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Abstract— A staple in binary symbiotic research, R Aquarii is revisited again. This study aimed to address the
absence of direct, published spectroscopic metallicity analyses of R Aqr’s stellar components by conducting pulsation
(light) curve analysis and metallicity analysis. Utilizing long-standing UVBRI photometric data from the AAVSO Inter-
national Database, Period04 software was employed for light curve analysis, while MESA simulated stellar parameters
and chemical evolution. Key findings include a primary Mira variable pulsation period of 311.36 days, and a second fre-
quency period of approximately 2.51 days. The 1974-1983 and 2018-present eclipses showed significantly dimmer light
curves (8th - 11th magnitudes) compared to the 1928-1934 eclipse (6th - 8th magnitudes), with the light curve displaying
quasi-periodic behavior and a long-timescale modulation of oscillation amplitude. The metallicity is within the expected
diversity of molecular gases, with hydrogen gases at lower solar mass attributed to the surrounding nebula, and *He and
160 line profiles suggesting co-location within the same structures. A mass loss rate of approximately ~ 6.3 x 10~7 to
6.5 x 1077 M®/yr was estimated. The researchers recommend more high-resolution observations to fully understand R

Aqr’s circumstellar envelope and jet kinematics, along with revisiting the primary frequency’s link to the jets.
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INTRODUCTION

A symbiotic binary is a specific type of interacting bi-
nary star system that consists of a cool, evolved star, such as
an aging red giant, partnered with a much hotter, compact
companion, typically a white dwarf or a neutron star. The
defining characteristic of these systems is the transfer of
material from the cool giant to its dense companion (Merc,
2025; Mikotajewska, 2007; Perko, 2021).

R Agqr is one of the closest known symbiotic systems
(Vasquez-Torres et al., 2024), located approximately 650 to
710 light-years (200-218 parsecs) from Earth, which allows
for detailed observation of its intricate outflows and stellar
dynamics (ESA, 2024; Toal4 et al., 2022). Its system com-
prises two profoundly different components: a mira vari-
able (red giant), and a white dwarf companion (ESA, 2024).

Further, its primary star is an aging red giant that has
exhausted its core hydrogen fuel and expanded to a colos-
sal size, estimated to be more than 400 times the diam-
eter of our Sun (Andreoli, 2025; ESA, 2024). It under-
goes powerful pulsations, causing its brightness to dramat-
ically change by a factor of up to 750 over a roughly 385-
to 390-day period (AAVSO, n.d.; ESA, 2024; Gromadzki
& Mikotajewska, 2009b; Perko, 2021; Tucio et al., 2025).
Its mass is estimated at 1 to 1.5 solar masses (M), lumi-
nosity around 4,780 solar luminosities (L), and temperature
approximately 2,800 Kelvin (K). This pulsation behavior
has been documented in detail for over 180 years (AAVSO,
n.d.; ESA, 2024; Tucio et al., 2025).

Its companion is a compact, hot, and dense white dwarf,
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representing the end-stage core of a star. It is surrounded
by an accretion disk, which is continuously fed by the mass
lost from its giant companion, primarily through a stellar
wind. When the material, rich in hydrogen, accumulates to
a critical mass and pressure on the white dwarf’s surface, it
triggers spontaneous bursts of thermonuclear fusion, akin to
a colossal hydrogen bomb. These outbursts violently eject
excess material and energy. Its mass is estimated at 0.6 to
1 M@®, a radius greater than 0.1 R, luminosity 5 to 20 L,
and temperature around 60,000 K (ESA, 2024; Gromadzki
& Mikotajewska, 2009b; Hinkle et al., 2022).

R Agqr is enveloped by an intricate hourglass-shaped
nebula called Cederblad 211, believed to be the remnant
of past explosive episodes. It also features a prominent, S-
shaped bipolar jet that ejects material at immense speeds
and a ctively shapes the larger nebular structures. Histori-
cal records suggest that nova-like outbursts occurred around
1073 AD and the 1770s, forming rings of material that are
still observed today (Andreoli, 2025; ESA, 2024; Toala et
al., 2022).

