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Abstract

This study investigates, for gravitational contraction stars with gravitational
energy sources and ejected matter (such as T Tauri stars) after entering the
slow gravitational contraction phase, the changes in mass and radius under
the combined action of ejected matter and gravitational contraction, and their
effects on rotational angular velocity changes. A coupled system of differential
equations for the evolution of mass and radius with time and its solution are
presented. Using the solution, we calculate the evolutionary timescales of mass
and radius of T Tauri stars, as well as the effects on rotational angular velocity
changes. Numerical results are presented, and the theoretical and numerical
results are discussed.

Full Text

Evolutionary Timescales of Mass and Radius and
Their Influence on Changes in Rotational Angu-
lar Velocity in T Tauri Stars During the Slow
Gravitational Contraction Phase Under the Ac-
tion of Mass Ejection and Gravitational Contrac-
tion
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Abstract: This paper studies gravitationally contracting stars with gravita-
tional energy sources and mass ejection, such as T Tauri stars after they enter
the slow gravitational contraction phase, and the changes in mass and radius
under the combined action of mass ejection and gravitational contraction, as
well as their influence on changes in the rotational angular velocity. A coupled
set of differential equations for the time evolution of mass and radius and its
solution are given. The solution is used to calculate the evolutionary timescales
of the mass and radius of T Tauri stars and their influence on changes in ro-
tational angular velocity. Numerical results are presented, and the theoretical
and numerical results are discussed.
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After a protostar forms, it first enters the phase of rapid gravitational con-
traction of the interstellar cloud. When the internal pressure of the interstellar
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cloud gradually increases and hydrostatic equilibrium is reached, the rapid grav-
itational contraction phase of the interstellar cloud enters the slow gravitational
contraction phase. Stars in the slow gravitational contraction phase exhibit ir-
regular luminosity variations and eject large amounts of matter; T Tauri stars
are stars in the slow gravitational contraction phase that eject matter. In the
rapid gravitational contraction phase, gravitational contraction dominates and
mass loss can be neglected, so the rotational spin-up is relatively fast. After
entering the slow gravitational contraction phase, because mass loss due to mat-
ter ejection becomes dominant while gravitational contraction is secondary, the
rotational angular velocity begins to slow down

1

For the mass lost by T Tauri stars through ejection of matter, see Refs.
2-10

. Reference
2

gives a comparatively detailed study, but under the action of gravitational con-
traction and matter ejection, the evolutionary timescales of mass loss and radius,
and their influence on changes in rotational angular velocity, are not given. In
particular, under the action of the first two factors, the influence of mass loss
and radius contraction on the rotational angular velocity of T Tauri stars is not
discussed.

When a star undergoes gravitational contraction, its radius decreases, which
accelerates the rotational angular velocity; when mass is lost, the rotational
angular velocity slows down. The change in the rotational angular velocity of
T Tauri stars is produced by the combined action of these two factors: the
reduction of radius due to gravitational contraction and the reduction of mass
caused by mass ejection. References

11-16

discuss the rotational changes of T Tauri stars, but relatively little connection is
made with changes in radius. This paper carries out further study in the above
respects. T Tauri stars are a necessary process in the early evolution after the
birth of every star, and the typical T Tauri stars studied in this paper have the
general properties and significance of other T Tauri-type stars.

1 Basic assumptions of the physical model for T Tauri stars
in the slow gravitational contraction phase

(1) The energy source of a T Tauri star is solely the gravitational energy
generated by gravitational contraction; there is as yet no nuclear energy
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source. It is a star with a gravitational-energy-source model, and therefore
the mass radiation of the star may be neglected. Thus,

1—-p=P/P=0, hence g =1

where Pp is the radiation pressure and P is the total pressure.

(2) The mass loss of the star comes from matter ejection produced by some
physical mechanism; mainly hydrogen particles are ejected. Assume that
the velocity v of the ejected matter is treated as a constant, and that the
density of the ejected hydrogen particles is also treated as a constant.
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(3) The change in the stellar radius arises mainly from changes produced by
gravitational contraction, and secondarily is also related to the kinetic
energy of the ejected material. However, the outermost envelope of the
ejected material of a T Tauri star is expanded, whereas the radius R of
the inner layer decreases because of gravitational contraction.

