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NAS RK is pleased to announce that News of NAS RK. Series physico-mathematical journal 
has been accepted for indexing in the Emerging Sources Citation Index, a new edition of Web of 
Science. Content in this index is under consideration by Clarivate Analytics to be accepted in the 
Science Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities 
Citation Index. The quality and depth of content Web of Science offers to researchers, authors, 
publishers, and institutions sets it apart from other research databases. The inclusion of News of 
NAS RK. Series of chemistry and technologies in the Emerging Sources Citation Index demonstrates 
our dedication to providing the most relevant and influential content of chemical sciences to our 
community.

Қазақстан Республикасы ¥лттық ғылым академиясы «ҚР ¥ҒА Хабарлары. Физикалық-
математикалық сериясы» ғылыми журналының Web of Science-тің жаңаланған нусқасы 
Emerging Sources Citation Index-me индекстелуге қабылданганын хабарлайды. Бұл 
индекстелу барысында Clarivate Analytics компаниясы журналды одан әрі the Science Citation 
Index Expanded, the Social Sciences Citation Index және the Arts & Humanities Citation lndex-ке 
қабылдау мәселесін қарастыруда. Webof Science зерттеушілер, авторлар, баспашылар 
мен мекемелерге контент тереңдігі мен сапасын усынады. ҚР ¥ҒА Хабарлары. Химия 
жэне технология сериясы Emerging Sources Citation lndex-ке енуі біздің қоғамдастық үшін ең 
өзекті және беделді химиялық ғылымдар бойынша контентке адалдыгымызды білдіреді.

HAH PK сообщает, что научный журнал «Известия HAH PK. Серия физико-математичес-
кая» был принят для индексирования в Emerging Sources Citation Index, обновленной версии 
Web of Science. Содержание в этом индексировании находится в стадии рассмотрения 
компанией Clarivate Analytics для дальнейшего принятия журнала в the Science Citation 
Index Expanded, the Social Sciences Citation Index и the Arts & Humanities Citation Index. Web 
of Science предлагает качество и глубину контента для исследователей, авторов, 
издателей и учреждений. Вклю-чение Известия HAH PK в Emerging Sources Citation Index 
демонстрирует нашу приверженность к наиболее актуальному и влиятельному контенту 
по химическим наукам для нашего сообщества.



3

Бас редактор:
МҰТАНОВ Ғалымқайыр Мұтанұлы, техника ғылымдарының докторы, профессор, ҚР ҰҒА 

академигі, ҚР БҒМ ҒК «Ақпараттық және есептеу технологиялары институты» бас директорының 
м.а. (Алматы, Қазақстан)  Н=5

Редакция алқасы:
ҚАЛИМОЛДАЕВ Мақсат Нұрәділұлы (бас редактордың орынбасары), физика-математика 

ғылымдарының докторы, профессор, ҚР ҰҒА академигі, ҚР БҒМ ҒК «Ақпараттық және есептеу 
технологиялары институты» бас директорының кеңесшісі, зертхана меңгерушісі (Алматы, Қазақстан)
Н=7

БАЙГУНЧЕКОВ Жұмаділ Жаңабайұлы (бас редактордың орынбасары), техника ғылымдары-
ның докторы, профессор, ҚР ҰҒА академигі, Кибернетика және ақпараттық технологиялар институты, 
Сатпаев университетінің Қолданбалы механика және инженерлік графика кафедрасы, (Алматы, 
Қазақстан) Н=3

ВОЙЧИК Вальдемар, техника ғылымдарының докторы (физика), Люблин технологиялық 
университетінің профессоры (Люблин, Польша) H=23

БОШКАЕВ Қуантай Авғазыұлы, Ph.D. Теориялық және ядролық физика кафедрасының доценті, 
әл-Фараби  атындағы Қазақ ұлттық университеті (Алматы, Қазақстан) Н-10

QUEVEDO Hemando, профессор, Ядролық ғылымдар институты (Мехико, Мексика) Н=28
ЖҮСІПОВ Марат Абжанұлы, физика-математика ғылымдарының докторы, теориялық және 

ядролық физика кафедрасының профессоры, әл-Фараби  атындағы Қазақ ұлттық университеті 
(Алматы, Қазақстан) Н=7

КОВАЛЕВ Александр Михайлович, физика-математика ғылымдарының докторы, Украина ҰҒА 
академигі, Қолданбалы математика және механика институты (Донецк, Украина) Н=5

МИХАЛЕВИЧ Александр Александрович, техника ғылымдарының докторы, профессор, 
Беларусь ҰҒА академигі (Минск, Беларусь) Н=2

РАМАЗАНОВ Тілекқабыл Сәбитұлы, физика-математика ғылымдарының докторы, профессор, 
ҚР ҰҒА академигі, әл-Фараби  атындағы Қазақ ұлттық университетінің ғылыми-инновациялық 
қызмет жөніндегі проректоры, (Алматы, Қазақстан) Н=26

