OP
Boo and V0511 Cam systems is presented in Table 3.

6. Conclusion. Photometric observations of the OP Boo and V0511 Cam
systems were carried out at two observatories in the Czech Republic. Data
reduction processes were done according to the standard method, and light curves
were prepared for analysis. We also used TESS data for both binary systems.

We extracted the times of minima from our observations and TESS data.
Then, we collected mid-eclipse times from the literature as well. Using the
reference ephemeris, the epoch and O-C values were calculated. We used the
MCMC method for linear fits in the O-C diagrams and presented a new
ephemeris for each system.

We presented the first light curve analysis for both target binary systems in
this study. Light curve analysis was done with the WD code and MC simulation.

The temperature obtained from the light curve solutions shows that in both
systems, the secondary minimum is deeper and hotter than the primary. The
temperature difference between the two stars in the OP Boo system is 536 K, and
in the V0511 Cam system, it is 99 K. According to the temperature of each star
obtained from the light curve analysis and the Cox [29] study, it is possible to
determine their spectral type. Therefore, for the OP Boo system, the cooler star
is K2 and the hotter star is KO in the spectral type; this is for V0511 Cam's
cooler star which is G3, and G2 is for the hotter star. The solution of the light
curve for the OP Boo and V0511 Cam systems required the addition of a cold
starspot on the hotter component, representing the O'Connell effect [23].

We estimated the absolute parameters of the systems using the relationship
between the orbital period and the mass of the more massive component [8] and
the results of the light curve analysis. The positions of OP Boo and V0511 Cam
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Fig.4. (a) HR, (b) P- L, and (c) logM

tot

-logJ, (d) T, - M, diagrams, respectively.

stars on the HR diagram are presented (Fig.4a). So, the HR diagram shows the
hotter stars are on the Terminal-Age Main Sequence (TAMS) line, and the cooler
components lie between the Zero-Age Main Sequence (ZAMS) and TAMS. Fig.4b
shows the position of the stars of the two systems compared to the P—Ll’2 theoretical
fit obtained from the Poro et al. [9] study, which is in good agreement. As expected,
hotter and more massive stars are on the P- L, theoretical fit, and cooler and less
massive stars are on the P- L, theoretical fit.

Based on computations, the orbital angular momentum of OP Boo is 51.778
+0.023, and the value of V0511 Cam is 51.666 =0.026. So, OP Boo and V0511
Cam are located in a contact binary systems region, as shown by the logM, -
logJ, diagram (Fig.4c). The parabolic curve is shown in Fig.4c, and the results
are based on the Eker et al. [30] study.

The Poro et al. [31] study used 428 contact binary systems and presented the
T,- M, relationship. The position of the target systems is shown in this relation-
ship. In Fig.4d, the horizontal axis shows the effective temperature of the hotter
component, and the vertical axis shows the more massive star of each system.
As Fig.4d shows, the positions of the stars are in good agreement with the
theoretical fit.
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We obtained a mass ratio, fillout factor, inclination, and stars' temperature
from the light curve solution and MC simulation. The light curve analysis and
absolute parameters of both systems suggest that OP Boo and V0511 Cam are
W UMa contact and W-subtype binary systems.
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APPENDIX

The appendix tables contain a list of the primary and secondary times of
minima for the OP Boo and V0511 Cam systems, extracted from TESS obser-

vations.

Table 4

THE EXTRACTED PRIMARY TIMES OF MINIMA FROM TESS
SECTOR 50 DATA FOR OP Boo

Min. Error Epoch | O-C Min. Error Epoch | O-C
1 2 3 4 1 2 3 4
2459665.3400 | 0.0002 | 11153.5 | 0.0230 2459670.9454 | 0.0002 | 11171.5 | 0.0224
2459665.4938 | 0.0002 11154 | 0.0211 2459671.1003 | 0.0002 11172 | 0.0215
2459665.6513 | 0.0002 | 11154.5 | 0.0228 2459671.2570 | 0.0002 | 11172.5 | 0.0226
2459665.8055 | 0.0002 11155 | 0.0213 2459671.4119 | 0.0001 11173 | 0.0217
2459665.9631 | 0.0002 | 11155.5 | 0.0232 2459671.5686 | 0.0003 | 11173.5 | 0.0227
2459666.1163 | 0.0002 11156 | 0.0207 2459671.7233 | 0.0001 11174 | 0.0217
2459666.2748 | 0.0002 | 11156.5 | 0.0234 2459671.8800 | 0.0002 | 11174.5 | 0.0227
2459666.4280 | 0.0002 11157 | 0.0210 2459672.0347 | 0.0002 11175 | 0.0217
2459666.5859 | 0.0002 | 11157.5 | 0.0231 2459672.1915 | 0.0001 | 11175.5 | 0.0227
2459666.7394 | 0.0003 11158 | 0.0209 2459672.5029 | 0.0002 | 11176.5 | 0.0227
2459666.8971 | 0.0003 | 11158.5 | 0.0228 2459672.6579 | 0.0002 11177 | 0.0220
2459667.0513 | 0.0003 11159 | 0.0214 2459672.8144 | 0.0002 | 11177.5 | 0.0227
2459667.2085 | 0.0002 | 11159.5 | 0.0228 2459672.9695 | 0.0002 11178 | 0.0221
2459667.3628 | 0.0002 11160 | 0.0214 2459673.1259 | 0.0002 | 11178.5 | 0.0227
2459667.5201 | 0.0003 | 11160.5 | 0.0230 2459673.2810 | 0.0001 11179 | 0.0222
2459667.6745 | 0.0003 11161 | 0.0216 2459673.4372 | 0.0002 | 11179.5 | 0.0227
2459667.8316 | 0.0003 | 11161.5 | 0.0230 2459673.5922 | 0.0002 11180 | 0.0219
2459667.9857 | 0.0002 11162 | 0.0214 2459673.7488 | 0.0002 | 11180.5 | 0.0228
2459668.1432 | 0.0002 | 11162.5 | 0.0232 2459673.9036 | 0.0002 11181 | 0.0219
2459668.2973 | 0.0003 11163 | 0.0216 2459674.0604 | 0.0002 | 11181.5 | 0.0229
2459668.4541 | 0.0002 | 11163.5 | 0.0226 2459674.2150 | 0.0001 11182 | 0.0219
2459668.6080 | 0.0003 11164 | 0.0208 2459674.3716 | 0.0001 | 11182.5 | 0.0227
2459668.7659 | 0.0002 | 11164.5 | 0.0230 2459674.5267 | 0.0002 11183 | 0.0220
2459668.9199 | 0.0002 11165 | 0.0212 2459674.6832 | 0.0001 | 11183.5 | 0.0228
2459669.0771 | 0.0001 | 11165.5 | 0.0228 2459674.8380 | 0.0001 11184 | 0.0220
2459669.2314 | 0.0003 11166 | 0.0213 2459674.9948 | 0.0001 | 11184.5 | 0.0230
2459669.3883 | 0.0001 | 11166.5 | 0.0225 2459675.1495 | 0.0002 11185 | 0.0220
2459669.5429 | 0.0002 11167 | 0.0214 2459675.3062 | 0.0001 | 11185.5 | 0.0230
2459669.6998 | 0.0002 | 11167.5 | 0.0226 2459675.4606 | 0.0002 11186 | 0.0216
2459669.8543 | 0.0003 11168 | 0.0213 2459675.6178 | 0.0002 | 11186.5 | 0.0231
2459670.0113 | 0.0002 | 11168.5 | 0.0226 2459675.7722 | 0.0001 11187 | 0.0218
2459670.1660 | 0.0001 11169 | 0.0216 2459675.9291 | 0.0002 | 11187.5 | 0.0230
2459670.3227 | 0.0001 | 11169.5 | 0.0226 2459676.0834 | 0.0001 11188 | 0.0216
2459670.4773 | 0.0002 11170 | 0.0215 2459676.2405 | 0.0001 | 11188.5 | 0.0230
2459670.6341 | 0.0002 | 11170.5 | 0.0226 2459676.3950 | 0.0001 11189 | 0.0217
2459670.7890 | 0.0002 11171 | 0.0217 2459676.5522 | 0.0002 | 11189.5 | 0.0232
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Table 4 (The end)