R Agr serves as a unique astrophysical laboratory for in-
vestigating stellar evolution, mass transfer, and high-energy
phenomena. Its jets exhibit properties similar to those pro-
duced by supermassive black holes, making it a crucial
scaled-down laboratory for studying jet and accretion disk
physics. It is also considered a critical object for under-
standing the late stages of stellar evolution, potentially be-
ing a progenitor of planetary nebulae and Type Ia super-
novae (Toala et al., 2022; Tucio et al., 2025).

While light curve analysis has been exceptionally suc-
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cessful in understanding R Aqr, the sources indicate the
need for continued, long-term monitoring to capture fu-
ture outbursts and eclipses. This ongoing observation
is essential to refine our understanding of this dynamic
and volatile stellar system. The success of predicting
and observing the 2022 eclipse, based on long-term data
and multi-wavelength campaigns, highlights that continued
light curve analysis can still address the continuous ~’gap”
in fully characterizing and predicting every aspect of the
system’s complex, accretion-driven events and their im-
pact on the stellar environment (Hinkle et al., 2022; SAO,
2023; Tucio et al., 2025). This also indirectly contributes
to resolving issues like the kinematics of the jet, which
still presents discrepancies requiring future high-resolution
spectroscopic campaigns (Liimets et al., 2018), as multi-
wavelength light curve data provides crucial context for
such studies (Hinkle et al., 2022).

A significant and explicit gap identified in the research
for R Aqr is the absence of direct, published spectroscopic
metallicity analyses of the stellar components themselves.
The sources note that while R Aqr is recognized for its role
in releasing heavy elements into the interstellar medium,
there is no formal quantitative data on the photospheric
metallicity of its stars. This presents a clear opportunity
for future spectroscopic studies to address this known chal-
lenge in the field of symbiotic stars (ESA, 2024; Gromadzki
& Mikotajewska, 2009a; Hinkle et al., 2022; Mikotajewska
et al., 2005).

To further understand the dynamic processes, behavior,
and stellar composition of R Aqr, this paper conducted a
pulsation (light) curve analysis using Period04 and a metal-
licity analysis using MESA. The following sections outline
the details of the study’s methodology, data, processing, and
the instruments used. The Results and Discussion section
relates the results of the study’s pulsation and metallicity
analysis to existing studies in symbiotic binaries.

METHODOLOGY

A. Data and Processing

Figure 1 shows the data acquisition and processing
workflow of the study. The development of novel devices
over the last several decades and their use by amateur as-
tronomers has played an essential role in gathering good ob-
servational photometric data (Kalaee & Hasanzadeh, 2019),
which can better understand R Aquarii behavior. Photomet-
ric data for R Aquarii is obtained from the American Asso-
ciation of Variable Star Observers (http://www.aavso.org)
database. The data archived came from the British Astro-
nomical Association Variable Star Section and Royal As-
tronomical Society of New Zealand with data dated as early
as the 1800s until the present. The observations include the
Julian date of the observation and the visual magnitude of
the variable at the reported time. The data includes other
bands such as the ultraviolet and infrared noted as U and I,
respectively. Around 2018, R Aquarii data includes UVBRI
and other bands useful for understanding the peculiarity of
its pulsation and system.