ТАКИБАЕВ Нұрғали Жабағаұлы, физика-математика ғылымдарының докторы, профессор, 
ҚР ҰҒА академигі, әл-Фараби  атындағы Қазақ ұлттық университеті (Алматы, Қазақстан) Н=5

ТИГИНЯНУ Ион Михайлович, физика-математика ғылымдарының докторы, академик, Молдова 
Ғылым Академиясының президенті, Молдова техникалық университеті (Кишинев, Молдова) Н=42

ХАРИН Станислав Николаевич, физика-математика ғылымдарының докторы, профессор, 
ҚР ҰҒА академигі, Қазақстан-Британ техникалық университеті (Алматы, Қазақстан) Н=10

ДАВЛЕТОВ Асқар Ербуланович, физика-математика ғылымдарының докторы, профессор, 
әл-Фараби  атындағы Қазақ ұлттық университеті (Алматы, Қазақстан) Н=12

КАЛАНДРА Пьетро, Ph.D (физика), Наноқұрылымды материалдарды зерттеу институтының 
профессоры (Рим, Италия) H=26

«ҚР ҰҒА Хабарлары. Физика-математикалық сериясы».
ISSN 2518-1726 (Online), 
ISSN 2224-346X (Print)

Меншіктенуші: «Қазақстан Республикасының Ұлттық ғылым академиясы» РҚБ (Алматы қ.).
Қазақстан  Республикасының  Ақпарат  және  қоғамдық  даму  министрлiгiнің  Ақпарат  комитетінде
14.02.2018 ж. берілген № 16906-Ж мерзімдік басылым тіркеуіне қойылу туралы куәлік.

Тақырыптық бағыты: физика-математика ғылымдары және ақпараттық техникалар саласындағы 
басым ғылыми зерттеулерді жариялау.

Мерзімділігі: жылына 6 рет. 
Тиражы: 300
Редакцияның мекен-жайы:  050010, Алматы қ., Шевченко көш., 28, 219 бөл., тел.: 272-13-19, 272-13-18
http://www.physico-mathematical.kz/index.php/en/

© Қазақстан Республикасының Ұлттық ғылым академиясы, 2021

Типографияның мекен-жайы:  «Аруна» ЖК, Алматы қ., Муратбаева көш., 75.



4

Г л а в н ы й   р е д а к т о р:  
МУТАНОВ Галимкаир Мутанович, доктор технических наук, профессор, академик НАН РК, 

и.о. генерального директора «Института информационных и вычислительных технологий» КН МОН 
РК (Алматы, Казахстан) Н=5

Р е д а к ц и о н н а я   к о л л е г и я:
КАЛИМОЛДАЕВ Максат Нурадилович, (заместитель главного редактора), доктор физико-

математических наук, профессор, академик НАН РК, советник генерального директора «Института 
информационных и вычислительных технологий» КН МОН РК, заведующий лабораторией 
(Алматы, Казахстан) Н=7

БАЙГУНЧЕКОВ Жумадил Жанабаевич, (заместитель главного редактора), доктор технических 
наук, профессор, академик НАН РК, Институт кибернетики и информационных технологий, кафедра 
прикладной механики и инженерной графики, университет Сатпаева (Алматы, Казахстан) Н=3

ВОЙЧИК Вальдемар, доктор технических наук (физ.-мат.), профессор Люблинского 
технологического университета (Люблин, Польша) H=23 

БОШКАЕВ Куантай Авгазыевич, доктор Ph.D, преподаватель, доцент кафедры теоретической 
и ядерной физики, Казахский национальный университет им. аль-Фараби (Алматы, Казахстан) Н=10

QUEVEDO Hemando, профессор, Национальный автономный университет Мексики (UNAM), 
Институт ядерных наук (Мехико, Мексика) Н=28

ЖУСУПОВ Марат Абжанович, доктор физико-математических наук, профессор кафедры 
теоретической и ядерной физики, Казахский национальный университет им. аль-Фараби (Алматы, 
Казахстан) Н=7

КОВАЛЕВ Александр Михайлович, доктор физико-математических наук, академик НАН 
Украины,  Институт прикладной математики и механики (Донецк, Украина) Н=5

МИХАЛЕВИЧ Александр Александрович, доктор технических наук, профессор, академик 
НАН Беларуси (Минск, Беларусь) Н=2

РАМАЗАНОВ Тлеккабул Сабитович,  доктор физико-математических наук, профессор, академик 
НАН РК, проректор по научно-инновационной деятельности, Казахский национальный университет 
им. аль-Фараби (Алматы, Казахстан) Н=26

ТАКИБАЕВ Нургали Жабагаевич, доктор физико-математических наук, профессор, академик 
НАН РК, Казахский национальный университет им. аль-Фараби (Алматы, Казахстан) Н=5

ТИГИНЯНУ Ион Михайлович, доктор физико-математических наук, академик, президент 
Академии наук Молдовы, Технический университет Молдовы (Кишинев, Молдова) Н=42