1 2 3 4 1 2 3 4

2459676.7064 | 0.0001 11190 | 0.0217 2459683.5588 | 0.0002 11212 | 0.0223
2459676.8634 | 0.0001 | 11190.5 | 0.0230 2459683.7156 | 0.0001 | 11212.5 | 0.0234
2459677.0180 | 0.0002 11191 | 0.0218 2459683.8703 | 0.0001 11213 | 0.0224
2459677.1749 | 0.0002 | 11191.5 | 0.0230 2459684.0269 | 0.0003 | 11213.5 | 0.0233
2459677.3294 | 0.0001 11192 | 0.0218 2459684.1819 | 0.0001 11214 | 0.0225
2459677.4863 | 0.0001 | 11192.5 | 0.0229 2459684.3384 | 0.0001 | 11214.5 | 0.0233
2459677.6408 | 0.0001 11193 | 0.0217 2459684.4930 | 0.0002 11215 | 0.0222
2459677.7979 | 0.0002 | 11193.5 | 0.0231 2459684.6497 | 0.0001 | 11215.5 | 0.0232
2459677.9527 | 0.0001 11194 | 0.0221 2459684.8046 | 0.0001 11216 | 0.0223
2459678.1095 | 0.0002 | 11194.5 | 0.0233 2459684.9612 | 0.0001 | 11216.5 | 0.0232
2459678.2638 | 0.0001 11195 | 0.0219 2459685.1162 | 0.0002 11217 | 0.0225
2459679.3550 | 0.0008 | 11198.5 | 0.0230 2459685.2727 | 0.0002 | 11217.5 | 0.0233
2459679.5098 | 0.0002 11199 | 0.0221 2459685.4275 | 0.0002 11218 | 0.0223
2459679.6673 | 0.0002 | 11199.5 | 0.0239 2459685.5841 | 0.0002 | 11218.5 | 0.0232
2459679.8213 | 0.0003 11200 | 0.0222 2459685.7390 | 0.0002 11219 | 0.0224
2459679.9781 | 0.0002 | 11200.5 | 0.0232 2459685.8956 | 0.0002 | 11219.5 | 0.0233
2459680.1331 | 0.0002 11201 | 0.0224 2459686.0503 | 0.0001 11220 | 0.0223
2459680.2894 | 0.0003 | 11201.5 | 0.0230 2459686.2072 | 0.0001 | 11220.5 | 0.0234
2459680.4440 | 0.0003 11202 | 0.0220 2459686.3618 | 0.0001 11221 | 0.0222
2459680.6011 | 0.0002 | 11202.5 | 0.0233 2459686.5183 | 0.0002 | 11221.5 | 0.0231
2459680.7562 | 0.0002 11203 | 0.0227 2459686.6731 | 0.0001 11222 | 0.0222
24596809126 | 0.0002 | 11203.5 | 0.0233 2459686.8298 | 0.0001 | 11222.5 | 0.0231
2459681.0673 | 0.0002 11204 | 0.0224 2459686.9848 | 0.0002 11223 | 0.0224
2459681.2238 | 0.0002 | 11204.5 | 0.0231 2459687.1412 | 0.0002 | 11223.5 | 0.0230
2459681.3788 | 0.0002 11205 | 0.0224 2459687.2962 | 0.0002 11224 | 0.0224
2459681.5354 | 0.0002 | 11205.5 | 0.0233 2459687.4528 | 0.0001 | 11224.5 | 0.0232
2459681.6901 | 0.0002 11206 | 0.0223 2459687.6074 | 0.0002 11225 | 0.0221
2459681.8469 | 0.0003 | 11206.5 | 0.0233 2459687.7642 | 0.0001 | 11225.5 | 0.0231
2459682.0013 | 0.0003 11207 | 0.0220 2459687.9186 | 0.0002 11226 | 0.0219
2459682.1582 | 0.0003 | 11207.5 | 0.0232 2459688.0756 | 0.0002 | 11226.5 | 0.0232
2459682.3131 | 0.0003 11208 | 0.0224 2459688.2305 | 0.0002 11227 | 0.0223
2459682.4697 | 0.0002 | 11208.5 | 0.0232 2459688.3873 | 0.0002 | 11227.5 | 0.0234
2459682.6245 | 0.0002 11209 | 0.0223 2459688.5417 | 0.0001 11228 | 0.0221
2459682.7809 | 0.0002 | 11209.5 | 0.0230 2459688.6987 | 0.0002 | 11228.5 | 0.0233
2459682.9359 | 0.0003 11210 | 0.0222 2459688.8531 | 0.0001 11229 | 0.0220
2459683.0925 | 0.0002 | 11210.5 | 0.0232 2459689.0100 | 0.0002 | 11229.5 | 0.0232
2459683.2475 | 0.0003 11211 | 0.0224 2459689.1650 | 0.0002 11230 | 0.0225
2459683.4040 | 0.0001 | 11211.5 | 0.0232
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Table 5

THE EXTRACTED PRIMARY TIMES OF MINIMA FROM TESS
SECTOR 60 DATA FOR V0511 Cam

Min. Error | Epoch 0-C Min. Error | Epoch 0-C
2459939.6259 | 0.0002 | 20930.5 | -0.0196 2459948.5276 | 0.0002 | 20952.5 | -0.0196
2459939.8241 | 0.0003 | 20931 | -0.0237 2459948.7260 | 0.0003 | 20953 | -0.0235
2459940.0310 | 0.0002 | 20931.5 | -0.0191 2459948.9321 | 0.0002 | 20953.5 | -0.0197
2459940.2289 | 0.0002 | 20932 | -0.0235 2459949.1306 | 0.0003 | 20954 | -0.0235
2459940.4357 | 0.0002 | 20932.5 | -0.0191 2459949.3371 | 0.0002 | 20954.5 | -0.0194
2459940.6335 | 0.0002 | 20933 | -0.0235 2459949.5353 | 0.0002 | 20955 | -0.0235
2459940.8402 | 0.0002 | 20933.5 | -0.0191 2459949.7404 | 0.0002 | 20955.5 | -0.0207
2459941.0380 | 0.0002 | 20934 | -0.0237 2459955.2014 | 0.0002 | 20969 | -0.0221
2459941.2451 | 0.0002 | 20934.5 | -0.0189 2459955.4054 | 0.0002 | 20969.5 | -0.0204
2459941.4426 | 0.0003 | 20935 | -0.0236 2459955.6058 | 0.0002 | 20970 | -0.0223
2459941.6498 | 0.0002 | 20935.5 | -0.0189 2459955.8098 | 0.0001 | 20970.5 | -0.0206
2459941.8473 | 0.0003 | 20936 | -0.0236 2459956.0106 | 0.0002 | 20971 | -0.0222
2459942.0543 | 0.0002 | 20936.5 | -0.0190 2459956.2137 | 0.0002 | 20971.5 | -0.0214
2459942.2520 | 0.0002 | 20937 | -0.0236 2459956.6185 | 0.0002 | 20972.5 | -0.0212
2459942.4587 | 0.0003 | 20937.5 | -0.0191 2459956.8197 | 0.0002 | 20973 | -0.0223
2459942.6565 | 0.0002 | 20938 | -0.0236 2459957.0231 | 0.0002 | 20973.5 | -0.0212
2459942.8635 | 0.0002 | 20938.5 | -0.0190 2459957.2245 | 0.0002 | 20974 | -0.0221
2459943.0611 | 0.0003 | 20939 | -0.0237 2459957.4275 | 0.0002 | 20974.5 | -0.0214
2459943.2679 | 0.0002 | 20939.5 | -0.0192 2459957.6290 | 0.0002 | 20975 | -0.0222
2459943.4659 | 0.0003 | 20940 | -0.0235 2459957.8326 | 0.0002 | 20975.5 | -0.0209
2459943.6718 | 0.0002 | 20940.5 | -0.0199 2459958.0340 | 0.0002 | 20976 | -0.0219
2459944.0775 | 0.0002 | 20941.5 | -0.0188 2459958.2369 | 0.0001 | 20976.5 | -0.0212
2459944.2748 | 0.0003 | 20942 | -0.0239 2459958.4389 | 0.0002 | 20977 | -0.0216
24599444821 | 0.0002 | 20942.5 | -0.0189 2459958.6411 | 0.0001 | 20977.5 | -0.0217
2459944.6796 | 0.0002 | 20943 | -0.0237 2459958.8434 | 0.0002 | 20978 | -0.0217
2459944.8867 | 0.0002 | 20943.5 | -0.0189 2459959.0459 | 0.0001 | 20978.5 | -0.0215
2459945.0841 | 0.0002 | 20944 | -0.0238 2459959.2482 | 0.0002 | 20979 | -0.0215
2459945.2912 | 0.0002 | 20944.5 | -0.0190 2459959.4502 | 0.0002 | 20979.5 | -0.0218
2459945.4888 | 0.0003 | 20945 | -0.0237 2459959.6527 | 0.0002 | 20980 | -0.0217
2459945.6958 | 0.0002 | 20945.5 | -0.0190 2459959.8548 | 0.0001 | 20980.5 | -0.0219
2459945.8937 | 0.0002 | 20946 | -0.0235 2459960.0578 | 0.0002 | 20981 | -0.0212
2459946.1001 | 0.0002 | 20946.5 | -0.0193 2459960.2595 | 0.0001 | 20981.5 | -0.0218
2459946.2985 | 0.0002 | 20947 | -0.0232 2459960.4621 | 0.0002 | 20982 | -0.0215
2459946.5051 | 0.0002 | 20947.5 | -0.0190 2459960.6638 | 0.0001 | 20982.5 | -0.0221
2459946.7029 | 0.0002 | 20948 | -0.0235 2459960.8669 | 0.0002 | 20983 | -0.0214
2459946.9095 | 0.0002 | 20948.5 | -0.0192 2459961.0687 | 0.0002 | 20983.5 | -0.0219
2459947.1076 | 0.0003 | 20949 | -0.0234 2459961.2716 | 0.0001 | 20984 | -0.0213
2459947.3139 | 0.0002 | 20949.5 | -0.0194 2459961.4730 | 0.0001 | 20984.5 | -0.0221
2459947.5123 | 0.0002 | 20950 | -0.0234 2459961.6763 | 0.0002 | 20985 | -0.0212
2459947.7188 | 0.0002 | 20950.5 | -0.0192 2459961.8775 | 0.0002 | 20985.5 | -0.0223
2459947.9169 | 0.0002 | 20951 | -0.0234 2459962.0808 | 0.0001 | 20986 | -0.0213
2459948.1230 | 0.0002 | 20951.5 | -0.0196 2459962.2822 | 0.0001 | 20986.5 | -0.0223
2459948.3216 | 0.0002 | 20952 | -0.0233
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BSN:HEPBOEﬁHCCHEHOBAﬂHEﬁKPHBbD(BHECKA
KOHTAKTHBIX JBOMHBIX CUCTEM
OP Boo M V0511 Cam

A.TIOPO!, M.TAHPUBEP?3, A KECKMNH?, A.BYJIYT**, C.PABUE®DAP®,
M.M.TAPTABU®, ®.BAJIBTEP’, C.XOJIN’

Brnepsbie, ucnoab3ys (poToMeTpuyeckrie JaHHbIE, BHIMOJHEH aHAIU3 KPUBBIX
61ecka gBoiHbIX cucteMbl OP Boo u V0511 Cam. HaGmogeHus u aHaau3 ObUIA
npoBeneHbl B pamkax mpoekta BSN (Binary Systems of South and North).
HazemHbIie (hoTOMeTprUUecKre HAOMIOACHUSI CO CTaHAAPTHBIMU (DWIbTPAMU OBLTU
MpoBeneHbl B ABYX obcepBaTopusx Yelickoil pecnyonuku. HoBble acdemepuabt
JUTST KaKIIOM U3 9TUX CUCTEM BBIYMCICHBI, UCIIOJb3Ysl N3BICUYECHHbIE HAMU MOMEHTbI
MUHUMYMOB KpUBBIX Oyiecka, faHHble TESS, a Takke nMerllyrocsl B TuTepaType
uHpopmanuto. JIuneitHolie annpokcumatnun O-C nuarpamMm ObLIM PaCCMOTPEHbI C
MOMOIIIBI0 MeToAa MapKoBcKux lierneit MoHTe-Kapio (MCMC). AHanu3 KpUBBIX
Oyiecka ObLI BBIMIOJIHEH C UCIIOJIb30BaHUEM MPOTrPaMMBbl MOACIUPOBAHMS TBOMHBIX
3Be3n YwicoHa-/leBunHu (WD) u Monte-Kapno cumynsumeit (MC). st obenx
CHUCTEM TIOJyYEeHHbIC peIIeHMS] MPEArnoyaraloT HaJuuuhe XOJOJHOTO 3BE3IHOTO
MsITHA. AGCOJIOTHBIE 3HAUEHUSI TTapaMeTPOB CUCTEM PACCUUTHIBAIMCH C MCIOJIb-
30BaHMEM COOTHOLLEHUST mapaMeTpoB P- M. TlpencrapineHbl MOAOKEHUS] CUCTEM Ha
nuarpammax l'epummnpynra-Paccena (HR), P-L, logM, -logJ, u T- M. T'opsunit
KOMIIOHEHT B 00eux cHUCTeMax OIpelessieTcss Kak Oojiee MacCHMBHas 3Be3fa.
ClreioBaTeIbHO, MOXHO CIIENIATh BHIBOJ, YTO 00€ CHUCTEMBI SBJISIOTCS KOHTAKTHBIMU
JBOHBIMU crucTeMamMu W-Tuma.