B. Instruments Used

An essential issue in time series analysis is the effects
of external factors on the signals, such as the extent of vari-
ability in the data caused by measurement error caused by
external perturbations. There is a lack of evidence that there
are oscillations in the dynamics instead of random pertur-
bations (Kaplan & Glass, 1995). Fourier Transform is an
effective technique for detecting critical characteristics of a
time series. Period04 software packages were used (Lenz
& Breger, 2005), which combines Fourier and least-square
algorithms. The Fourier transform (FT) was used to inves-
tigate the irregular behavior of the R Aquarii light curve
from January 1970 to December 2023 only, which includes
the current eclipse and its predecessor. To detect frequency
and amplitude evolution, a time-frequency technique was
used. The time plot string, Fourier Transform, Frequencies,
and Amplitudes were all processed and computed in Pe-
riod04. We used Python language to perform basic statis-
tics graphs and plots. To obtain more information about the
evolution of the light curve, we have referred to the work of
Kalaee and Hasanzadeh (2019) about the time series anal-
ysis of R Scuti’s light curve. Time series were divided into
49 sections, each with a length of about three years, long
enough to consider the behavior of the prominent peaks.
For a detailed study, the values of peak frequencies and am-
plitudes for every section were extracted and plotted into a
line graph to look for variations. Then, for binary evolu-
tion, the researchers used Modules for Experiments in Stel-
lar Astrophysics (MESA) to determine its stellar parame-
ters. This open-source library suite is designed for a variety
of computational stellar astrophysics applications. It is effi-
cient, thread-safe, and built to handle complex calculations
reliably (Paxton et al., 2011). MESA can fully integrate
nuclear networks containing hundreds of isotopes, enabling
precise simulations of advanced burning stages essential for
developing supernova progenitor models. MESAbinary is a
MESA module designed for evolving binary star systems
using MESAstar. It can simulate a full stellar model along-
side a point mass companion or simultaneously evolve both
stars’ structures. The module also includes options for mod-
eling stellar rotation, assuming each star’s rotational axis is
perpendicular to the orbital plane, and incorporates the ef-
fects of tidal interactions and spin-up caused by accretion
(Paxton et al., 2015).
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Equation 1 describes the continuum limit of reacting nu-
clei, “where Yi is the abundance of isotope i, A is a reaction
rate, and the three sums are over-reactions that produce or
destroy a nucleus of species i with 1, 2, and 3 reacting nu-
clei, respectively e.g., (Meyer et al., 1998); (Hix & Meyer,
2006); (Guidry et al., 2013); (Longland et al., 2014). The
positive or negative stoichiometric coefficients ci account
for the number of nuclei created or destroyed in a reaction.
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Figure 1 Data and Processing Workflow

The factorials in the denominators avoid double counting
of identical particles” (Paxton et al., 2015). Matplotlib was
used to visualize the simulation’s data in real-time and gen-
erate graphs for the duration of the simulation.

RESULTS AND DISCUSSION

A. Light Curve Analysis

A light curve’s record of brightness changes can aid as-
tronomers in comprehending mechanisms at work within
the object they observe and identify specific categories
(or classes) of stellar occurrences (ThelmagineTeamNASA,
2013). Based on the observations and on the processed time
series plot, R Aquarii appears to brighten and dim from
time to time . The obscuration in R Aquarii was explained
in terms of orbitally related eclipses of the Mira by pre-
existing dust. It has been suggested that similar events oc-
cur in other symbiotic Miras (Kastner et al., 2000). The last
eclipse of R Aquarii was in 1978 and is currently experi-
encing an eclipse, which happens every 44 years (AAVSO,
2021) and lasts for about 8 years (AAVSO, n.d.). Figure 2
summarizes the eclipsing phenomenon of the binary and
also shows the usual dimming and brightness of the Mira
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star aside from the eclipse. The usual depth of the light
curve at around 11 magnitudes and reaches up to 5Sth magni-
tudes. Between 1928 and 1934, R Aquarii brightened from
the 11th magnitude to 9th and even as bright as 6th mag-
nitude until it faded back to its usual brightness (AAVSO,
n.d.). These are different to the 1974 eclipse and to the on-
going eclipse which have relatively dimmer values. We note
that the light curve has decreased since the Mira-type star
will soon pass through the line-of-sight of its companion
high-energetic star. Since white dwarfs are magnetic, this
might have been the cause of the sparring of this light series.
It can also be seen on the last panel; the series of light peri-
ods were observed in the much shorter time. The same ob-
servation was made by Liimets et al. (2020) in their research
on R Aquarii, focusing on its jet. By comparing the jet evo-
Iution of R Aquarii from 2002 to 2012 with that of 2019,
Liimets et al. (2020) detected significant structural, mor-
phological, and brightness changes in the system’s jet after
7-years, suggesting a continuing phase of reduced variabil-
ity in the Mira star. It was suggested that these changes
were related to either the dimming brought on by enhanced
mass-loss from the AGB or the continuing eclipse of the
Mira by the White Dwarf and its accretion disc, which be-
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Figure 2 Light Curve of the R Aquarii from 1900 to 2024. In red panels: (a) top panel shows the 1928-1934 eclipse, (b) middle panel
shows the 1974-1983 eclipse, and (c) the bottom eclipse of the R Aquarii started in 2018.