ХАРИН Станислав Николаевич, доктор физико-математических наук, профессор, академик 
НАН РК, Казахстанско-Британский технический университет (Алматы, Казахстан) Н=10

ДАВЛЕТОВ Аскар Ербуланович, доктор физико-математических наук, профессор, Казахский 
национальный университет им. аль-Фараби (Алматы, Казахстан) Н=12

КАЛАНДРА Пьетро, доктор философии (Ph.D, физика), профессор Института по изучению 
наноструктурированных материалов (Рим, Италия) H=26

«Известия НАН РК. Серия физика-математическая».
ISSN 2518-1726 (Online), 
ISSN 2224-346Х (Print)
Собственник: Республиканское общественное объединение «Национальная академия наук Республики
Казахстан» (г. Алматы).
Свидетельство о постановке на учет периодического печатного издания в Комитете информации 
Министерства информации и общественного развития Республики Казахстан № 16906-Ж выданное 
14.02.2018 г.
Тематическая направленность: публикация приоритетных научных исследований в области физико-
матема-тических наук и информационных технологий.

Периодичность: 6 раз в год. 
Тираж: 300
Адрес редакции: 050010, г. Алматы, ул. Шевченко, 28, оф. 219, тел.: 272-13-19, 272-13-18 
http://www.physico-mathematical.kz/index.php/en/

© Национальная академия наук Республики Казахстан, 2021

Адрес типографии: ИП «Аруна», г. Алматы, ул. Муратбаева, 75.



5

E d i t o r   i n   c h i e f

MUTANOV Galimkair Mutanovich, doctor of technical Sciences, Professor, Academician of 
NAS RK,  acting director of the Institute of Information and Computing Technologies of SC MES RK 
(Almaty, Kazakhstan)  Н=5

E d i t o r i a l   b o a r d:
KALIMOLDAYEV Maksat Nuradilovich (Deputy Editor-in-Chief), doctor in Physics and 

Mathematics, Professor, Academician of NAS RK, Advisor to the General Director of the Institute of 
Information and Computing Technologies of SC MES RK, Head of the Laboratory (Almaty, Kazakhstan)  
Н=7

BAYGUNCHEKOV Zhumadil Zhanabayevich, (Deputy Editor-in-Chief), doctor of Technical 
Sciences, Professor, Academician of NAS RK, Institute of Cybernetics and Information Technologies, 
Department of Applied Mechanics and Engineering Graphics, Satbayev University (Almaty, Kazakhstan) 
Н=3

WOICIK Waldemar, Doctor of Phys.-Math. Sciences, Professor, Lublin University of Technology 
(Lublin, Poland) H=23 

BOSHKAYEV Kuantai Avgazievich, PhD, Lecturer, Associate Professor of the Department of 
Theoretical and Nuclear Physics, Al-Farabi Kazakh National University (Almaty, Kazakhstan) Н=10

QUEVEDO Hemando, Professor, National Autonomous University of Mexico (UNAM), Institute of 
Nuclear Sciences (Mexico City, Mexico) Н=28

ZHUSSUPOV Marat Abzhanovich, Doctor in Physics and Mathematics, Professor of the Department 
of Theoretical and Nuclear Physics, al-Farabi Kazakh National University (Almaty, Kazakhstan) Н=7

KOVALEV Alexander Mikhailovich, Doctor in Physics and Mathematics, Academician of NAS 
of Ukraine, Director of the State Institution «Institute of Applied Mathematics and Mechanics» DPR 
(Donetsk, Ukraine) Н=5

MIKHALEVICH Alexander Alexandrovich, Doctor of Technical Sciences, Professor, Academician 
of NAS of Belarus (Minsk, Belarus) Н=2

RAMAZANOV Tlekkabul Sabitovich, Doctor in Physics and Mathematics, Professor, Academician 
of NAS RK, Vice-Rector for Scientific and Innovative Activity, al-Farabi Kazakh National University 
(Almaty, Kazakhstan) Н=26

TAKIBAYEV Nurgali Zhabagaevich, Doctor in Physics and Mathematics, Professor, Academician of 
NAS RK, al-Farabi Kazakh National University (Almaty, Kazakhstan) Н=5

TIGHINEANU Ion Mikhailovich, Doctor in Physics and Mathematics, Academician, Full Member 
of the Academy of Sciences of Moldova, President of the AS of Moldova, Technical University of 
Moldova (Chisinau, Moldova) Н=42

KHARIN Stanislav Nikolayevich, Doctor in Physics and Mathematics, Professor, Academician 
of NAS RK, Kazakh-British Technical University (Almaty, Kazakhstan) Н=10

DAVLETOV Askar Erbulanovich, Doctor in Physics and Mathematics, Professor, al-Farabi Kazakh 
National University (Almaty, Kazakhstan) Н=12

CALANDRA Pietro, PhD in Physics, Professor at the Institute of Nanostructured Materials 
(Monterotondo Station Rome, Italy) H=26