KittoueBnie ciioBa: deotinbie 36e30bl - 3amMmeHue-memoo: Habawoenus - 36e30bl:
unousudyanvivle (OP Boo u V0511 Cam)

REFERENCES

1. L.B.Lucy, Astrophys. J., 151, 1123, 1968. doi:10.1086/149510.

2. S M. Rucinski, Contact Binaries of the W UMa Type. Publisher: Springer,
1993.

3. K. Yakut, P.P.Eggleton, Astrophys. J., 629, 1055, 2005. doi:10.1086/431300.

4. L.Binnendijk, Vistas in Astronomy, 12, 217, 1970.

5. S.Qian, Mon. Not. Roy. Astron. Soc., 342, 1260, 2003. doi:10.1046/j.1365-
8711.2003.06627 .x.



10.
11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.

29.

30.

31.

LIGHT CURVES OF THE BINARIES OP Boo AND V0511 Cam 323

S.Kouzuma, PASJ, 70, 90, 2018. doi:10.1093/pasj/psy086.

O.Latkovi¢, A.Ceki, S.Lazarevi¢, Astrophys. J. Suppl., 254, 10, 2021. doi:10.3847/
1538-4365/abeb23.

A.Poro, S.Sarabi, S.Zamanpour et al., Mon. Not. Roy. Astron. Soc., 510,
5315, 2022. doi:10.1093/mnras/stab3775

A.Poro, E.Paki, A.Alizadehsabegh et al., RAA, 24, 015002, 2024. doi:10.1088/
1674-4527/ad0866.

A.V.Khruslov, PZP, 7, 6, 2007.

A.Paschke, OEJV, 162, 1, 2014.

A.V.Khruslov, PZP, 8, 52, 2008.

J.Salvatier, T.V.Wieckii, C.Fonnesbeck, Astrophysics Source Code Library,
ascl-1610, 2016.

M.Lehky, K.Hoikovi, L.Smelcer et al., OEJV, 211, 1, 2021.

J.Hubscher, W.Braune, P.B.Lehmann, 1BVS, 6048, 1, 2013.

R.E.Wilson, E.J.Devinney, Astrophys. J., 166, 605, 1971.

S.M.Rucinski, AcA, 19, 245, 1969.

L.B.Lucy, ZA, 65, 89, 1967.

W. van Hamme, Astron. J., 106, 2096, 1993. doi:10.1086/116788.
R.E.Wilson, Astrophys. J., 356, 613, 1990.

A.Prsa, K E.Conroy, M.Horvat et al., Astrophys. J. Suppl., 227, 29, 2016.
doi:10.3847/1538-4365/227/2/29.

A.Poro, S.Zamanpour, M.Hashemi et al., New Astron., 86, 101571, 2021.
doi:10.1016/j.newast.2021.101571.

D.J.K.O.Connell, Mon. Not. Roy. Astron. Soc., 111, 642, 1951. doi:10.1093/
mnras/111.6.642.

A.Poro, E.Fernindez-Lajiis, M.Madani et al., RAA, 23, 095011, 2023.
doi:10.1088/1674-4527 /ace027.

A.Poro, M.Hedayatjoo, M.Nastaran et al., New Astron., 110, 102227, 2024.
doi:10.1016/j.newast.2024.102227.

A.Poro, M.Tanriver, R Michel et al., Publ. Astron. Soc. Pacif., 136, 024201,
2024. doi:10.1088/1538-3873/adled3.

L.Lindegren, Gaia Technical Note: GAIA-C3-TN-LU-LL-124-01, 2018.
N.Pogson, Mon. Not. Roy. Astron. Soc., 17, 12, 1856. doi:10.1093/mnras/
17.1.12.

A.N.Cox, Allen's Astrophysical Quantities, AIP Press, Springer, New York,
2000.

Z.Eker, O.Demircan, S.Bilir et al., Mon. Not. Roy. Astron. Soc., 373, 1483,
2006. doi:10.1111/j.1365-2966.2006.11073.x.

A.Poro, S.Baudart, M. Nourmohammad et al., RAA, 24, 055001, 2024. doi:10.1088/
1674-4527/ad3a2c



ACTPODODMUMI3NUKA

TOM 67 ABI'YCT, 2024 BbITTYCK 3

DOI: 10.54503/0571-7132-2024.67.3-325

REANALYZING THE LIGHT CURVES AND ABSOLUTE
PARAMETERS OF TWENTY CONTACT BINARY STARS
USING TESS DATA

E.PAKI, A.PORO
Received 28 May 2024
Accepted 26 August 2024

Reanalyzing contact binaries with space-based photometric data and investigating possible
parameter changes can yield accurate samples for theoretical studies. We investigated light curve
solutions and fundamental parameters for twenty contact binary systems. The most recent Transiting
Exoplanet Survey Satellite (TESS) data is used to analyze. The target systems in the investigation
have an orbital period of less than 0.58 days. Light curve solutions were performed using the PHysics
Of Eclipsing BinariEs (PHOEBE) Python code version 2.4.9. The results show that systems had
various mass ratios from ¢ = 0.149 to g = 3.915, fillout factors (the degree of contact) from
f=0.072 to f=0.566, and inclinations from i=52°8 to i=87°3. The effective temperature of the
stars was less than 7016 K, which was expected given the features of most contact binary stars.
Twelve of the target systems' light curves were asymmetrical in the maxima, showing the O'Connell
effect, and a starspot was required for light curve solutions. The estimation of the absolute
parameters of the binary systems was presented using the a - P empirical relationship and discussed.
The orbital angular momentum J; of the systems was calculated. The positions of the systems were
also depicted on the M-L, M-R, q-L M, -J, and T- M diagrams.

ratio® tot

Keywords: binaries: eclipsing - binaries: close - data analysis

1. Introduction. Eclipsing binaries are important in investigating stellar
formation and structure, examining stellar evolution theories, and determining
stars' physical properties. Binary systems were first classified into three types based
on the light curves' shapes: Algol (EA), pLyrae (EB), and W Ursae Majoris
(W UMa, EW). Then, a more precise classification was provided by Kopal [1],
which was based on Roche geometry, binary systems were classified as detached,
semi-detached, and contact. Contact binary systems are one of the most interesting
kinds of stellar binaries among observers and researchers. Contact systems' stars
have filled their Roche lobes [1], and the temperature difference between these
stars is close to each other [2]. Some of them are known as low-mass and Low-
Temperature Contact Binaries (LTCBs) systems [3].

According to the Binnendijk [4] study, contact binaries can be divided into
A and W subtypes. The more massive component has a higher effective tempera-
ture in the A-subtype, and if the less massive component has a higher effective
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temperature, it is classified as a W-subtype. These subtypes are still being discussed,
and for a better understanding, it is necessary to determine and analyze a large
number of contact systems in terms of fundamental parameters.

The stars of contact systems are transferring mass to each other [5], and in
this process, their orbital periods can be changed. The orbital period of contact
systems plays a role in relations with absolute parameters, and they are effective
in the evolutionary process of these systems [6,7]. There have been several studies
conducted on the upper and lower cut-offs of these systems' orbital periods [8].
The investigations show that contact systems' orbital periods usually lie between
0.2 and 0.6 days.

One of the prominent features in many contact systems is the presence of
starspot(s) induced by the stars' magnetic activities. Hot or cold starspots, which
are required for the light curve solution, are explained by the O'Connell effect
[9]. The effect of starspots can be seen on the asymmetric maxima of the light
curve.

There are unsolved issues related to contact binary systems, parameter rela-
tionships, and the evolution of stars [10]. This requires precisely defined elements
from further contact binary samples [11]. Even in the case of well-studied systems,
it will be important to carry out investigations due to issues with phasing,
challenging novel discoveries, and evolutionary status.

In the following sections, we present the general specifications of target systems
in catalogs and literature (Section 2), light curve solutions of 20 contact binary
systems (Section 3), estimating absolute parameters (Section 4), and finally a
discussion and conclusion (Section 5).

2. Tartget systems and dataset.

2.1. Systems' selection. We considered twenty contact binary systems for
light curve analysis and estimation of absolute parameters. The selected studies for
these target systems have considered the mass ratio based on spectroscopic results.
We used these mass ratios as the initials for the light curve analysis. Due to the
passage of time compared to some selected studies and spectroscopic quality, the
final mass ratios may change slightly in this study.

Except for DY Cet [12], which has performed light curve analysis using TESS
Sector 4 data, other systems have been studied previously using just ground-based
data. Some parameters can be obtained from spectroscopic data analysis; however,
most of the light curve elements are determined from photometric data. Therefore,
the accuracy of photometric data has a significant impact on the results of the
light curve solutions and then on the estimation of absolute parameters. Therefore,
by using suitable quality TESS data, parameters may be obtained with more
appropriate accuracy.
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An introduction to the target systems is available in the online version of this
study: https://doi.org/10.48550/arXiv.2405.18618.

2.2. TESS observations. TESS provides high accuracy and high time
resolution light curves of contact binary stars that promote scientific studies. The
main goal of the TESS mission is to detect and classify exoplanets, and each
observation sector takes about 28 days. We used TESS data for light curve analysis
in this study [13-14]. TESS data are available at the Mikulski Archive for Space
Telescopes (MAST). If each of the systems had several sectors in TESS, we
selected the most recent available sector with good-quality data for the light curve
analysis. The sector used for each system is listed in Table 1, and all of them
were observed at a 120-second exposure time.

