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Abstract

SUMMARY: In this paper, we study the physical processes between two nova outbursts of
the symbiotic binary star T CrB. We present our theoretical hypothesis on the binary evolution during
80-year period between similar states of the whole cycle. Our hypothesis consists of five consequent
stages. We found that during the third stage of the suggested scenario, the accretion disk is reduced,
which means a higher accretion intensity. The reduced disk’s radius and the donor star’s orbital
contraction are calculated. To support our theoretical hypothesis, we compare the current results of
T CrB with our previous results of the recurrent nova RS Oph, which shows a similar model’s
behaviour.

Introduction

Symbiotic systems are binary stars that consist of a red giant and a white
dwarf companion [1]. The matter between the components could be transferred
both by Roche - lobe overflow [2] or by a stellar wind through the giant’s
component [3]. Later, a part of this matter is accreting onto the white dwarf
primary [4]. Many symbiotic binaries manifest outburst activity. Part of them,
classified as recurrent novae objects, have characteristics of the classical novae
stars with an amplitude more than four magnitudes, and these outbursts repeat over
time, which makes them close to the dwarf novae objects [4]. As a member of the
symbiotic binary stars group, T Coronae Borealis (T CrB) is also classified as
recurrent novae, based on the registered outbursts of the system’s historical
observations [5]. The outburst event of this binary was registered every 80 years.
The mass of the white dwarf is between 1.2+0.2Mg [6] and 1.37+0.13Mg [7]. The
estimations of the red giant mass give the values 0.8 + 0.2Mg [6] and 1.12 +
0.13Mg [7]. The calculated average orbital period of the binary is 227.568+0.009
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days [8]. The distance to the object is determined as 890 pc (Gaia DR3 data and
[9]). At this distance, the estimated rate of accretion varies for different periods.
The average accretion rate for the years between 1978 and 1990 is found to be 9.6
x 10°Mgyr ' [7]. While in a high state of the object (from 1980 to 1988), the
accretion rate is 1.1 x IO—SMOyr—l, and in a low state (from 1978 to 1980 and
1988 to 1990), it is 1.5 x 10~°Mgyr ' [7]. And the accretion rate with the same
power of 10 but ~ 0.7 x 10 "Moeyr ' is measured between the nova eruptions [10].
Photometric observations of T CrB have shown various flickering amplitudes in
different bands. The largest flickering amplitudes, 0.1 - 0.5, are observed in the U
band [11], while in the B and V bands, the amplitudes are smaller. If the suggested
recurrent outburst period of T CrB is = 80 years, we could expect the next event to
occur in the years of mid 2025 and late 2026 [5]. The outburst activity in these
objects is often related to the accretion disk processes, as mass-transfer stream rate
variations and disk instabilities (usually the thermal viscous instability and the tidal
instability) [12] and the disk’s evolution as a whole. Different scenarios for the
physical mechanisms that provoke various T CrB states have been suggested. The
novae eruption event could be reached during the high states, when the white dwarf
accumulates the ignition mass. Zamanov et al. [13] discussed the decrease in
brightness before the outbursts as “a pre-outburst dip” that could be related to the
formation of an envelope around the white dwarf. Schaefer [5] proposes that the
pre-eruption dip is caused by the formation of circumstellar dust, which causes a
dimming around the star, fainting its brightness by several magnitudes. In this
paper, we study the physical processes between two outbursts of T CrB. We
present our theoretical hypothesis on the binary evolution of one 80-year period
between similar states (Section 2). In Section 3, the disk’s radius and contraction of
the orbit are calculated. We compare the results with the model of RS Oph in
Section 4.

A theoretical hypothesis

Our hypothesis is constructed based on physical conditions at the possible
stages through which the configuration accretion disk around the primary passes.
These several stages correspond to the observational period between two outbursts.
We use the historical light curve of Schaefer [5] as the basis of our theoretical
scenario for the cyclic evolution of the re-nova T CrB. The cycle shows a regular
alternation of five successive states (scheme - Fig.1). The stages are numbered with
I - V in order of the consequences they are expected to happen. A short explanation
of the process is attached to each schematic figure (See Fig.1 (I - IV)).