News of the National Academy of Sciences of the Republic of Kazakhstan.
Physical-mathematical series. 
ISSN 2518-1726 (Online), 
ISSN 2224-346Х (Print)
Owner: RPA «National Academy of Sciences of the Republic of Kazakhstan» (Almaty). The certificate of 
registration of a periodical printed publication in the Committee of information of the Ministry of Information 
and Social Development of the Republic of Kazakhstan No. 16906-Ж, issued 14.02.2018
Thematic scope:  publication of priority research in the field of physical and mathematical sciences and 
information technology.
Periodicity: 6 times a year.
Circulation: 300
Editorial address: 28, Shevchenko str., of. 219, Almaty, 050010, tel. 272-13-19, 272-13-18, 
http://www.physico-mathematical.kz/index.php/en/

© National Academy of Sciences of the Republic of Kazakhstan, 2021

Address of printing house: ST «Aruna», 75, Muratbayev str, Almaty.



ISSN 1991-346X Series physico-mathematical.   3. 2021 

167 

NEWS 
OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN 
PHYSICO-MATHEMATICAL SERIES 
ISSN 1991-346Х 
Volume 3, Number 337 (2021), 167 – 178        https://doi.org/10.32014/2021.2518-1726.59 

UDC 517.9 
IRSTI 27.31.15 

D. Yurin1, M. Kalambay1,2, A. Ibraimova1,2, H. Mahmet1,3, M. Makukov1

1Fesenkov Astrophysical Institute, Almaty, Kazakhstan 
2Al-Farabi Kazakh National University, Physics and Technology Department, Almaty, Kazakhstan 

3Almaty University of Power Engineering and Telecommunications, Almaty, Kazakhstan 
Е-mail: yurin@aphi.kz  

TWISTED COSMIC WEB AS THE ORIGIN OF SPIRAL STRUCTURE IN DISK GALAXIES 

Abstract. The origin of spiral arms is one of the intriguing problems of modern galactic dynamics. 
Despite decades of research and routine reproducibility in computer simulations, the phenomenon of the 
spiral arms in disk galaxies remains not fully understood and is a real challenge in modern astrophysics. 
None of existing theories can give a comprehensive explanation of this phenomena for isolated disk galaxies. 
These theories successfully explain some elements of the spiral arms formation process, but fail to explain 
other key elements. We argue that this may hint at the existence of some more general mechanism for the 
formation of spirals, which embraces the existing theories as distinct components. We propose a draft idea 
of such theory and discuss how it might be verified.   

Key words: disk galaxies, spiral arms, cosmic web, n-body simulations 

1. Introduction. Two-thirds of all galaxies in the Universe are disk galaxies. One of the most
conspicuous properties of disk galaxies is the presence of spiral density perturbations, known as spiral arms. 
The geometry of spiral structures is very diverse and varies from spirals with two global-scale arms to multi-
tiered spirals having numerous segments and complex branches.  

Despite considerable efforts in studying the phenomenon of galactic spiral arms, as well as their 
routine reproduction in computer simulations, the principle of the formation of spiral patterns is still not 
well understood. This situation represents an unprecedented challenge for modern astrophysics. 

At the dawn of the study of spiral arms, with limited observational data, all studies of this dynamic 
phenomenon were analytical and of largely speculative character  [1–3]. With the advent of computer 
simulations era, spiral arm researchers started to resort to controlled numerical experiments with equilibrium 
n-body models of disk galaxies [4–13]. In such experiments, it became possible to conclusively establish
major reasons leading to the formation of spiral patterns. It was shown that the trigger of spiral pattern
formation might come from tidal effects due to asymmetric potential of dark halos, galaxies flying nearby
or even colliding with the host galaxy, as well as internal structures such as giant molecular clouds, globular
star clusters, bars, etc. In addition, it was found that for certain combinations of initial parameters, in
particular, large ratio of disk mass to the total mass of the galaxy and low random component of motion of
stars in the disk, a spiral pattern can occur spontaneously without any external influences [6]. It should be
noted that the knowledge of the triggers of the spiral pattern and of the specific conditions for its emergence
though sheds some light on this phenomenon, however by no means fully explains it. It is important to
understand the concrete mechanism of formation, establishing the chain of physical processes that lead to
the formation of spirals, for whatever - external or internal - reason.

The first most developed theory of the origin of spiral arms is the theory of stationary density waves 
by Lin and Shu, which predicts long-lived and clear-shaped spiral structures [1]. In this model, the individual 
stars that comprise the spiral pattern move in and out of the arms, while the pattern itself propagates over 

https://doi.org/10.32014/2020.2518-1726.59
mailto:yurin@aphi.kz
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the disc unchanged over many orbital periods. This theory seems most effective in explaining the formation 
of spiral arms under the influence of tidal forces. However, it is not consistent with computer simulations 
of isolated galaxies, in which observed spiral arms are far from stationary; rather, they are short-lived, but 
constantly reproducing structures with fuzzy edges [9,12]. Studies of these simulations have shown that 
spiral arms in isolated disks are not density waves, but rather structures arising from density fluctuations in 
a differentially rotating stellar disk [6,8,10]. 