2.3. General features. The selected contact binary systems have orbital
periods ranging from 0.22 to 0.58 days, their apparent magnitude is 8".14 to
117.26, and the effective temperature of star 1 (7)) is 4300 to 6980 K in the
reference studies.

Table 1 contains the names of the selected systems along with their general
characteristics. Therefore, in Table 1, the RA and DEC of the systems from the
SIMBAD database, the distance obtained from the Gaia DR3 parallax, the
apparent magnitude of the system from the All Sky Automated Survey (ASAS)
catalog, the time of minima (BJD,,,) and the orbital period from the Variable
Star indeX (VSX) database, and the last column, the used TESS sector, were given.
We used Schlafly, Finkbeiner [15] study, and the DUST-MAPS Python package
developed by Green et al. [16] to determine the extinction coefficient A, along
with its uncertainty.

3. Light curve analysis. The PHOEBE Python code version 2.4.9 [17]
and TESS filter were used to perform light curve analysis on 20 binary systems.
Based on the appearance of the light curve, the short orbital period, and the results
of previous studies, we selected contact mode for the systems' light curve solutions.

Assumed values for the bolometric albedo and gravity-darkening coefficients
were A, =A,=0.5 (Rucinski [18]) and g =g,=0.32 (Lucy [19]). We used the
Castelli, Kurucz [20] method to model the stellar atmosphere, and the limb
darkening coefficients were from the PHOEBE tables. The reflection effect in
contact binary systems refers to the component's irradiation of each other. We
considered this effect in the light curve analysis.

We set initial effective temperatures for stars and mass ratio from reference
studies and analyzed the light curves of 20 target systems (Table 2). Parameter
input values were taken from studies including spectroscopic data for these target
systems. The optimization tool in PHOEBE was then utilized to improve the
output of light curve solutions and obtain the final results. The five main
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BINARY SYSTEMS

Table 1
COORDINATES AND OTHER CHARACTERISTICS OF TARGET

System

RA
J2000

DEC
J2000

d
pc

14
mag

Iy

BID,,

P
day

TESS
Sector

AC Boo
AQ Psc
BI CVn
BX Dra
BX Peg
CC Com
DY Cet
EF Boo
EX Leo
FU Dra
HV Aqr
LO And
OU Ser
RW Com
RW Dor
RZ Com
TW Cet
UV Lyn
UX Eri
VW Boo

14 56 28.3364
01 21 03.5557
13 03 16.4093
16 06 17.3670
21 38 49.3911
12 12 06.0379
02 38 33.1803
14 32 30.5386
10 45 06.7720
15 34 45.2133
21 21 24.8100
23 27 06.6850
15 22 43.4748
12 33 00.2840
05 18 32.5451
12 35 05.0595
01 48 54.1435
09 03 24.1259
03 09 52.7437
14 17 26.0325

+46 21 44.0691
+07 36 21.6178
+36 37 00.6406
+62 45 46.0898
+26 41 34.2134
+22 31 58.6828
-14 17 56.7219
+50 49 40.6868
+16 20 15.6771
+62 16 44.3332
-03 09 36.8855
+45 33 22.0263
+16 15 40.7337
+26 42 58.3618
-68 13 32.7780
+23 20 14.0278
-20 53 34.5917
+38 05 54.5972
-06 53 33.5110
+12 34 03.4469

155.42(36)
133.2737)
221.26(2.11)
520.27(4.65)
149.34(56)
71.38(11)
186.88(49)
160.93(34)
97.10(24)
159.56(50)
154.24(2.32)
290.62(3.82)
53.29(7)
107.60(25)
123.57(17)
208.26(1.70)
152.71(46)
143.65(36)
237.40(1.00)
150.05(38)

10.27(21)
8.55(18)
10.41(22)
10.68(22)
10.88(23)
11.2123)
9.47(20)
9.63(20)
8.91(19)
10.68(22)
9.85(21)
11.26(23)
8.14(17)
11.05(23)
11.00(23)
10.34(22)
10.40(22)
9.60(20)
11.15223)
10.49(22)

0.029(1)
0.079(1)
0.031(1)
0.048(1)
0.076(1)
0.035(1)
0.046(1)
0.021(1)
0.037(1)
0.030(1)
0.090(1)
0.213(2)
0.024(1)
0.026(1)
0.087(1)
0.032(1)
0.022(1)
0.036(1)
0.142(1)
0.037(1)

2452499.9507
2453653.7169
2444365.2503
2449810.5906
2455873.3966
2453012.8637
2453644.7385
2452500.2238
2448500.0087
2448500.2637
2452500.2191
2456226.6800
2448500.2787
2454918.7048
2453466.5302
2458253.6304
2454476.6173
2453407.3606
2454828.6698
2452840.6121

0.35245
0.47560
0.38416
0.57902
0.28042
0.22069
0.44079
0.42052
0.40860
0.30672
0.37446
0.38044
0.29677
0.23735
0.28546
0.33851
0.31685
0.41498
0.44529
0.34232

50
43
49
58
55
49

50
46
51
55
57
51
49
67
49

21

50

parameters (T,, T,, q, f, /) were then processed for the optimization.

The well-known O'Connell effect [9] appears by the asymmetry in the
brightness of maxima in the light curve of eclipsing binary stars. The most
probable reason for this phenomenon is the existence of starspot(s) caused by the
components' magnetic activity [21]. Eight systems had symmetrical light curves
and 12 systems needed a cold starspot for light curve analysis.

The parameters i, g, f, Tl,z, Q, 1/ ,and Fomeany1 2 Q1€ estimated by modeling
the TESS light curves. Table 3 presents the light curve analysis results. Fig.1 shows
TESS data and synthetic light curves of the binary systems. The geometric
structure of the systems in phases 0.25 or 0.75 is shown in Fig.2. The color in

Fig.2 indicates the differences in temperature on the star's surface.

4. Estimation of the absolute parameters. There are various methods
to derive absolute parameters, particularly when photometric data is utilized. In
some investigations, empirical relationships or the Gaia DR3 parallax method are
used to estimate absolute parameters [37,6,38]. Using Gaia DR3 parallax to
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Fig.1. TESS data and synthetic light curves for the target binary systems.
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Fig.2. Three-dimensional view of the systems in phases 0.25 or 0.75.

estimate absolute parameters can have good accuracy, but there are challenges to
obtaining proper accuracy. Challenges make this method unsuitable for some
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binary systems investigations. For example, the parameter that is obtained from
the observational data and plays an important role in the calculation process is
the maximum apparent magnitude V. In the first step of the calculation process
using Gaia DR3 parallax, V is used to estimate the absolute magnitude M,.
Therefore, this may not be an appropriate method for calculating the absolute
parameters in ground-based observations if the light curve's maxima display more
dispersion. On the other hand, the extinction coefficient A4, should also be
reasonable and low value (Table 1). In some cases, the large error for the Gaia
DR3 parallax is associated with a large A, value, although either alone can
overshadow the accuracy of the absolute parameter estimates. Large parallax errors
usually come in systems with galactic coordinates b between +5 and -5, making
it challenging to determine A4, with good accuracy [39]. Also, the initial tempera-
ture chosen for the analysis can completely affect the accuracy of the results. The
study published by the Poro et al. [40] study discusses the limitations of this
method. In this study, due to the lack of a reliable value of V _ for all target
systems, we preferred not to use this method.

The mass ratio is one of the most crucial factors in the estimation of the
absolute parameters. There are several methods to test or obtain mass ratios from

Table 2
LIGHT CURVE SOLUTIONS' RESULTS IN REFERENCE
STUDIES OF THE SYSTEMS
System i° q=M/M, f T, (K) T, (K) | Q, =Q, | Reference
AC Boo | 86.3(5) 3.340(4) 0.046 6250 6241(6) | 7.034(4) [22]
AQ Psc | 69.06(80) | 0.266(2) 0.35 | 6250(157)| 6024(150) | 2.253(12) [23]
BI CVn | 71.30(10) | 2.437(4) |0.146(11)| 6125(2) 6093 5.698(4) [24]
BX Dra | 80.63(6) | 0.2884(5) 0.515 6980 6979(2) [2.3475(16) [25]
BX Peg 87.2(6) 2.66 0.171(12) | 5887(7) 5300 6.057(8) [26]
CC Com| 89.8(6) 1.90(1) 0.17 4300 4200(60) | 5.009 [27]
DY Cet | 82.48(34) | 0.356(9) 0.24 | 6650(178)|6611(176) | 2.529(5) [23]
EF Boo 75.7(2) 1.871 0.18 6450 6425(14) (4.921(12) [28]
EX Leo 60.8(2) 0.2 0.35 6340 6110(14) (2.186(12) [29]
FU Dra 80.4(2) 3.989 0.190(12) | 6100 5842(6) 7.778 [30]
HV Aqr |79.186(183)| 0.145 0.569(10) | 6460 6669(7) 2.036 [31]
LO And | 80.1(6) 0.305(4) 0.4 6650 6690(24) | 2.401(9) [32]
OU Ser | 50.47(2.24)| 0.173(17) 0.68 5940(144)| 5759(283) [2.090(17) [23]
RW Com| 72.43(29) | 0.471(6) 0.15 [4830(115)| 4517(98) | 5.319(9) [23]
RW Dor | 77.2(1) 1.587 0.115(67)| 5560 5287(10) | 4.64(4) [33]
RZ Com/| 86.8(6) 2.179(9) | 0.11(1) [6276(200)| 6070 |5.393(10) [34]
TW Cet | 81.18(10) 0.75(3) 0.06 |5865(152)|5753(147) | 3.308(2) [23]
UV Lyn | 67.6(1) 2.685 0.18 6000 5770(5) | 6.080(1) [35]
UX Eri | 75.70(23) | 0.373(21) 0.18 | 6093(153)|6006(150) | 6.065(8) [23]
VW Boo | 73.81(5) 2.336 0.108(5) 5560 5198(3) | 5.626(3) [36]
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Table 3