Here are our explanations of the whole cycle: Stage I. Each cycle starts
after the (nova) outburst ends, at the beginning of the relatively quiescent period.
As we can see from the figures of Schaefer [5] (Figures 2, 3), the brightness of the
nova decreases. We formulate this point as a starting point for Stage | of the cycle,
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too. Its duration is ~ 10 years, in the periods of 1866-1875 and 1946-1955. During
this stage, the secondary maximum after the outburst is also observed (Figure 1 of
[14], [15]). Munari [15], by using radiative modeling, shows that irradiation of the
red giant (RG) by a cooling white dwarf (WD) well reproduces the major
contribution to the secondary maximum. Besides this, an additional continuation of
this maximum is observed that the modeling does not account for it. We suppose
this extension in the secondary maximum could be explained by the recovery
/formation of an accretion disk in the system, see [14].

Stage I1. The second stage spans the years 1875-1935 and 1955-2015. We
suppose that the primordial disk develops during these observational periods after
the detected outburst. The observational data show brightness variabilities with a
very small amplitude [5]. This tendency remains almost steady for more than 50
years. In our assumption, these parts of the curve point to a long-lasting, stable, and
stationary accretion in the primary disk. Therefore, at this stage, the standard disk
model is a good enough description. That is why the disk is relatively stable in
most types of instabilities (Fig.1 - I1).

Transitional (11-111). Theoretically, the binary system usually emits
gravitational waves, and the mass transfer between the components runs. The
activity of gravitational waves can lead to a century-long evolutionary change in
the orbital period’s variation. Then, as a result of the gravitational emission, the
components lose rotational energy, and the distance between them changes
permanently. The mass transfer amplifies this effect noticeably. This external
impaction creates conditions of intra-structural instabilities that destabilize
the disk. The instability could force it to further reconstruction and bring the
system to the next transition.

Transitional to active state. Because of the total action and interaction of
the various types of instabilities in the system (magneto-rotational (MRI), elliptic
(El), etc.), some of the geometrical parameters are smoothly reduced, especially the
orbit of the donor (a - semi-major axis, C - orbit’s length) and the disk’s radius.
Both processes, the disk’s reconstruction and the contracting donor’s orbit, have an
evolutionary effect on the 1-111 transitional period by shortening it to 1-2 years.

Stage I11. Based on the Stage Il and transition I1-111, we suppose that in the
new state, the disk has a smaller radius and an order of magnitude higher accretion
rate, which, according to [5], reaches even 20 times the rate in state Il. Then the
new-sized disk is denser, optically denser, with a higher opacity and increased
temperature (Fig.1 - I11). Therefore, the disk is already permanently unstable. This
stage prolongs ~ 8 — 10 years, in the time periods 1935-1945, 2015-X.

Transitional state 111-1V. Tidal forces between the components can cause
pulsations in the orbits, which are indicated as a combination of oscillations with
precession [16]. Due to the eccentricity and/or oscillations of the donor’s orbit, the
disk undergoes elliptical instabilities. The cycling behavior of the donor’s orbital
period is the main evidence of the EI development [5]. Now the disk is in an active
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state, and its parameters are at a supercritical level. Therefore, a larger part of the
energy released remains in the disk. The presence of such free energy enhances the
activity of instabilities (mentioned in 1I-1I) and supports the formation of
microstructures (as micro-vortices) in the flow - and this way, they can slow down
the flow’s rotation. In this sense, Webbink [14] shows that the disk can be divided
into rings, each with different viscosity. Then the following collisions between
them (friction — cat eyes) completely obstruct the rotation, and the average
azimuthal disk’s flow velocity (v,) tends to zero, and this may cause the disk
destruction — fragmentation.

Stage IV. At this stage (Fig.1 - 1V), the disk’s fragments gradually form
(layering) an opaque shell around the accretor. For a short period (in the order of
several months), the shell becomes symmetric and stops losing energy from
irregular movements. It is feeding from the surrounding matter and continues in the
form of quasi-spherical accretion until a critical mass is reached.

Based on ([17], [13]), they also suggest that the white dwarf accumulates
an envelope, but they consider that during this phase, the disk survives, and it only
recedes from the accretor.