Material theory explains spiral arms as formations of gravitationally bound stars that emerge from 
density fluctuations under the influence of self-gravity. As a result of differential rotation, such formations 
are aligned onto each other forming a spiral pattern. The distinctive feature of the theory of material arms is 
the constancy of the stellar composition of spirals: stars rotate in one direction with the arms, exchange 
energy with them, migrate along them, but remain within [8,10]. The weak point of the material theory is 
the winding problem - the differential rotation of the galaxy quickly turns all bound structures into tightly 
wound spirals, and this is observed neither in real galaxies nor in simulations. Thus, while this model can, 
in principle, account for flocculent spirals with their patchy patterns, it can hardly explain the origin of 
grand-design global-scale spiral arms. 

Another theory - the theory of swing amplification - also relates the formation of spirals to density 
fluctuations, but it explains their amplification not only by gravitational contraction, but rather by the 
superposition of retrograde epicyclic motion of stars with the shear deformation of leading density 
perturbations [2,3]. This theory successfully explains the relationship of the initial parameters of the disk 
with the shape and number of spirals, through the minimum size of disturbances stabilized by rotation [4]. 
At the same time, the theory of swing amplification does not explain the subsequent extremely nonlinear 
evolution and regeneration of the spiral pattern [6]. 

The recent high-resolution simulations show that, in reality, both self-gravity and amplification of 
perturbations by the epicyclic motion of stars play an equally important role in the formation of spiral arms 
[6,8,9,13]. This may hint at the existence of some more general mechanism for the formation of spirals, 
which embraces the material theory and swing amplification theory as distinct components. 

The purpose of this article is to outline a draft version of our own theory, which explains the spirals 
arms as a manifestation of well known physical phenomena in differentially rotating disks, in order to stake 
out a claim on this idea. Our theory is consistent with the swing amplification theory and the theory of 
material arms, but not reduced to them. The paper is organized as follows. In Section 2, we describe our 
theory in sketchy form, leaving more detailed and strict description for a follow up paper. Then, in Section 
3 we discuss pros and cons of our theory, as well as ideas of how to further prove it or falsify. Finally, we 
conclude with a summary in Section 4. 

2. Our Theory 
Here we discuss our new theory, which explains spirals as structures forming in a co-rotation frame 

under the influence of residual irregular forces when the regular force such as the central gravitational pull 
is canceled out by the centrifugal force.  

Cosmic Web: First we consider an expanding flat disk with unit radius and uniformly distributed unit 
mass, where all initial velocities are directed along the radius outwards and are proportional to the central 
distance with factor of √2. These conditions are effectively equal to initial conditions used to simulate large-
scale structure formation in a flat universe with curvature k = 0. The primordial fluctuations are achieved by 
randomization of particle positions. Proceeding these initial conditions in time as a self-gravitating n-body 
system with G = 1 in collisionless mode with a non-zero softening length, we start to see formation of 
filament structures, the so called Cosmic Web, typically observed in cosmological simulations (see Fig. 1, 
top row). Certainly, this is only a rough approximation, it is two-dimensional only and does not account for 
periodic boundary conditions and many other details, but it reflects the mechanism behind the large-scale 
structure formation fair enough. 
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Figure 1. Expanding flat disk of self-gravitating particles when integrated in proper (top-row) and 
comoving coordinates (middle and bottom rows).  The last row represents the co-moving integration with 

viscosity term taken out. Columns representing different times which increase from the left to right.  
Ranges of the plots in the first row are adjusted to fit the expanding disk. All simulations are 2D and 

carried out with direct n-body code with the following set of parameters: n = 262144 (number of 
particles), ε=0.01 (softening length), Δt=0.001 (timestep), R=M=G=1. 

 
The qualitative reason for the initial heterogeneity to growth in this way lies in the interplay of 

expansion and gravity. Overdense regions expand slower than rarefied areas because their gravity is working 
more strongly against the expansion. As a result, a dense region tends to become denser and smaller, while 
a low density region becomes more diffuse and bigger. The expanding regions of lower density, so-called 
voids, acquire the topology of inflating bubbles [14]. Matter appears “pushed” to their periphery/outskirts 
and becomes more concentrated in the spaces between the bubbles. As the expansion continues, the bubbles 
contact each other and the matter is further “displaced” to the contact interfaces, forming so-called filaments 
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that connect regions of maximum matter concentration in the inter-bubble space. Thus, the matter 
distribution starts to resemble a foam-like Voronoi mesh [15].  