THE RESULTS OF THE LIGHT CURVE ANALYSIS OF THE
SYSTEMS IN THIS STUDY

System i° q= M, /M, f T, (K) 7, (K) Q =Q, L/, F meanyt Finean2 | SPOL
AC Boo | 84.05(50) 3.364(22) 0.199(10) | 6378(77) 6091(75) 6.970(34) 0.289(17) 0.292(1) | 0.500(1) 1
AQ Psc 68.60(65) 0.255(27) 0.314(24) | 6299(58) 5969(51) 2.314(60) 0.794(9) 0.519(2) | 0.287(2) 1
BI CVn | 693636) | 2437(137) | 0356(12) | 6186(48) | 6010d6) | 5.643(193) | 034522) | 03326) | 0483G5) | 1
BX Dra | 798527) | 0259@) | 0566(20) | 694446) | 701644 | 228111 | 074411 | 05311y | 03041y | 0
BX Peg | 873039) | 286120) | 0.1546) | 582273) | 535763) | 6.33730) | 0.35421) | 0.303(1) | 0.484(1) | 1
CC Com | 85.83(56) 1.991(46) 0.113(11) | 4369(60) 4154(47) 5.172(71) 0.422(7) 0.330(2) | 0.450(2) 1
DY Cet | 81.05(65) 0.345(8) 0.287(13) | 6666(52) 6569(45) 2.503(17) 0.721(14) 0.493(2) | 0.311(2) 0
EF Boo | 74.77(23) 1.882(35) 0.261(9) 6412(48) 6452(48) 4.929(54) 0.363(15) 0.347(2) | 0.456(2) 0
EX Leo | 592241) | 0.17226) | 0467(108) | 6200072) | 6245(68) | 2.110¢71) | 0.80835) | 0.556(11) | 0.262(12) | 1
FU Dra | 787429) | 391530) | 0.1647) | 609046) | 584843) | 7.700643) | 026111 | 02781y | 05111y | 0
HV Aar | 793545) |  0.1682) | 0516Q21) | 6495(46) | 6649(53) | 20956) | 0.80210) | 0560(1) | 0263(1) | 0
LO And | 79.24(51) 0.304(8) 0.315(13) | 6716(53) 6622(62) 2.415(17) 0.741(15) 0.505(2) | 0.301(3) 0
OU Ser | 52.82(51) 0.149(37) 0.565(192) | 35852(61) 5836(67) 2.046(105) | 0.829(46) | 0.570(18) | 0.257(21) 1
RW Com | 74.14(59) 0.540(80) 0.072(11) | 4779(57) 4586(49) 2.929(153) | 0.669(51) | 0.441(14) | 0.333(13) 1
RW Dor | 760830) | 1.590099) | 0.14412) | 5506(48) | 5318(51) | 4.576(152) | 04263) | 03526 | 0.4336) | 1
RZ Com | 8566(16) | 234821) | 0293®8) | 635960) | 600454) | 555933) | 0.37316) | 0.330(1) | 0.476(1) | 1
TW Cet | 8362036) | 076256) | 0.1039) | 589951) | 5708(52) | 3307097) | 05893) | 0.4136) | 0.366(6) | 1
UV Lyn | 65.77(12) 2.696(62) 0.187(7) 5993(34) 5792(38) 6.096(87) 0.323(14) 0.310(2) | 0.481(2) 0
UX Eri 75.62(42) 0.508(50) 0.146(13) | 6214(69) 5878(66) 2.847(97) 0.685(35) 0.452(9) | 0.33309) 0
VW Boo | 73.38(13) 2.377(85) 0.127(10) 5504(54) 5267(50) 5.700(123) | 0.360(23) 0.316(3) | 0.466(3) 1

photometric data [41,42]. In this study, the initial mass ratio of target systems
was obtained using different qualities of spectroscopic data from reference studies.
The analysis of light curves showed that the mass ratio did not change significantly
compared to the reference studies.

We used the semi-major axis and orbital period (a - P) relationship for
estimating absolute parameters from the study Poro et al. [39] (Eq. (1)). Con-
sidering that the uncertainties reported in Eq. (1) have upper and lower limits,
we used their average for calculations.

a=(03722012)+ (5.914°922 ). (1)
Then, using the well-known equation of Kepler's third law (Eq. (2)), we
obtained the total mass (M, + M,) of the components. Since g= M, /M,, the values
of each star's mass were estimated.
a’ P?
GM+ M) 4n* @
The values of r,  obtained from light curve solutions (Table 3) and the radius
R of each star were calculated (Eq. (3)).
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. F ;
- 3)
According to the effective temperature obtained from the light curve analysis

and the calculated radius, the luminosity L was calculated (Eq. (4)).
L=4nR*cT*. “4
The absolute bolometric magnitude of stars was calculated and M, s considered
4.73 from the Torres [43] throughout this estimating process (Eq. (5)).

L
My =My, 0 = _2-5108L—- &)

®

The surface gravity of each star was also calculated based on its mass and radius
(Eq. (6)).

g=0Gp % 6)

The uncertainties of the absolute parameters were calculated using the errors

determined by the PHOEBE code for the light curve elements used in the process,

such as Tl,z, Freant 2> and ¢. Table 4 contains the results of the estimated absolute

parameters.

5. Discussion and conclusion. We selected 20 contact binary systems and
one of the latest published studies for each of them. The target systems have or
used spectroscopic results. Except for DY Cet, none of them have used TESS data
for analysis. Quality photometric data, like space-based data, is important for
obtaining accurate light curve parameters and then estimating absolute parameters.

We conducted the light curve analysis using the PHOEBE Python code and
TESS observations. We considered the effective temperature and mass ratio
reported in the studies as input values. The results of the light curve analysis
showed that the mass ratio of the systems has changed slightly. The minimum
difference between the mass ratio of our results and reference studies is related
to the BI CVn system with 0%, and the maximum difference is for the BX Peg
system with 7%. The elapsed times from the reference studies and precise TESS
data rather than ground-based observations can account for some of the discrep-
ancies in the light curve analysis results.

The stars in contact binary systems have a small temperature difference due
to mass and energy transfer [6]. The difference in effective temperature between
the two stars in the BX Peg system had the maximum value at 465 K among
the target systems, while the OU Ser system with 16 K had the lowest. Table
5 lists the temperature difference between companions. Based on the stars' effective
temperatures, we estimated the spectral type of the stars using Cox [44] study
(Table 5). We also checked the results of the effective temperature in this study
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Table 4

ESTIMATED ABSOLUTE PARAMETERS OF 20 CONTACT BINARY
SYSTEMS USING Gaia DR3 PARALLAX

System | M, (Mg)|My(Mg)| R, (Rg) | Ry(Rg) | L, (Lg) | L, (Le) | My, | M,, |log®, |log@),| a(r,)

AC Boo | 0.37(10) | 1.23(35) | 0.72(7) [1.23(11)]0.77(19)1.87(46) [5.02(24) |4.05(24) [4.29(3) | 4.35(4) | 2.46(21)
AQ Psc | 1.53(35)|0.39(14) |1.65(14)| 0.91(8) |3.88(84){0.96(21) [3.26(21) |4.78(22) |4.19(2) | 4.11(6) | 3.18(25)
BI CVn | 0.49(11) | 1.19(35) | 0.88(9) |1.28(12) | 1.02(26) [1.92(46) [4.71(25) |4.02(23) |4.24(1) | 4.30(3) | 2.64(22)
BX Dra | 1.74(41) | 0.45(11) [2.02(15)| 1.15(9) |8.52(60)|2.91(55)[2.40(19) |3.57(19) |4.07(3) | 3.97(3)| 3.80(28)
BX Peg | 0.37(11) | 1.06(34) | 0.62(6) [0.98(10)0.39(11)(0.72(19) [5.75(26) | 5.09(25) |4.43(3) | 4.48(4) | 2.03(19)
CC Com | 0.43(14) | 0.87(31) | 0.55(6) [ 0.75(8) | 0.10(3) | 0.15(4) [7.22(29)|6.77(28) |4.59(3) | 4.62(4) | 1.68(18)
DY Cet | 1.36(34) | 0.47(13) |1.47(12)| 0.93(8) |3.84(82) [1.44(31) [3.27(21) |4.33(21) [4.24(3) | 4.17(4)| 2.98(24)
EF Boo | 0.62(15) | 1.16(32) | 0.99(9) |1.30(11)|1.50(33)[2.66(57) [4.29(22) | 3.67(21) [4.23(2) | 4.27(3)| 2.86(23)
EX Leo | 1.49(36) | 0.26(11) |1.55(16)0.73(10)|3.20(89) [0.73(25) [3.47(27) | 5.07(32) |4.23(1) | 4.12(5) | 2.79(23)
FU Dra | 0.30(9) | 1.19(36) | 0.61(6) |1.12(11)]0.46(11)|1.32(31) [5.58(23) |4.43(23) |4.35(3) | 4.42(4) | 2.19(20)
HV Aqr | 1.42(39) | 0.24(7) |1.45(13)] 0.68(6) |3.37(73){0.82(18) [3.41(21) |4.95(22) |4.27(3) | 4.15(4) | 2.59(22)
LO And | 1.28(34) | 0.39(12) {1.32(12)| 0.79(8) |3.22(72)|1.08(27) [3.46(22) | 4.65(24) |4.30(3) | 4.23(4) | 2.62(22)
OU Ser | 1.28(34) [ 0.19(11) [1.21(16){0.55(10) | 1.55(51) |0.31(15) [4.25(31) | 5.99(41) |4.38(1) | 4.24(5) | 2.13(20)
RW Com | 0.87(24) | 0.47(22) [0.78(11) 0.59(9) [0.29(10)| 0.14(5) |6.08(33) |6.87(34) [4.59(1) | 4.56(5)| 1.78(18)
RW Dor | 0.56(15) | 0.88(30) | 0.73(8) [0.89(10)|0.44(12){0.57(16) [5.63(27) |5.33(27) |4.46(1) | 4.48(4) | 2.06(20)
RZ Com | 0.47(13) | 1.10(32) | 0.78(7) |1.13(10) [0.90(22) |1.50(35) |4.84(23) | 4.29(23) |4.32(3) | 4.37(4) | 2.37(21)
TW Cet | 0.86(22) | 0.66(23) |0.93(10)| 0.82(9) [0.94(25)|0.65(18)[4.80(26) | 5.20(26) |4.44(1) | 4.42(4) | 2.25(20)
UV Lyn | 0.48(12) | 1.28(35) | 0.88(8) [1.36(12)|0.89(19)|1.87(40) [4.85(21) |4.05(21) |4.23(2) | 4.28(3) | 2.83(23)
UX Eri | 1.22(27) | 0.62(21) |1.36(14)[1.00(11) | 2.48(67)|1.08(31) [3.74(26) | 4.65(27) |4.26(1) | 4.23(4) | 3.01(24)
VW Boo | 0.47(12) | 1.11(34) | 0.76(7) [1.12(11)|0.47(12)(0.87(21) [5.54(25) | 4.89(24) |4.35(2) | 4.39(4) | 2.40(21)

with the reports of Gaia and TESS, so that the difference is less than 5%.