We suppose that in this state, two mechanisms are working simultaneously:
the dwarf obscuring and the absence of the high-energy source of radiation, which
is a sign of the disappeared accretion disk. If the disk existed at this stage, the
binary spectrum would not be so strongly reddened, despite the white dwarf being
obscured by the envelope. The reddened colors (seen in Figure 2 of [17]) show that
the intensity of all spectra weakens, and this happens most strongly in the B band.
If the disk does not exist, the optical spectrum becomes red.

But, if the disk survived:

i We know from the theory that the disk produces gamma and hard

X-rays on the equatorial plane and re-radiates them as soft X-rays
and UV rays from its surface. According to Figure 3 of [17], the
existence of dust in the system is observed. However, the dust’s
quantity is insufficient to cause any dust obstruction and then to
have an influence on the object’s spectrum. On the other hand, we
suppose that the disk fragments supply enough scattered matter. It
will ensure that the emission of soft X-rays and UV rays from the
disk’s surface is scattered into the environment. Such scattering
saturates the high harmonics in the optical region of the B band.

ii. ii. Detected in this state, flickering [18] could be caused by
residual friction (viscosity) in the disk fragments or local collisions
of material with magnetic field lines or other physical sources that
do not require the existence of a complete disk structure with
undisturbed rotation.
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Fig. 1. Schematic view of the evolutionary stages. The images show the equatorial profile
of the accretor, with and without accretion disk: Stage | — disk’s renovation;
Stage Il - standard disk; Stage Il1 - the full-sized disk is represented with the dashed line
and the reduced disk (RD) with the solid line; I111-1V — transitional stage; Stage IV -
presents a white dwarf with a super-shell (SS); Stage V - a recurrent nova.

Degrees of the disk radius reduction and the orbital contraction

An interaction of a set of mechanisms affects the binary components’
separation as they become closer to each other and the radius/length of the donor’s
orbit decreases. We call this “an orbital contraction” (see Section 2). During the
transitional 11-111 stage, we assume a reduction in some of the parameters of the
system. Here, we can estimate the degree of these reductions.
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We use the fluctuations in the orbital period from observations [5] and
from the 3rd Kepler’s law:

2 3
Q) @ e

P2 a3

We can roughly estimate the degree of orbital contraction to be around
~ (0.88+0.01) % for a full cycle; where the denotations are standard: a is the
distance between the components (or orbital separation); and P is the orbital period;
we denote the variations in a and P with Aa and AP.

We accept that the processes of the disk’s reconstruction are the main
reason for the disk’s transition to a new state. In addition, the narrowed orbit of the
donor affects the disk, as it compresses its outer sides and thus the disk’s decrease
in size is stimulated. The disk reconstruction, by the instabilities activity,
contributes to a more intensive accretion.

We can estimate the degree of the disk’s reduction using the expressions of
the disk’s accretion efficiency [19]:

(2) Lgec = nachCZ

Where 1 is the accretion efficiency; L iS the accretion luminosity; c is the
speed of light; and M is the accretion rate. The luminosity, by the Stefan-
Boltzmann law, is:

3) L = 4mR?*cT*

In the case of the accretion disk, however, the luminosity increases inward
towards the accretor and therefore has an inverse dependence on the radius:

T4
(4) Lace~ E

Where o is the Stefan-Boltzmann constant, Ry is the disk radius, and T is
the effective temperature.
Then, from Egs. 2 and 4, we obtain the next relations:

Ly _ My _RpT?

6 =

y - 2 m4
L, M, R:T

where an index ”’p” corresponds to the disk in the Il-nd stage and ”r” for
the I11-rd stage (see the cycle presented in Section 2).
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Using the values for these two discs states from [5]:
M,=32x10"Mgyr' =2.2x10"gs™" ; M,= 6.4 x 10 *Mpyr ' =
=4.5x10%gs™"; T,= 1.3 x 10°K; T,=2.4 x 10°K.

We calculate the radius reduction as: R, =~ (0.77 = 0.01)R,,

Comparison with the behavior of the recurrent novae model of RS
Oph. Discussion

To support the model behaviour, we could compare the disk’s reduction
degree and other evolutionary stages of T CrB with those of similar objects. We
observe a similar evolutionary behaviour of another symbiotic binary, RS Oph [20,
21], a member of the same subclass of the recurrent novae group. The recurrent
nova outbursts of RS Oph happen in approximately every 15-20 years, with a
brightness variability of = 11 to 6 magnitudes in the V band. The novae outbursts
could result from thermonuclear processes on the white dwarf’s surface or by
accretion disk instabilities as in the dwarf-nova-like objects [22].