Table 1 Values of peak frequencies and amplitudes of R Aquarii during 1970-2020

Years freq 1 amp 1 freq 2 amp 2 freq 3 amp 3
(day™") (mmag) (day™") (mmag) (day™") (mmag)
1970-72  0.0051125330 0.6730859320 0.0016827712  0.7296595460 0.0104533295  0.4494951950
1971-73  0.0024649811  1.6540032500 0.0056564965 0.5295205660 0.0076292242  0.5778104320
1972-74  0.0025271611 1.7947124600 0.0077802162 0.6122333230 0.0036037557 0.2891474530
1973-75 0.0025737063  1.7504429600 0.0079163562 0.5766494870 0.0037831480 0.2242109200
1974-76  0.0025728079  1.7332344100 0.0078028263 0.6003378890 0.8146812170 0.2732256240
gan in 2018. dominant frequencies from the first calculation of the fre-

We investigated the observations for the R Aquarii for
the past 51 years. There were two observations with the
most replicates (Figure 2), at around 7th and 10th mag-
nitudes. Other memorable values are in between the said
magnitudes. This suggests that for the several decades,
R Aquarii appears dimmer at almost 11th magnitude and
shines at 7th magnitude. From the obtained time string plot
and Fourier graph, we observed that the light curve of R
Aquarii follows a particular increase and decrease pattern
from time to time. Hack and Dous (2018) states that the
mean light curve of R Aquarii exhibits a broad minimum
lasting 6 to 7 months, followed by a rapid rise to maxi-
mum. The shape and amplitude of the light curve vary sig-
nificantly from cycle to cycle. In some cases, the variabil-
ity was almost non-existent. This occurred, for example,
in the years 1905-10, 1928-30, and 1974-78. As a result,
the light curve exhibits a type of long-timescale “modula-
tion” of the oscillation amplitude. From 2015 until 2020,
more observations occurred as AAVSO released an obser-
vation campaign and alert notices on R Aquarii as it enters
the eclipse (AAVSO, 2021). We were able to detect two

quency alone, at around 0.0051 and 0.0025 which translates
to 196.07 days and ~ 400 days of the R Aquarii from 1970-
2020. These values might be the effect of the symbiotic
system. The presence of two dominant peaks suggests that
a double-cycle sinusoidal model, rather than a single sine
wave, could be a better fit (Kalaece & Hasanzadeh, 2019).
The second frequency shows more diverse values ranging
from 0.0012 to 3.002 and is similar to the known values
in the variety of literature. We can see a recurring pattern
with an element of unpredictability that does not lend it-
self to precise measurement, thus showing a quasi-periodic
behavior. Majority of the frequencies and amplitudes in
Table 1 corresponds to similar value ~ 0.0025 day™— 1 and
~ 1.6 mmag. Since 1800’s, R Aquarii has been a consis-
tent nest for astrophysics studies on light curve analysis,
the mentioned values we got are very distinct to the known
and established frequency and magnitude of the R Aquarii.
On the other hand, we noticed the 196 period to be foreign.
We suspect that this might be attributed to the fitting of the
spectral data in the Period04 based on the original data. At
the same time, the researchers intend to extend this explo-
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Figure 3 Left panel shows the histogram of observed magnitudes of the R Aquarii, upper right shows the best-fit light curve and its

periodogram at the bottom during 1987-1989.

ration on a separate study.

B.  Metallicity Analysis

Aside from the drifting materials from the Mira variable
to the supposed white dwarf, the R Aquarii binary system
sits within a cloud of potential accreting materials. The neb-
ular cloud may affect how we see the R Aquarii especially
on exploring its metallicity.