(4) The radiant energy (luminosity) of a T Tauri star depends mainly on
the difference between the gravitational contraction energy released by its
own gravitational contraction and the kinetic energy carried away by the
ejected material.

(5) According to Ref. [17], a contracting star evolves vertically in the H-R
diagram during the stage of gravitational contraction (the Hayashi track),
i.e., the evolutionary track is approximately perpendicular to the abscissa
(effective temperature T,) in the H-R diagram. Therefore, during contrac-
tion the surface temperature T, of the star may be approximately regarded
as constant and does not vary with time.

(6) Since, during the gravitational-contraction stage, the contracting star
transports energy only by convection (a convective star), for a convective
star the polytropic exponent is taken as n = 1.5, v = 5/3.

2 Evolution equations determining the mass and radius of
a T Tauri star

A T Tauri star undergoing slow gravitational contraction and ejecting material
loses mass through the ejection of material. The mass-loss rate can be deter-
mined by the following equation [2:
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Z—T = — 47 R2Ny Vomy, (1)
where R is the radius; V; is the ejection velocity of the material at the surface,
which may be obtained from the observed line profiles; Ny; is the number density
of hydrogen particles; and myy is the mass of a hydrogen atom. According to the
first two assumptions, V;, Ny, and my; are constants, whereas m and R are time
variables. This is the first evolution equation for m and R. Next, determine
the second evolution equation for m and R. According to the theory of stellar

structure 1819 the potential energy E’ of the star can be written as
4
.
E =-8—3Q,
vy—1
where
3 2
0= m
5—n R

The gravitational contraction energy of the star is

A =43 ( 3 ) m?
Eg=-F = 7_1“2* 7_15 e

According to assumptions (1) and (6) in Section 1, 8 =1, n = 1.5, and v = 5/3.
Therefore,
2

3 .m

Because contraction of the star can only cause a change in radius and does not
affect the mass, the rate of change of the contraction energy with time is

dEg _ 3 ”ﬁdj (3)
dt 7 R2?dt’

1

Thus the rate of change of the kinetic energy carried away is

dEx 1_,dm
dt 2V0 dt (%)

chinarxiv.org/items/chinaxiv-201711.01322 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.01322

ChinaRxiv [$X]

According to assumption (4) in Section 1, the radiant energy Ey of a contracting
star (T Tauri star) is the difference between the gravitational contraction energy
E and the kinetic energy Ey carried away by the ejected material; that is,

Therefore,

dt dt dt -

But the rate of change of radiant energy, dEy /dt, is equal to the luminosity L.
Hence the luminosity L is equal to the gravitational contraction energy minus
the kinetic energy carried away by the ejected material:

dEs dEg
— — —= =1L 6
dt dt (©)
Here the luminosity L can be written as
L = 47R%0T2. (7)

Here o is the Stefan constant, and 7, is the effective temperature of the stellar
surface.

Substituting Eqgs. (3), (5), and (7) into Eq. (6), one obtains the second evolution
equation determining m and R:

3 m?2dR 1__.,dm

?Gﬁ% — §V02E =47 R%0TE. (8)
According to the assumption in Eq. (5) of Section 1, the evolutionary track of
a contracting star on the H-R diagram is approximately perpendicular to the
abscissa (effective temperature T, ); hence T, on the right-hand side of Eq. (8)
may be approximately regarded as a constant. According to the assumption
in Eq. (2), the velocity V of the ejected material may also be regarded as a
constant. Therefore, the system of differential equations formed by Egs. (1)
and (8) for the evolution of the mass m and radius R with time is

dm

E = —47T'}%2]\/vH‘/0777,H7
3Gm?dR 1. .,dm
T T Ly —AnR20T4.
7R At 20 a e
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Substituting Eq. (1) into Eq. (2) gives the evolutionary equations for the mass
and radius of a T Tauri star under gravitational contraction and ejection of
material:

d

d—”f = —47R?Nymy V. (9)
dR  147R*
E = W(NHTTLH‘/'O3+2O'T§) (10)

3 Evolutionary timescales of mass and radius (the simulta-
neous evolutionary relation of mass and radius)

The system of evolutionary equations (9)-(10) is integrable, and the evolutionary
timescales of the mass and radius can be derived. To obtain the laws governing
the variation of the mass m and radius R with time, numerical integration is

required. The evolutionary timescales of the mass and radius obtained by the
integrable method are given below.