Here, for comparison, we use the solutions for the global and local
structures of the RS Oph’s disk in two evolutionary moments, similar to stages 2
[21] and 3 [20]. The obtained value of R, for RS Oph is different: R, = (0.1 + 0.01)
R,, by applying Rox = 100Ryg [20] and Ry, = 10°Ryq [21], but the basic concept
of the cycle is the same as the one proposed for T CrB in the current paper. The
higher value of the reduction rate in the RS Oph disk could be enhanced by
additional physical factors.

The model for this object also shows a disk reduction, but the observational
proof is still unavailable. Due to the similarity of both objects, considering the
archival picture for RS Oph would give an answer to whether the cycle really
exists, whether it is regular, and whether all the presented stages have been
developed in it.

In a plan, it will be necessary to track as many spectral bands as possible in
photometry and spectroscopy, which are running during the progress of the T CrB
cycle. Thus, a more detailed picture of the accretion disk throughout the various
evolutionary phases would be obtained. Suitable disk models to explain the
evolution in the third stage, such as an advection disk or models with different
activity controlling mechanisms, can also be proposed.

The disk’s fragmentation, which we proposed in stage IV, can also be
observed in other objects with various physical conditions, such as self-gravitating
systems [23].

In all cases considered in this paper, the mechanism that controls the
instabilities’ activity is not in a dominating regime, and it allows the
microstructures to fragment the disk.
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Conclusions

Based on the review of the historical observations of Schaefer [5], we build
a theoretical hypothesis on the possible evolution of the recurrent nova T CrB for
one period of a full 80-year cycle between two identical states. This hypothesis
consists of five evolutionary stages. We estimated the degrees of the accretion
disk’s radius reduction in the second stage, where the accretion rate is higher. We
obtained the disk’s radius reduction to be = (0.77 £ 0.01) of the primordial disk’s
radius and the orbital contraction value to be ~ (0.88 + 0.01) %. We compared the
results with the recurrent nova RS Oph, which in our research [20, 21] showed an
analogous model’s behavior for the second and third evolutionary stages. Our
estimates are relative and presented in percentages. The real values of the chosen
parameters vary in each new cycle. Since the behavior of the binary star is regular
during each of the cycles, the relative estimations stay unchanged.
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XHUIIOTE3A 3A EBOJIIOIIMSITA HA JIBOVMHATA U JIMCKA
3A IEPUOJA MEXAY ABE U3BYXBAHUSA B T CrB

K. Aukoea , /l. bonesa u P. 3amanos

Pe3rome

B Ta3m crartus Hue mzydaBame (U3UUECKUTE MPOLIECH MEXKAY IBE HOBa-
n30yxBaHUS Ha cuMOmoTWyHata nBoviHa 3Be3ga 1 CrB. IlpencraBsme HamaTta
TEOpPETHUYHA XMIIOTE3a 34 E€BOJIOLMATA Ha ABOWHATa mpe3 80-rOOuIIeH MNepuon
MEXy MOJIOOHU ChCTOSHUS Ha LIEvsl IIUKBJI. Harara Xxunoresa ce ChCTOU OT MET
MOCJICIOBATENIHU eTana. YCTaHOBHXME, Y€ IO BpeMe Ha TPETHUsl eTal OT Mpem-
JIOXKEHHUS CLICHAPUH aKPELMOHHUAT IUCK € PelyLupaH, KOETO 03HauaBa Mo-BUCOKA
WHTEH3UBHOCT Ha akpenusara. M3uucigBaT ce peaylupaHusaT pajauyc Ha AUCKA U
OpOUTATHOTO CBMBAHE Ha 3BE37aTa-JOHOpP. 3a Ja MOJKPENUM HalaTta TeOpeTHYHA
XMIIOTE3a, CpaBHsABaMe Hacrosimute pesynratd oT T CrB ¢ HamunTe npenuiHu
pe3ynrtaTi 3a noprapsimara ce HoBa RS Oph, kxosTO mokas3Ba 1moJgo0HO MOJETHO
MIOBE/ICHNUE.
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