Figure 3 illustrates the thermodynamic conditions
present in the core regions of the binary star during its late
evolutionary stages. At these high temperatures, the ini-
tial composition, which starts as pure *He, rapidly shifts
in comparison to '°0. The isotopes “He and '%0 dominate
the Ye ~ 0.5 nuclear statistical equilibrium composition be-
tween ~ 102 s and 106 s. Because T are constants, only
changes in Ye can affect the abundances. At ~ 102 s, a
second period of intense rearrangement begins and ends at
~ 105 s. The spectrum shows strong lines of He, O, Mg,
and Ne that were also seen in the study of (Michalitsianos
et al., 1980). The identification of N and ?Si, is doubtful
due to the absence of other lower excitation lines of nitro-
gen, and similarly for silicon, Si IT is not found. Several Fe
II features in different multiplets have also been identified
in the previous studies which are not visible in the simu-
lated data. Carpenter and Wing (1979) discovered “low-
excitation lines of Fe II and Mg II in the spectra of single
late-type stars, and the presence of the above lines”, along
with “0 I and Si IT in R Aquarii’s UV spectrum”, strongly
support a cool chromosphere 7' < 10,000K for the primary
M7 star (Linsky, 2017). As seen from the graph, a series
of flat and slight continuums towards higher masses was
visible. Furthermore, at a distance of 260 pc, a central ion-
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ized cloud with scale size L = 2 x 10'* cm has an electron
density of ne = 1.5 x 107cm ™3, which is sufficient to ex-
plain the observed recombination continuum as described
by Michalitsianos et al. (1980). The continuum suggests
that the density cannot exceed ~ 108¢m ™3, as this would
require the surrounding nebula to be nearly ~ 5 x 1013 cm
in size—comparable to the dimensions of red giants, mak-
ing it physically implausible (Michalitsianos et al., 1980).

C. Thermodynamic Conditions in the Core Regions of R
Aquarii During Late Evolutionary Stages

The abundance profiles shown in the figure provide cru-
cial insight into the thermodynamic conditions present in
the core regions of R Aquarii’s Mira-type component during
its late evolutionary stages. The left panel clearly demon-
strates hydrogen depletion in the inner regions (within about
0.35 M©®), a result of earlier core hydrogen burning during
the main-sequence phase. The corresponding enrichment
of helium isotopes reflects hydrogen fusion via the CNO
cycle, which operates efficiently at the elevated core tem-
peratures of asymptotic giant branch (AGB) stars, typically
on the order of 107 — 108 K (Karakas & Lattanzio, 2014).
At these high temperatures, the initial composition, which
starts as pure “He, rapidly shifts in comparison to '°0. The
isotopes “He and '°0 dominate the Ye ~ 0.5 nuclear statis-
tical equilibrium composition between 107 s and 10° s. Be-
cause temperature remains nearly constant in this regime,
only changes in Ye can significantly affect the abundances.
At roughly 107 s, a second period of intense rearrangement
begins, lasting until about 10° s. This transition is consistent
with the spectral signatures observed in R Aquarii, which
show strong lines of He, O, Mg, and Ne (Michalitsianos et
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Figure 4 Evolution of the composition inside the binary star. Before weak reactions drive a second period of rearrangement, several
orders of magnitude of time pass. A second nuclear statistical equilibrium quiescent period with Ye > 0.403 is established within

~ 10s.

al., 1982).