Additionally, EX Leo, HV Aqr, and OU Ser are low mass ratio contact systems
with values of 0.172(28), 0.168(23), and 0.149(24), respectively. Although these
three systems have a low mass ratio, they are not close to the extremely low mass
ratio cutoff, which is less than 0.1 [45]. On the other hand, we have three systems
(BX Dra, HV Aqr, OU Ser) with fillout factors greater than 50% and mass ratios
less than 0.25. These specifications relate to deep overcontact binaries suggested
by the Qian et al. [46] study, which found that this type of star is likely to be
the progenitor of a blue straggler/FK Com-type star [47,45].

We estimated the absolute parameters using the semi-major axis and orbital
period relationship. So, some values from the light curve solutions (Tl’z, q, rmeanu),
and the orbital period used in the calculation process.

The positions of the stars were displayed using the Zero-Age Main Sequence
(ZAMS) and the Terminal-Age Main Sequence (TAMS) on the Mass-Luminosity
(M- L) and Mass-Radius (M - R) diagrams, based on the absolute parameters
(Fig.3a, b). Additionally, the outcomes have been compared with the theoretical
fits from the study Poro et al. [10], and as expected the M-L and M-R
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Table 5

THE SPECTRAL TYPE (Sp) OF STARS, TEMPERATURE DIFFERENCE
OF COMPANIONS, TOTAL MASS, ORBITAL ANGULAR MOMENTUM,
AND SUBTYPE OF THE TARGET BINARY SYSTEMS

System Sp Starl Sp Star2 AT (K) | M, (My) J, Subtype
AC Boo F5 F8 287 1.60(46) 51.53(18) w
AQ Psc F6 Gl 330 1.92(49) 51.67(19) A
BI CVn F8 GO 176 1.68(46) 51.65(17) w
BX Dra F1 F1 72 2.19(52) 51.80(16) A\
BX Peg G3 KO 465 1.43(45) 51.45(20) w
CC Com K5 K5 215 1.30(46) 51.4121) W
DY Cet F3 F3 97 1.83(48) 51.69(17) A
EF Boo F5 F5 40 1.77(47) 51.74(17) A
EX Leo F7 F7 45 1.74(47) 51.46(21) w
FU Dra GO G3 242 1.49(45) 51.42(19) A\
HV Aqr F5 F3 154 1.66(46) 51.41(18) w
LO And F2 F3 94 1.67(46) 51.58(18) A
OU Ser G3 G3 16 1.47(45) 51.25(26) A
RW Com K3 K3 193 1.33(45) 51.45(23) A
RW Dor G8 KO 188 1.44(45) 51.55(19) A\
RZ Com F5 GO 355 1.57(45) 51.58(18) w
TW Cet G2 G6 191 1.51(45) 51.62(19) A
UV Lyn GO G3 201 1.76(47) 51.67(17) w
UX Eri F7 G2 336 1.84(48) 51.77(18) A
VW Boo G8 KO 237 1.58(46) 51.59(18) W

connections are weak. Fig.3c shows the position of the systems compared to the
q- L, theoretical fit obtained from the study Poro et al. [10], with which they
are in good agreement. We utilized the following equation from the study Eker
et al. [48] to calculate the orbital angular momentum J; of the systems:
2
(1%3 S mp, ()
+q) 21
where ¢ is the mass ratio, M is the total mass of the system, P is the orbital
period, and G is the gravitational constant. The results of estimating the J; are
listed in Table 5 along with the total mass of the systems. We also determined
the subtype of each system (Table 5). Therefore, we considered the systems where
the more massive star has a hotter effective temperature than the companion as
A-type and otherwise as W-type. Additionally, the target systems' position is
depicted in the logM, -logJ, diagram (Fig.3d), which indicates that they are in
a contact binary systems region.
The temperature-mass relationship for contact binary systems was presented

Jo=
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by Poro et al. [49] with a linear fit. They made use of 428 contact systems from
the study [6] sample. The hotter component 7, and the mass of the more massive
star M, were considered for this relation by Poro et al. [49]. Our target systems
are positioned on the 7, - M diagram (Fig.4), which indicates good agreement
with the theoretical fit and uncertainty.

— Theoretical fit
4 Sample

0.4 4 Target systems

log(M )

3.5

3.7

log(T,)

Fig.4. The diagram of the relationship between the effective temperature 7, and the mass M,
of the primary component in contact binary stars in which the studied systems are displayed.
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AHAJIN3 KPUBBIX BIIECKA M ABCOJIIOTHBIX
ITAPAMETPOB JABAILUATHU KOHTAKTHBIX JBOMHDBIX
3BE3] C NCITOJIb3OBAHUEM JAHHBIX TESS

B.I1AKH, A.TTIOPO

AHaJIM3 KOHTAKTHBIX ABOMHBIX 3BE3l C MCIOJIb30BaHUEM (HOTOMETPUYECKUX
JAHHBIX KOCMMYECKUX TEJECKOMOB M HCCIeNOBaHME BO3MOXKHBIX M3MEHEHU
rMapaMeTpoB MOTYT JaThb TOUHYIO KapTUHY IS TEOPETUUECKUX UCClIeqOBaHUA. Mbl
WCCIeMOBAIM PELIEHUST CBETOBbIX KPUBBIX U (byHIaMEHTaJIbHbIE MapaMeTphbl IS
JIBaJlATH KOHTAKTHBIX ABOMHBIX cucTeM. 1S aHaiv3a HCMOJIb30BAIUCH CaMble
MoCJAeIHUE JaHHbIE CITyTHUKA JJIs1 UCCIeA0BaHMS TpaH3UTHBIX aK3oruiaHeT (TESS).
HccnenoBaHHble B JaHHOW paboOTe CUCTEMbl MMEIOT OpOUTAIbHBIN Mepuo MeHee
0.58 mHs. PeleHnst cBETOBBIX KPMBBIX ObIIM ITOJIYYEHBI ¢ MCIOJb3oBaHeM Python-
kona PHOEBE Bepcuu 2.4.9. PesynbTaThl MOKa3bIBAIOT, YTO CUCTEMbI MMEIU
pasnmuuHble cooTHoleHust Mace oT ¢=0.149 1o g=3.915, KoapGULIEHTHI 3arOTHEHUST
(crenienb KoHTakTa) oT f=0.072 mo f=0.566 n HaKIOHEI OT i=152°8 mo i=87°3.
DddekTrBHAs TeMreparypa 38e31 Obuia MeHee 7016 K, Kak 1 0X1AaIoCh, yIUThIBASI
0COOEHHOCTH OOJTBIIIMHCTBA KOHTAKTHBIX IBOMHBIX 3Be31. KpuBble Oecka ABeHaIIaTH
13 1IeJIEBbIX CHCTEM ObUIM aCUMMETPUYHBI B MaKCHMMyMaX, MoKa3biBas 2¢hdeKT
O'KonHejuta, 1 IS pellieHN CBETOBBIX KPUBBIX TPeOOBAIIOCH HATMYNE 3BE3THOTO
nsiTHa. bbuty mpencraBieHsbl U 00CyKIeHbI OLIEHKM aOCOMIOTHBIX MAapaMETPOB TBOMHBIX
CHCTEM C UCIOJIb30BAaHUEM DMITMPUYECKON 3aBUCUMOCTU a - P. Paccuntanbl opou-
TaJlbHbIE YIJIOBble MOMEHTHI J, cucteM. IlomoxeHmst cucrtem NpeacTaBleHbl Ha
nuarpammax M-L, M-R, g-L M, -J,u T-M

ratio® tot

KittoueBnie ciioBa: 0deolinas 36e30a: 3ammeHue - 080lHble 36e30bl: OAusKue -
aHaiu3 OaHHbIX
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Shocks are ubiquitous in astrophysical environments, and particle acceleration at such astro-
physical shocks is related to high-energy phenomena. In particular, the acceleration mechanism and
the time evolution of the particle distribution function have been extensively examined. This paper
describes a simple analytic method using the one-dimensional Fokker-Planck equation in the test-
particle regime. We aim to investigate the evolution of the particle distribution function in the shock
upstream, which could be streaming toward Earth along the open magnetic field geometry. The
behavior of the analytical solution is examined over a wide range of parameters representing shock
structure, such as the shock Mach number, plasma beta, injection fraction into diffusive shock
acceleration, and the scale of the upstream magnetic field. The behavior is associated with upstream
turbulence for diffusive shock acceleration, as expected. Additionally, pre-accelerated particles could
affect the time evolution of the particle distribution only when the radiative or advection losses are
small enough for the pre-accelerated distribution to have a flatter power-law slope than the power-
law slope based on shock acceleration theory. We also provide a formula for a spherically expanding
shock and its relevant application to calculate high-energy emission due to hadronic interactions. We
suggest that the simple analytic method could be applied to examine astrophysical shocks with a
wide range of plasma parameters.

Keywords: particle acceleration: high-energy radiation: astrophysical shocks: Fokker-
Planck equation

1. Introduction. Shocks are induced in various astrophysical environments
due to supersonic flow motions such as coronal mass ejections in the interplanetary
medium [1-3], supernova remnants in the interstellar medium [4-6], and gravi-
tational collapse in the large-scale structure of the universe [7-10]. While the
properties of shocks can be affected by the characteristics of the medium, it has
been demonstrated that such shocks efficiently accelerate particles. Particle accel-
eration at shocks has been explained by first-order Fermi acceleration, which states
that particles can gain energy through multiple interactions with the converging
waves near the shocks (i.e., diffusive shock acceleration (DSA, hereafter)) [11,12].
Modeling particle acceleration at astrophysical shocks has been examined by
previous studies using numerical approaches, including plasma kinetic simulations
[13-18], hydrodynamic simulations [19,20], and models for the advection-diffusion
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of particle distribution functions in spatial and momentum space based on the
Fokker-Planck equation [1,20-23].