Eliminating the time d¢ from Eqgs. (9) and (10), one first obtains the relation
between mass and radius during the evolutionary process:

m\2 dR 7 20T 5
(3 (2 ).
R/ dm  6G \ NgmyuV,

after separation of variables and integration:

fdr " dm
R, R2 ! mg m2,
the result is
R=m/(K, + Kym). (11)
or
m=K,R/(1— K,R). (12)
where
K ! 207 + Vi constant (13)
= — | — = constant.
76a \ NgmgVy  °
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1 K
— — —L — constant. (14)

p—
K,
Ry my

Equations (11)-(12) are the relations between mass and radius during the evo-
lutionary process. First, solve for the evolutionary timescale of the mass. Sub-
stituting R in Eq. (11) into the right-hand side of Eq. (1), we have

2 2
dm m m
S g (— ) Nyma V= — K [ —
at 7T<1r<1+1r<2m) nmu Yo 3<K1+K2m>

Kdi— (Kl +K2m)2dm _ K} 42K, Kym + K3m®
m

dm
m2

After integration, one obtains:

1 1 m
—Ky(t—ty) = —K? (m - mo) +2K,K;In (mo) + K2(m —my)

Taking ¢, = 0, the evolutionary timescale of the mass is

Kt = (mg —m) K34 20 +2KK1n(@) (15)
3t = (mg 2T g 1452 m )
where
K, = 4n NymyV,, = constant (16)

Next, to solve for the evolutionary timescale of the radius, integrate Eq. (10),
giving:

14
K, = 3767; (NHmHVO3 + 20Te4) = constant. (17)
Thus,
dr _ R
dt — tm?’

Substituting m from Eq. (12) into the above gives

dR (1— K,R)*R*
P ) i L
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Integrating gives

t R
dR
K, / dt = / B
A n, (1= K,R)?R2

The integral on the right-hand side can be evaluated by decomposing the rational
expression into partial fractions; hence,

Kt—/RdR+ R2K2dR+/R K2dR +/R 2K,dR
g, R? R p, (1= KyR)??2  Jo 1— KR

Rq

Therefore, the timescale for radius evolution is

1 1 K2(R,— R) (1—-Ky,RyR
Kit=[— — = 220 2K, In— 20/ 18
5 (Ro R) T mR0 KR M T RmR 1P

where
K5:K4/K12. (19)

4 Influence of the mass-loss rate and radius-contraction
rate on changes in rotational angular velocity

When a star contracts gravitationally, its radius decreases and its rotational
angular velocity increases; when mass is lost, however, the rotational angular
velocity decreases. The change in the rotational angular velocity of a T Tauri
star arises from the combined effects of the decrease in radius due to gravita-
tional contraction and the decrease in mass caused by ejection of material.

When the star ejects matter, in addition to losing mass it also loses angular
momentum; the angular momentum lost is the angular momentum carried away
by the ejected material. Therefore, the angular momentum lost when a T Tauri
star ejects material should be equal to the angular momentum carried away by
the ejected material. Let the rotational angular velocity of the T Tauri star be
w, the radius of gyration be K R, and K R be the radius of gyration of the
ejected mass dm. If the ejection of material is isotropic (spherically symmetric),
by conservation of angular momentum there is[~20]

d (K ,R*mw) = K, R*wdm. (20-1)

Written in terms of angular-momentum and mass-loss rates:
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After differentiation,

(Kst)ldm 2dR  1dw

K, mdt TRA Twd
Here, K, has different values for polytropic model stars with different indices n.
When a star enters the main sequence, K is very small, and generally K, = 0.1
is adopted; however, in the pre-main-sequence stage, such as for T Tauri stars,
the value of K, is larger than 1. According to Ref. [20], for a polytropic index
n = 1.5 (the value adopted in this paper is the one corresponding to Eq. (6) in
Section 2), by consulting the table one obtains K; = 1/5 = 0.2. Because the
ejection of material is isotropic, K; = 2/3 is adopted. Thus, from the above
equation the relative rate of change of angular velocity is

Gfw=-— — 2R (21-1)

If the present relative rate of change of angular velocity at t = 0 is considered,
it can be written as