The easiest way to understand the main driving forces behind this phenomenon in a quantitative 
way is to switch to the co-moving coordinate frame. In this frame of reference, the gravitational force acting 
on a particle of mass m, that sits in position x′ and has a velocity v′, can be decomposed into three terms 
 

 

(1) 

 
where a is the radius of the expanding sphere also known as the scale factor. The first term in the brackets 
represents the gravitational force that acts on a body in a proper coordinate system, while the second is the 
regular force coming from the imaginary mass enclosed within the body radius if it were distributed 
absolutely uniformly in accordance with the averaged density of the entire system. The last term which is 
proportional to the velocity of the body can be understood as a friction force. The second and third terms 
are “fictitious” forces that show up themself when we switch to a non-inertial frame of reference related to 
an expanding system of self-gravitating bodies. Altogether, it works like this: the second term basically 
cancels out the central gravitational pull caused by the first term and thus prevents gravitational collapse of 
resting bodies that they will experience otherwise. Since the real gravity force is lampy due to irregularities 
of body positions, what is leftingover after such cancelation is only residual peculiar forces, also known as 
irregular forces. The third term accounts for interparticle space growth, that “decreases” the values of 
particle’ velocities in a co-moving frame and causes the particles to experience a viscosity. Using these 
forces and starting from the same space distribution but zero velocities, it is entirely possible and, in fact, is 
a common practice, to simulate an expansion of gravitating particles without the expansion, so that the result 
of simulations would be indistinguishable from the simulation in proper coordinates (see Fig. 1, the second 
row). This illustrates the full validity of such treatment and gives “a sense of reality” to fictitious forces 
acting in a comoving frame.  

Integration in co-moving coordinates has a lot of advantages, among them - the ability to detect the 
force primarily responsible for cosmic web formation.  If we remove the friction term and repeat integration, 
the results are somewhat changed but the formation of the cosmic web is not prevented  (see Fig. 1, the 
bottom row). Due to this fact we can safely conclude that the main prerequisite for the structure formation 
to occur is a situation when the regular part of gravitational force acting on a particle is taken out and the 
self-consistent evolution is mainly driven by irregular forces.  

Rotating Disk: There is another situation when such elimination of the central gravitational force 
takes place and the particle evolution is governed by residual peculiar and fictitious forces. This is 
rotationally supported self-gravitating disk systems. Hence we can expect the formation of structures similar 
to the cosmic web in these disks as well. Indeed, if we put a uniformly and randomly distributed particle 
disk in potential that ensures an r-independent angular speed and initialize the disk particles with circular 
velocities and then let them evolve in a self-consistent manner, we will find a familiar structures that look 
pretty much the same as the cosmic web (see Fig.2).      
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Figure 2. Rotating n-body disk with zero thickness placed in the halo (not shown) the potential of which 
provides near rigid-body rotation (when angular velocity is constant over radius). As before, the different 
plots show the different times, starting from a homogeneous distribution at the left and proceed in time in 
the middle and right plots. Elapsed time and actual rotation speed can be seen from the motion of the red 

marked particles. Disk-to-halo mass ratio is Md / Mh = 0.08, ε=0.02, n=262144.  
 

Of course, this similarity alone does not fully prove the similarity of the underlying process, but, 
together with the fact that our model predicted it, it testifies in favor of the idea that this resemblance is not 
a coincidence, but rather a manifestation of the same mechanism governed by irregular forces. Leaving a 
more robust proof for the later,  let us now consider the case of a differentially rotating disk, where angular 
speed varies with radius. In this case we see the same structures, but now they are squeezed and stretched 
by differential rotation (see Fig. 3). The cell walls are aligned in such a way that they start to form long 
spiral arms extending from the center to the periphery and spiral structure begins to be seen. 
 

   

Figure 3. Rotating n-body disk in Hernquist potential with the same disk-to-halo mass ratio 0.08, same 
softening length ε=0.02 and number of particles n=262144. 

 
Thus, the gist of our idea is that the spiral arms observed in self-gravitating disk systems are 

essentially a cosmic web distorted by differential rotation. Sure enough, the spiral patterns seen on Fig. 3 
are far from the real spiral structures observed in real and simulated disk galaxies, but thus far we have been 
using unrealistic uniform disk distribution to illustrate the idea. Let’s now switch to a more realistic non-
uniform disk distribution with density increasing toward the center, while keeping all other parameters like 
disk-to-halo mass ratio, shape of the halo potential, softening length, etc. completely unchanged. The Fig. 4 
shows the time evolution of such a disk in sequence of time-snapshots over regular time intervals. As one 
can see, the cosmic web-like structures show up here as well, and, as before, they start to be differentially 
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stretched forming the spiral patterns, but in contrast with previous uniform disk simulation the resulting 
structures become thicker toward the center and are more robust to the central twisting.  
 

   

   

   

Figure 4. The same as in Figure 3, but now with non-uniform disk density distribution and time evolution 
is depicted in 9 snapshots starting from top-left and moving progressively to bottom-right. 