The increase in carbon and oxygen isotopes, particu-
larly '2C and 'O, highlights the thermodynamic imprint of
the triple-alpha process and subsequent alpha-capture reac-
tions during helium burning. These patterns point to the
establishment of a carbon-oxygen degenerate core, a defin-
ing characteristic of AGB stellar evolution (Herwig, 2005).
The right panel reveals additional details about shell burn-
ing and mixing. The bump in carbon and oxygen abun-
dances in the mid-mass regions (0.2 —0.4M®) is indica-
tive of dredge-up events, where convective mixing trans-
ports nuclear-processed material into higher layers. The
persistence of isotopes such as 12¢, 13O, and 2°Ne, albeit
at low abundances, further reflects the role of secondary
nucleosynthesis and s-process enrichment in the outer lay-
ers (Busso et al., 2001). Meanwhile, spectral studies of R
Aquarii indicate features such as Fe I multiplets, Mg II, and
O I lines, pointing to the presence of a cool chromosphere
(T ~ 10,000K) around the primary M7 giant. Notably, Si
IT and N V lines are weak or absent in both observation and
simulation, underscoring uncertainties in the identification
of high-excitation species.

As seen in the abundance graphs, a relatively flat con-
tinuum toward higher mass coordinates reflects the strat-
ification of lighter elements in the stellar envelope. Fur-
thermore, the observed nebular conditions surrounding R
Aquarii are consistent with the thermodynamic and com-
positional structure implied by these profiles. At a dis-
tance of 260 pc, a central ionized cloud with a scale size of
L =2 x 10" cm has an electron density of ne = 1.5 x 1014
em ™3, sufficient to explain the observed recombination con-
tinuum (Michalitsianos et al., 1982). However, the contin-
uum also constrains the density not to exceed 108 cm =3, as
this would require a nebular size comparable to the dimen-
sions of a red giant (= 5 x 10'* cm), which is physically
implausible. For R Aquarii, a symbiotic binary consist-

ing of a Mira-type AGB star and a white dwarf companion,
these conditions are critical. The development of a carbon-
oxygen core, the presence of extended ionized gas, and the
observed chromospheric lines all point to the dynamic mass
loss and accretion processes that drive recurrent nova-like
outbursts and jet activity in this system (Hollis et al., 1999;
Skopal, 2015).

CONCLUSION

The popular R Aquarii symbiotic system, the light
curves exhibit a broad minimum lasting 6 to 7 months, fol-
lowed by a rapid rise to maximum. The average values
achieved 0.003 cycle/day and 1.548 for main frequencies
and amplitudes, suggesting that the first frequency period
had a value of approximately 311.36 days. The second fre-
quency period had a value of approximately 2.51 days. A
recurring pattern was noticeable in R Aquarii’s amplitude
with an element of unpredictability that does not lend itself
to precise measurement, thus showing a quasi-periodic be-
havior. Fourier transform and time series analysis results
indicate that external factors, such as R Aquarii being a
symbiotic variable star, play a role in the behavior of the
light curve and the seasonal variations in amplitude. The
eclipses practically brightened the R Aquarii, however, the
current eclipse did not posit the same behavior. The coa-
lescence of the clouds shows the evolution of the molecular
and isotope clouds as the star ages. The presence of gases
such as molecular hydrogen is justifiable due to the position
of the binary stars in the nebula. The line profiles for “He
and '%0 present similar shapes but vary in magnitude. It
implies that they may be in the same structure. The mass
loss rate for R Aquarii was estimated to be ~ 6.3 x 10~ to
~ 6.5 x 1077 M/yr based on line intensities and chemical
composition.

This study of the R Aquarii symbiotic system has con-
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tributed to our understanding of binary stars, which is im-
portant for studying stellar evolution and powerful jets. Our
findings suggest that R Aquarii’s varying brightness and
quasi-periodic changes are due to both its internal pulsa-
tions and external factors within its symbiotic nature, which
highlights the need for continuous observation to track its
evolving behavior. Initial insights were also gained from
the metallicity composition of R Aquarii, along with its role
in enriching space with heavy elements, and identified that
the surrounding nebula influences its observed composition.
The estimated rate at which R Aquarii loses mass provides
crucial data for understanding how these systems evolve.
Although this research clarifies much about R Aquarii, the
study also supports the necessity for more detailed, high-
resolution observations to fully grasp the complex move-
ments of R Aquarii’s surrounding gas and the prominent
jets. Further investigation into whether the primary stellar
pulsation is connected to these powerful jets could reveal
fundamental aspects of energy transfer in such unique stel-
lar systems.
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