Using plasma kinetic simulations, the physical mechanisms for magnetic field
amplification and wave generation for scattering off particles in both the upstream
and downstream regions have been extensively studied [13-18]. Although the
properties of plasma waves for particle acceleration can depend on the character-
istics of the medium, such as supersonic flow properties (i.e., nonrelativistic,
relativistic) and magnetic field strength (i.e., unmagnetized, weakly magnetized,
and strongly magnetized plasmas), it has been shown that plasma waves can be
induced by various instabilities due to the plasma beam distribution causing velocity
space anisotropy [16,17]. According to simulation results, such waves can be self-
excited due to particle reflection at the shock surface during the evolution of
collisionless shocks, and evidence of particle acceleration through multiple wave-
particle interactions has been observed [13-15,18]. While plasma kinetic simula-
tions are a powerful tool for investigating the microphysics of particle acceleration
through first-principle calculations, they are limited in their ability to observe the
full DSA process, which occurs over longer timescales than the growth timescale
of plasma instabilities.

Considering the effects of particle acceleration at shocks and their observational
implications beyond the kinetic scales, theoretical modeling has been conducted,
including DSA-produced cosmic-ray populations (i.e., cosmic-ray populations
following a power-law distribution) and the physics of advection and diffusion in
spatial and momentum spaces. To obtain the particle spectral evolution as a
stationary shock structure, a test-particle approach has been employed, assuming
that the evolution of the shock structure is independent of the dynamical feedback
of cosmic-ray particles [1,23]. Moreover, hydrodynamic simulations, including
magnetohydrodynamics, have been used to model the dynamical evolution of
shocks in astrophysical media more sophisticatedly [9,10,24,25]. Based on such
modeling, multi-wavelength emissions due to particle acceleration at shocks have
also been examined [24-29].

As a follow-up to the previous studies summarized above, this study aims to
describe simplified analytic method using the one-dimensional Fokker-Planck
equation. The effects of shock upstream conditions on particle spectral evolution
were also examined to demonstrate the robustness of the analytical solution in
various astrophysical environments. Additionally, we provide a potential application
for calculating high-energy radiation due to particle acceleration at shocks, showing
that our simple model can be used as a tool for rapidly estimating observable
radiation flux. Moreover, the simple analytical approach described in this work
has the advantage of being flexibly expandable. In particular, it would be possible
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to extend our simple model to incorporate detailed physics, including diffusion
models and the microphysics of particle injection into DSA.

2. Basic physics. This section describes the basic physics, including the
particle distribution function and relevant plasma physics, for particle acceleration
at collisionless shocks. The importance of the characteristics of the particle
distribution function for estimating the efficiency of particle acceleration at shocks
is also discussed.

2.1. Particle distribution function. The particle distribution of thermal
plasma is commonly modeled as Maxwellian, given by

2
Nyi -3 p
Suw (P)= =5 P exp —[—J :

o2 Pin M
where p,, =./2mk,T is the thermal momentum and n, is the plasma density,
defined as

Mo = I4WP2fMW (p)dp. (@)

While the Maxwellian distribution is reasonable for describing the medium in
the absence of nonlinear processes such as plasma and magnetohydrodynamic
(MHD) waves, shocks, and turbulence, it has been demonstrated that plasma
processes associated with such phenomena can accelerate particles. This particle
energization results in a particle distribution that deviates from the Maxwellian,
known as the kappa distribution [30-32]. The kappa distribution is defined as:

10° ] — =3
---- k=10
........ Maxwellian
10+
=
10¢ -
0.0 0.5 10 1> 20

p/P,,

Fig.1. Examples of Maxwellian and kappa distribution functions.
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Slp)=—z P (—32)T-12)| (K—3/2)[pmJ ’ *

where T'(x) is the Gamma function and the parameter, k, determines the slope
of the supra-thermal distribution. For p>>p, . the kappa distribution follows a
power-law form, fK(p)oc p’z("“). Fig.1 shows examples of particle distribution
functions. A smaller value of k results in a flatter particle distribution, whereas
a larger value of k¥ makes the kappa distribution closer to the Maxwellian. It has
been shown that the kappa distribution modulates the nature of plasma waves [33],
and thus the presence of such suprathermal populations could affect the efficiency
of shock acceleration.

2.2. Plasma physics for particle acceleration at collisionless
shocks. To understand particle acceleration at shocks mediated by waves in the
shock upstream and downstream, the evolution of shock structure and the plasma
instabilities responsible for generating plasma waves that scatter off particles should
be considered. When examining plasma processes associated with electrostatic

waves, plasma frequencies (®,, = w/4nne2/me s O :1/4Tcnez/ml- ) and skin depths

(c/oope and c/oo pi) are employed. Electromagnetic interactions, on the other
hand, are characterized using gyrofrequencies (Q, =eB/m,c, Q, =eB/m;c) and
gyroradii of thermal electrons and ions (7;,, = vy ./ s Ty = V4, /). Particu-
larly, the characteristic scales of ions (i.e., Qi’l, 7, ) are employed to describe
the dynamics of shock evolution, where the shock thickness is a few times the
gyroradius of downstream thermal ions, 7, ,, . This indicates that particle energization
through multiple crossings of the shock structure (i.e., diffusive shock acceleration,
DSA) is feasible only for particles with momenta greater than the so-called
injection momentum, p,,; ~3p,,;» =3,2mk,T, [16,19,34-35]. It has been dem-
onstrated that particles with momenta beyond Py drive plasma instabilities in the
shock upstream and downstream, and these self-excited plasma waves can further
accelerate particles [13-18]. Plasma kinetic simulations have provided evidence that
such plasma processes can extend to DSA [13-15,18].

When modeling the distribution of shock-accelerated particles, the number of
particles with p > p,,. is parameterized as the so-called injection fraction, € -
It is important to note that this injection fraction can strongly depend on the
distribution of the background medium. If shock acceleration and particle transport
associated with MHD waves are active in the medium, the thermal particle
distribution may deviate from the Maxwellian distribution and instead follow the
kappa distribution. Specifically, the presence of a kappa distribution could enhance
the injection fraction, as illustrated in Fig.2.
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Fig.2. The normalization of the particle distribution function at p=p,. with different kappa
values ranging from x=2 to k= 10°.

In the modeling described in the following section, two main factors of the
kappa distribution were considered: (1) the injection fraction into DSA, which
changes the efficiency of shock acceleration; and (2) the effects of the momentum
distribution of pre-accelerated particles following a power-law form.

3. Simple analytic model based on Fokker-Planck equation.

3.1. Shock structure and one-dimensional Fokker-Planck equation.
In this work, we solve the Fokker-Planck equation to study the time evolution
of shock-accelerated particles due to diffusive shock acceleration (DSA). Through-
out the paper, we use formulas in the shock rest frame. Considering the scale
length of the magnetized medium, L, = B(8 B/o r)_l with an open field geometry
in the shock upstream B,(r)= B, exp(- r/LB), we assume the shock structure as
follows:
U,, r>0,
Ur)=q !
U,=U/fp., r<0,
) n =ngexp(=2r/Ly), >0,
n\wr)=
ny, =P, N, r<o0, @
B, =Byexp(-r/Ly),  r>0,
B,=p.B,, r<o0,

T(}")z{Tl’ I”>O,

T, r<o0,
where U(r), n(r), B(r) and 7{(r) represent the velocity, density, magnetic field, and
temperature profiles, respectively, and p,. denotes the shock compression ratio. The

B(r)~ {
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subscripts 1 and 2 denote upstream and downstream quantities, respectively. The
sonic and Alfvenic Mach numbers are then calculated as follows:

U U /yB
MS:c_l’ MA:V_IZ ?Ms’ (5)
; A

S

where ¢, =.2ynk,T,/m; and V, = BO/1/47r n;m; are the sound and Alfven speeds,
respectively, with the adiabatic index, y=5/3. According to the shock jump
condition, the temperature jump can be computed using the sonic Mach number:
T, (sm2-1)m2+3)
Lo teMl ©
In the finite shock upstream and downstream, the spatial diffusion coefficients
associated with the plasma waves are defined as:

D(r)= {g‘ ((p)’ hor>0. )
y p), -L, <r<Q0,
where L, and L, represent the finite sizes of the shock upstream and downstream,
respectively.

Since the DSA process can be explained in a one-dimensional system, we
solved the one-dimensional Fokker-Planck equation. To account for the advection
and diffusion of particle distribution into the interplanetary and interstellar
medium, characterized by an open field geometry, we solved the one-dimensional
Fokker-Planck equation in the shock upstream, as follows:

of(r.p.t) (.. Dip) (ou, U \é p
Pram e L L, Slr.p1) or 1, apsf(r’p’t)

-2 o2 ),
or or

where f(r, p,t) and s(r, p,t) denote the particle distribution function and the
source function, respectively. Based on the DSA theory and assuming steady
injection, the initial particle distribution f, (r, p,t:O), and the source term
s(r, p.t) are assumed as follows:

®)

2
Oy (”) =€, 1 oU, exp (_ L_FJ >

B

o (” ) p - €inj Mio 2rl p - p
fO(F,p,t=0)=—3 —— | =———=-exp|—— || —| exp ———|,
AU, piyi \ Pinj AT Dy Ly |\ Pin Pnax )

S(”’ p t) = 0Oy (”)8(”)5 (P_ Pinj ): € M oUy exp(— %JES(V)S(P_ pinj)’

B
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where Di and p _ are the injection and maximum momentum, respectively. As
described in the section 2.2, the injection momentum is approximately a few times
of the downstream thermal momentum, p,, ~3 p,, ;2 =34/2m;kzT, . Considering
the gyroradius of particles, the maximum momentum can be constrained by the
size of the magnetic field of the system, p,,.c/eB, ~ Ly . In addition, ¢, denotes
the injection fraction into DSA.