 
As the time goes by, the cells get larger and larger, while their walls thicker and thicker (second row 

on the Fig.4), something that was seen before in our previous runs. There is no twisting issue because cellular 
structures show a certain degree of stiffness and decouple from the differential rotation flow constantly 
rearranging themself and thus sustain pitch angles much larger than those dictated by differential flow (see 
and compare the spiral pattern formed by red-marked particles and spiral patterns formed by the system as 
a whole). At some point, the cells get so large and their walls so thick that they become comparable with 
the scale of the whole system, and we start to see the classical spiral galaxy structures (see the last row on 
Fig.4 and left image on Fig.5). At this point cellular structure becomes barely recognizable by eye, but in 
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fact still present. It is visible in the kinks of the spiral arms, in the splitings of their ends, even the whole 
cells can still be outlined (see Fig. 6). Amazingly enough, these features are recognizable in real galaxies as 
well (see the right image on Fig 5 and 6).  
 

 

 

Figure 5. Side by side comparison of our simulated galaxy (left column) and the real galaxy M101 (right 
column).  

 
 

  

Figure 6. Same as Fig. 5, but now on both images the signatures of cellular structure, such as kinks (green 
lines), splittings (orange lines) and cells (dashed blue) are marked.  

 
The striking example of visible cellular structure is the spiral galaxies NGC 5468 and IC 342, where 

you can clearly see dozens of recognizable cells (see Fig. 7). 
 



News of the National Academy of sciences of the Republic of Kazakhstan 
  

 

 

 

 

174 

 
  

 

 

Figure 7. Left: The spiral galaxy NGC 5468 presents a face-on view as seen in this image from the 
Hubble Space Telescope. Right: Infrared image of  IC 342 from NASA's Spitzer Space Telescope which 

reveals a spider-web like dust distribution pattern visible throughout the galaxy's disk. 
 

3. Discussion  
 Here we discuss our new theory, in particular its pros and cons, as well as methods for its further 
verification and falsification. 
  
 First of all, we point out that our theory does not contradict the theory of swing amplification or/and 
material arms theory, but rather considers them as particular manifestations of one physical process that we 
have exposed. For example, in our simulations, the particles indeed have a tendency to stay together in 
intercellular interfaces and move along them (see dynamic of red-marked particles in Fig. 4), which is quite 
in line with the material arm vision, however there is no winding issue because cells are constantly 
rearranging their segments due to differential rotation. In their turn, the segments that form cellular walls 
have different orientation relative to the direction of rotation, some of them are trailing, some are leading, 
which allows a swing amplification to occur in the latter case. 
 Second, we emphasise the preliminary nature of our conclusions that were drawn from extremely 
simple 2D n-body models with a relatively small number of particles. We understand that more appropriate 
full 3D simulations need to be carried out before we can make certain conclusions. This is a subject for our 
subsequent publications. It is worth noting that we have unique tools that will allow us to do this, namely 
GALIC/GALIC-3D [16,17] codes for creating fully 3-dimensional n-body galaxy models in a high-quality 
equilibrium state with advanced control of initial velocity structure. This will allow us to study the spiral 
arms phenomenon in full 3D in a clean environment largely free of intrinsic instabilities. 
 One of the direct implications of our idea is the existence of a stage in the process of galaxy 
formation during which the cellular structure has a pronounced appearance and the sizes of individual cells 
are much smaller than the scale of the galactic disk (see Fig.4, first and second rows). Then, it is reasonable 
to ask why one does not observe these early stages that should feature a clear cellular structure in real 
galaxies. It is well known that spiral arms are unambiguously related to enhanced star formation rates and 
have more young stars than inter-arm regions [18]. It could mean that the formation of cells initially occurs 
in galaxies during their gas dominant phase [19], when there are simply no light sources available to 
illuminate these structures. Later, when the cellular structure gets larger and denser the process of star 
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formation is triggered along the intercellular interfaces and the entire structure is illuminated, but by this 
time the cells become so large and distorted by differential rotation that the cellular structure becomes poorly 
visible. Also one should not forget that the process of galaxy formation is much more violent and complex 
than we model it and the structures are constantly disturbed by new falling gas and various feedback 
processes. Nevertheless, in self-consistent numerical hydrodynamic simulations, where the visibility of 
structures is not limited by available light sources, almost all disk galaxies pass through such a phase, even 
though the gas is constantly falling and supernova blasts and other feedback process are constantly 
disturbing the galactic disk (see Fig. 8).  
 

  

 

Figure 8. Gas density distribution of self-consistently formed late-type disk galaxies observed in different 
cosmological simulations: ERIS Simulation, 2011 [20] (left),  FIRE Simulation [21] (middle) and TNG50 

Simulation [22] (right). 
 

Interestingly, these simulations have a fairly large diversity in their treatments of gaseous and 
feedback physics, but still systematically produce the cellular structures in their disks [20–22]. Thus, it may 
indicate that the formation of cosmic web-like structures in galaxies might define the numerous physical 
processes occurring in a disk galaxy, rather than be defined by them. 