. _ 7m(0) |, R(0)
@(0)/w(0) = 3m(0) Zm. (21-2)

Here, w(0), m(0), and R(0) are respectively the present (¢t = 0) angular velocity,
mass, and radius, while w(0), 7(0), and R(0) are respectively the present (¢ = 0)
rate of change of angular velocity, mass-loss rate, and radius-contraction rate.
If the long-term change in angular velocity is considered, integrating Eq. (21-1)
gives

d 7d d
Chw) =L mm) —2Sq
g ow) = g g (lnm) =25 (I R)

Integrating,

w 7 m R
/ dlnw:f/ dlnm—2/ dln R
w 3 m R,

0 0 0
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w = wy (m/mg)"*(Ry/R)*. (22)
Here, wy, mg, and R, are the initial values at ¢ = 0. m and R vary with time
t, being determined by Eqs. (9)-(10), or by Egs. (15) and (18); therefore the
angular velocity w is also a function of time ¢ and varies with time. If R from

Eq. (11) is substituted into Eq. (22), the angular velocity w can be obtained as
a function of the stellar mass, namely

o, (m>1/3 (K+Km> 3)

my ki, + Kymg

5 Numerical Calculation of the Long-Term Evolu-
tion of T Tauri Stars from the Theoretical Results

Using the theoretical results obtained in the preceding section, we carry out
a numerical calculation of the evolution with time of the mass, radius, and
rotational angular velocity of T Tauri stars. First, using the physical parameters
of a T Tauri star given in Ref. [2]:

my = 0.60mg, = 1.1934 x 10% g, R, = 4.56R, = 3.1737 x 10! cm,

T,(K)=4100 K, Ny = 1.15x 10! atoms/cm?®, V= 225 km/s

€

and, according to physical-constant data,

My =1.6735x10"24 g, o =5.6695x107° erg/cm? deg’s, G =6.67x10"% (cgs),

substitution of these data into Eqs. (13), (14), (16), and (17) gives
K, =1.28580x10%* (cgs), K, =—1.08875x10"2 (cgs), K;=5.4414x10"% (cgs),

K, =7.09070 x 10'® (cgs), Ky =4.17560 x 10730 (cgs).

On the basis of the above data and the numerical values calculated for the
constants K, the theoretical formulae can be used to compute the numerical
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values corresponding to different evolutionary stages of a T Tauri star: the
long-term evolution of its mass, radius, and rotational angular velocity.

First, five numerical values for the evolution of mass loss are given, namely
m = 0.999999999m,, 0.99999990m,, 0.99999900m,, 0.999999000m,, and
0.999990000m,, (m is the present mass). Substituting these, together with
the numerical values of K; and K,, into Eq. (11) yields the radius-evolution
values for the five evolutionary stages. Then substituting the mass and radius
evolution values for the five evolutionary stages, as well as the initial values m,
and R, into Eq. (22) gives the evolutionary values of the rotational angular
velocity w for the five evolutionary stages. Finally, substituting the initial mass
mg, the five mass-loss values for the evolutionary stages, and the numerical
values of K;, K,, and K5 into Eq. (15), the values of the evolutionary
timescales corresponding to the mass, radius, and rotational angular velocity
in the five evolutionary stages are calculated. The results are shown in Table 1.

Table 1 Evolution with age of the mass, radius, and rotational angu-
lar velocity of a T Tauri star during the stage of slow gravitational
contraction

Table 1 In the step of the slow gravitational contraction the evolution
of mass, radius and rotational angular velocity of T Tauri with age

m/my R/R, w/wy t (yr)
0.999999999 —0.2794795 12.80625 3.2502 x 104
0.999999990 —0.2794798 12.80623 3.2602 x 10°
0.999999900 —0.2794822 12.80622 3.2610 x 108
0.999999000 —0.2795062 12.80017 3.2609 x 107
0.999990000 —0.27974687 12.77789 3.2611 x 108
Mass gradually Radius Rotational Timescale

decreases contraction angular velocity

gradually gradually

increases decreases slowly

6 Discussion

(1) After a protostar is born, it begins to enter a stage of rapid gravitational
contraction. In this stage, gravitational contraction is dominant, mass loss
can be neglected, and the rotation accelerates. When ejected matter enters
the stage of slow gravitational contraction, mass loss becomes dominant,
gravitational contraction becomes secondary, and the rotational angular
velocity gradually decreases. This paper studies the evolutionary process
of T Tauri stars after the evolution of rapid gravitational contraction has
ended and the stars have begun to enter the stage of slow gravitational
contraction. The numerical values given in Table 1 are the evolutionary
values for five stages from the start time of rapid gravitational contraction,

chinarxiv.org/items/chinaxiv-201711.01322 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.01322

ChinaRxiv [$X]

t = 0, to the start time of slow gravitational contraction, t = 3.2502 x 10%
yr, and thereafter to ¢ = 3.26 x 10%.