We here derive a simplified analytic form of 0 f/0¢ at the shock front based
on the shock structure described above in the test-particle limit. Adopting the
exponential shock precursor defined in Egs. (4) and (7), we obtained the following
derivatives of f oc n,yexp(~2r/L,) in the spatial domain:

2
O 2y TL Ay kg, Prisy, (10)
or Ly ort I3 or or
We also obtain the following derivative of f oc p™,
opf
%=(1—q)f. (11)

Using Egs. (10)-(11), the partial derivative terms of Eq. (8) can be simplified at
the shock front as follows:

E[Uﬁ%Jf(n p’,)z(UlJr DlL(P)Jaf(h p.t) :_[2U1 N ZDl(P)]f(r’ 1),

or B B or Ly L
UL U 0 U8 p g Uil ;
(6r+LB]6p3 rpi)s 5,5 e p )= ). (1D
0 af(mvyt)] V22 S, p.t) _4D\(p)
2| p(p)2Lr p _ .
al"( l(p) or l(p/ 6?’2 L% f(l’,p,t)

Based on Egs. (12), 0 f/dt can be simplified as

3 f(r, p.t T-gU 6D
(gtp )z_[ 3qL_;]f(r’p’t)Jr%f(r,p,t)qu(r,p,t). (13)

Here, the first and second terms denote the contributions of advection and
diffusion, respectively. The time evolution of f (r, D, t) is then computed numeri-
cally as follows,

af(r, p, r))
ot

f(r,p,tm):f(r,p,to)—i-'r( dt:f(r’pﬁtO)
0 t

N Z At(@f(r,p,t)]' (14)

li 6{0’ Tacc} a t

Here, time interval As satisfies Ar<<t,, and is normalized in units of Q;',
since the acceleration timescale depends on Q;'.
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3.2. Characteristic scales. To calculate the accumulated particle distribu-
tion function, the following characteristic timescales are employed:

" (15)
Td;/f(P)z Dl(p)zzl[M}[L] o

U12 nq Sianfl Piyj
1 21( M,-1 -
Dy(p)x v (p)= =~ =2 | -2 vl
TG\ & My )\ Piny

Here, t,, is the adiabatic deceleration timescale of a supersonic ejecta, T, is
the shock acceleration timescale, and 1., is the turbulent diffusion timescale
associated with waves generated by shock-accelerated particles [3]. In 2-nd Eq. of
(15), the acceleration timescale satisfies t,.. <1, since the shock compression
ratio p, is always larger than 1. This is consistent with the physical requirement
that the timescale for particle acceleration should be shorter than the diffusion
timescale; otherwise, particles would diffuse away from the shock surface before
undergoing significant acceleration. Additionally, adiabatic losses typically occur
more slowly than diffusion and acceleration processes. The relationship between
characteristic timescales and length scales (i.e., L,y ~U, 144, L, =U,1,, and

L, =U,1,,) can be summarized as follows, particularly for particles with p<p,,..:
Tace (P)< i (P)<< Tap > Loee (P)< Ly (P)<< L. (16)

In panel (a) of Fig.3., we plot the characteristic length scales with the following
parameters: B=1, M =5, M,=4.56, c,/c =107*, VA/c:1.09-10_4, € =107,
Throughout the entire momentum domain, L, exceeds L, .. Given the finite
system size where L, ~ L, , particle momentum can reach up to p, . Beyond p_ .
particles cannot be further energized through DSA due to the absence of plasma
waves with wavelengths larger than A, ~ L, . In the remaining panels of Fig.3,
we analyze the diffusion length scale by varying the sonic Mach number, M, (panel
(b)), the injection fraction into DSA, € (panel (c)) and plasma beta, B (panel
(d)). As shown in panel (b), the diffusion length is longer for smaller M, reflecting
a steeper slope of f (x, J2 t) beyond P which can reduce instabilities associated
with high-energy particle streaming [11,36,37]. Similarly, panel (c) shows that the
diffusion length depends on ¢ - IN panel (d), we observe that the diffusion length
scale increases with B because higher B values indicate lower magnetic energy
in plasma waves. Notably, the diffusion length converges at sufficiently high



PARTICLE ACCELERATION AT ASTROPHYSICAL SHOCKS 349

T o]
1011

107

1031,

T

10| —

10’ o

103122 d

-4 0 4 -4 0 4

Fig.3. (a) Acceleration length scale (solid line) and diffusion length scale (dashed line) using the
parameters with B =1, M,=5, M,=456, ¢, /c=10", V,/c=109-10", g;,; =107 ; (b) Diffusion
length scales with different sonic Mach numbers; (c) Diffusion length scales with different injection rates;
(d) Diffusion length scales with different plasma betas. In panels (b) - (d), the same parameters used
in panel (a) were employed except for the parameter being investigated for dependency.

(Bp>>1). This convergence occurs because in very weakly magnetized plasma,
particle dynamics are largely influenced by self-excited magnetic fields due to high-
energy particle streaming. This behavior aligns with 3-rd Eq. of (15), where for
B>>1, the diffusion length Ly (p) approximates:

D Q!
Ldz]f(p)N # OCM_lA-

Given Q;' 50 and M, >® as B>, Ly (p) converges accordingly.

(7)

3.3. Effects of shock parameters on the particle distribution
function. In this section, we present the analytic solution of the one-dimensional
equation, including the time evolution of the particle distribution and its parameter
dependencies such as the sonic Mach number M, the injection fraction €inj >
plasma beta B, and the scale length L, (or p ). Such an investigation across
the parameter space provides reliability to the analytic solution in tracking the time
evolution of shock-accelerated particles. Table 1 summarizes the parameters used
in this paper. Velocities are expressed in units of the speed of light ¢, and the
scale length L,, is normalized by 10° 7: » considering that plasma processes at
the shock structure could pre-accelerate particles up to pc/eB, ~ 10? Vg [13-15].
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Table 1

PARAMETERS USED IN THIS WORK.
Case 1 is the fiducial case and the remaining cases are performed for com-
parison. Groups for particular parameter dependence are summarized as
follows: (L, Casel, Case2, Case3); (M Casel, Case4, Case5); (amj: Casel,

Case6, Case7); (B: Casel, Case8, Case9, Casel0).

p M, M, ¢,/c V,/c &y | Ly/(0°7,)
Casel 1 5 4.56 10+ 1.09-10+* 102 10°
Case2 1 5 4.56 10 1.09-10+* 102 109
Case3 1 5 4.56 10 1.09-10+* 102 1010
Cased 1 3 2.74 10 1.09-10+* 102 1010
Case5 1 10 9.13 10 1.09-10+* 102 101
Case6 1 5 4.56 10+ 1.09-10+* 107 101
Case7 1 5 4.56 10 1.09-10+* 10+ 101
Case8 0.1 5 1.44 10 3.45-10+ 102 103
Case9 10 5 14.42 10 3.45-10° 102 103
Casel0 100 5 45.64 10 1.09-10° 102 103

We first examine the time evolution of the particle distribution function at
the shock front shown in Fig.4. Each line in the plot represents a time interval
of 250 Qi_l, which is sufficient to capture the plasma processes of DSA [13,14].
While the slope of the distribution function remains constant, momentum diffusion
is observed as a consequence of continuous energy injection from the source term,
s(r, D, t). At t=t,, particles accumulate near p/m,c ~ 10° due to the limited scale
of the magnetic field size L, in the shock upstream. Such particles could escape
from the shock structure and be observed as galactic or extragalactic cosmic rays.

We next investigate how the particle distribution function at the shock front
depends on the parameters (i.e., M, > B L,). Fig.5 displays the momentum
distribution functions at the shock front at z=¢, =500Q;" with a wide range of
parameters. The panels illustrate that M and - affect the slope and normal-
ization of the particle distribution function, respectively, as shown in panels (a)
and (b), especially when the magnetic scale L, is sufficiently large. The depen-
dence on L, shown in panel (c¢) indicates that the spectra with larger L, can extend
to higher momenta. We particularly focus on the dependence of 3 with the same
L, With the same system size, the maximum momentum gained via DSA is
proportional to the magnetic field because the gyroradius of particles increases with
decreasing magnetic field strength. The time-evolved spectra with different values
of plasma beta shown in panel (d) are consistent with this interpretation. If the
system size and the wavelength of upstream waves were infinite, such beta
dependence would not be observed.
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3.4. Effects of pre-accelerated particles. We now expand the analytic
solution to include pre-accelerated particles influenced by shocks or turbulence.
These pre-accelerated particles, following power-law distribution, can undergo
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Fig.4. Time evolution of the particle distribution function at the shock front (Case 1 in Table
1). The plots are shown from ¢, =250Q;" to ¢; =1000Q;' with a time interval of 250Q;".
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Fig.5. (a) Dependence on the sonic Mach number; (b) Dependence on the injection fraction;
(c) Dependence on the magnetic field size; (d) Dependence on the plasma beta. The model
information is provided in Table 1. Note that the particle distribution functions are measured at
the shock front.



352 J.-H.HA

further acceleration through DSA [39,40]. The initial particle distribution, includ-
ing the shock-accelerated particle distribution, f (r, p,t= 0), can be summarized
as follows:

2
Qpre (V) = 8pre ni,OUl exp(_ L_FJ ’

B

Qpre (l") )2 N Spre n; 0 2r P N
fpre(r’p,t:0)2—3 — = 3 exp|l —— || — s
4nU, DPinj \ Pinj 4n Pij Ly )\ p inj

Fopi—o)=20 (2 ) f iy iy 09
s 17 4TC Ulpfn/ p[’?/ P pre\' » 7>

- ~(4-7) -7
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where ¢, is a parameter that determines the normalization of the pre-accelerated
distribution, f,, (r, p,t=0). We particularly consider the cases where ¢ #g . For
g < q , the pre-accelerated distribution is steeper than the DSA slope, indicating
that radiative or advection losses dominate over diffusion processes in confining
particles near the shock surface. For ¢ > ¢, on the other hand, strong turbulence
exists to confine the pre-accelerated particles.

Using the parameter set from Case 1 in Table 1, we examined the impact of
pre-accelerated particles on the time evolution of the particle distribution function at
the shock front by varying the parameters, ¢, and ¢, . For reference, the particle
distribution function generated by the shock with M =35 exhibits the slope, g=4.17.
The dependence on the slope of pre-accelerated particles, g, is shown in Fig.6 for
four different timesteps (#= [z, #]). Here, the normalization factor is assumed as
€ pre / i = 107", The results demonstrate that the effects of pre-accelerated particles
are significant when the pre-accelerated distribution has a flatter slope than the DSA
slope (g > g ). Conversely, when ¢ < g , the contribution of pre-accelerated particles
appears negligible. Consistently, the time-evolved particle distribution function
exhibits a power-law slope ¢, independent of g, as shown in previous studies [40].
Furthermore, the dependence on the number density of pre-accelerated particles,
€ e €1y » Tanging from 107 to 10" with § =4, is shown in Fig.7. As exp