The origin of Grand Design spirals has always been considered to be distinct from that of multi-
branched spiral structures; however, our tests show that with a certain combination of initial parameters, the 
process of cell enlargement goes so far that in fact there are only two huge cells and the interface between 
them remain in the form of Grand Design spirals. It could be that the bar is also a result of such growth, and 
is simply an enlarged intercellular interface. Certainly, these conjectures require additional studies. 
 The essence of our theory is that in the formation of spiral arms in dynamics, we observe a struggle 
between two processes, the process of formation of cellular structure under the influence of irregular forces 
similar to cosmic-web formation, and the process of shear deformation caused by differential rotation. There 
are several ways to confirm or refute this statement, and some of them were already tested by us. For 
example if our explanation is true then turning off differential rotation we have to see a comic-web-like 
structure formation, and this is already confirmed in our 2D simulation as demonstrated above. Turning off 
irregular forces should prevent formation of cellular structure, and this is also true. While this can be done 
in various ways, e.g. by smoothing out irregular forces using non-zero softening of the right scale, or 
suppressing irregular forces by regular ones, or making the disk “hotter” by increasing the pressure, the 
outcome is always the same: the formation of spiral structures is prevented. 

Another possibility to further justify our theory  is to perform unwinding of the spiral pattern and 
process the resulting structures with topological analysis to reveal its cellular nature even if it is not 
recognizable visually. 

Alternatively, we can consider the possibility of switching to a co-rotating coordinate frame in order 
to carry out the integration using modified force of gravity as we did in the case of cosmological expansion. 
For example, we may try to turn off fictitious forces, for example the Coriolis force, and see how the 
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resulting structures will react to that. We expect, that this should boost the cellular structures formation as 
we remove one of the distorting forces. 

4. Conclusion. We presented in bare outlines our theory of spiral arms formation in self-gravitating 
n-body disk systems. This theory explains the spirals as an interplay between cellular structure formation 
under the influence of residual forces (with gravitational pull being canceled out by centrifugal forces in the 
co-rotating frame) on one side, and the differential rotation on the other side. This is somewhat similar to 
the mechanism that forms the large-scale structure of the Universe in a co-moving frame under the action 
of irregular forces, the only difference being that in the case of differentially rotating systems this process 
is accompanied and distorted by shear deformation.  
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ДИСКІЛІК ГАЛАКТИКАДАҒЫ АЙНАЛДЫРЫЛҒАН ҒАРЫШТЫҚ ТОР СПИРАЛЬДЫ 
ҚҰРЫЛЫМЫНЫҢ ПАЙДА БОЛУЫНЫҢ ТҮСІНДІРМЕСІ 

 
Аннотация. Шиыршықты жеңдердің пайда болуы қазіргі галактикалық динамиканың 

қызықты мәселелерінің бірі болып табылады.  Ондаған жылдар бойы компьютерлік модельдеудегі 
жүргізілген зерттеулерге және күнделікті жаңғыртылуына қарамастан,  дискілі галактикада 
шиыршықты жеңдердің феномені толық зерттелмеген. Бұл қазіргі астрофизика саласында нағыз 
сынақ. Қолданыстағы теориялардың ешқайсысы оқшауланған дискілік галактикалар үшін бұл 
құбылыс туралы толық түсінік бере алмайды. Бұл теориялар шиыршықты жеңдердің пайда болу 
процесінің кейбір элементтерін сәтті түсіндіреді, алайда басқа негізгі элементтерді түсіндіре 
алмайды. Біз бұл қолданыстағы теорияларды жеке компоненттер ретінде қамтитын спиральдарды 
қалыптастырудың неғұрлым жалпы механизмінің бар екенін білдіруі мүмкін деп санаймыз. Біз 
осындай теорияның алғашқы жобасын ұсынамыз және оны тексеру үшін қандай құралдар қажет 
болуы мүмкін екенін талқылаймыз. 

Түйін сөздер: дискілі галактика, шиыршықты жеңдер, ғарыштық тор, N-денелі 
симуляциялар 
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Аннотация. Происхождение спиральных рукавов - одна из интригующих проблем 
современной галактической динамики. Несмотря на десятилетия исследований и рутинное 
воспроизведение в компьютерных симуляциях, феномен спиральных рукавов в дисковых галактиках 
остается не до конца понятым, что является большим вызовом для современной астрофизики. Ни 
одна из существующих теорий не может дать исчерпывающего объяснения этого явления для 
изолированных дисковых галактик. Существующие теории успешно объясняют некоторые 
элементы процесса образования спиральных рукавов, но не объясняют другие ключевые элементы. 
Мы считаем, что это может указывать на существование некоего более общего механизма 
образования спиралей, который охватывает существующие теории, как отдельные компоненты. Мы 
предлагаем черновой вариант теории такого механизма и обсуждаем как ее можно проверить. 

Ключевые слова: дисковая галактика, спиральные рукава, космическая сетка, N-телесные 
симуляции. 
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