(2) The coupled evolutionary equations for mass m and radius R were de-
rived under the conditions that the surface effective temperature 7, and
the velocity V of the ejected matter are constants. Treating the surface
effective temperature as a constant is based on Section 1, Eq. (5), assum-
ing that before entering the main sequence the contracting star evolves
along a path perpendicular to the horizontal coordinate of the H-R dia-
gram (the effective temperature on the spectral-type coordinate), i.e., the
Hayashi evolutionary track [17]. However, this is only approximately ver-
tical and is restricted to the evolutionary stage before entering the main
sequence. When the contracting star is about to enter the main sequence,
the evolutionary track bends leftward and is no longer perpendicular to
the spectral-type coordinate of the H-R diagram; at this stage, taking
T, as a constant is no longer applicable. In addition, the velocity V of
matter ejected by T Tauri stars is regarded as unchanged. In the stage
of slow gravitational contraction, the mass loss of T Tauri stars comes
mainly from the ejected matter; because the energy source depends only
on gravitational contraction and not on nuclear energy, mass loss caused
by photon radiation (mass radiation) can therefore also be ignored.

(3) The numerical values given in the table are theoretically reason-
able. The values in the first row represent the evolutionary mass,
radius, and initial slowing rate of a T Tauri star at the end of the
rapid gravitational-contraction stage and at the beginning of the slow
gravitational-contraction stage, ¢ = 3.25 x 10* yr. The first column
shows that the mass gradually decreases year by year because of the
ejection of matter; the second column shows that the radius gradually
contracts year by year, with the scale of contraction increasing (the
negative sign indicates contraction of the radius); the third column shows
that the rotational angular velocity gradually slows year by year; and the
fourth column gives the evolutionary timescales of the mass and radius.
According to the observations of the rotation of 28 T Tauri stars in
Ref. [12], the values of the rotational angular velocity decrease, but only
slightly. The changes in the slowing of the rotational angular velocity in
this paper’ s table are also very small over the five stages, which indicates
agreement with the observations. The timescales in Table 1 are thus the
evolutionary timescales for the mass beginning from 0.999999999m,,, and
also for the radius beginning from —0.2794795R,,.

7 Conclusion

The T Tauri star studied in this paper is a typical star among other types of
T Tauri stars, and it represents the general properties of most T Tauri stars.
In the stage of slow gravitational contraction, ejected matter causes the mass
to decrease gradually; gravitational contraction causes the radius to contract
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gradually, with the scale of contraction increasing; and the rotational angular
velocity gradually decreases. These changes are the results of theory and cal-
culation and remain to be verified by observation. However, at present the
acceleration of the rotational angular velocity of T Tauri stars has not yet been
observed. As discussed in the preceding section, according to Ref. [17], obser-
vations of the rotation of 28 T Tauri stars show that the rotational angular
velocity is decreasing.
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Evolutional Time Scale of Mass and Radius of T
Tauri and Its Influence on the Rotation under the
Action of the Ejected Material and Gravitational
Contraction in the Step of the Slow Gravitational
Contraction

Li Linsen

(School of Physics, Northeast Normal University, Changchun 130024, China,
Email: dbsd-11s@163.com)

Abstract: The mass loss and radius contraction of T Tauri star under the
role of the ejected material and gravitational contraction in the step of the slow
gravitational contraction are studied. The evolutionary equations determining
the variation of mass and radius with time are established. The evolutional
time scales of mass and radius are given. The influences of mass loss and radius
contraction on the variation of the rotational angular velocity are given too.
As example, the numerical effects of mass loss and radius contraction on the
rotational relative angular velocity are estimated in Table. In addition the
obtained results are discussed and concluded.
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