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Abstract: Based on the magnetic monopole (MM) catalytic nuclear decay (Rubakov-Callan (RC) effect), we pro-
pose five new models to discuss the limit of the MM flux and the heating energy resources of white dwarfs (WDs)
based on observations of 13 red giant branch (RGB) stars. We find that the number of MMs captured can reach a
maximum value of 9.1223 x 102* when m = 10!7 GeV, ng =5.99x10*! cm™3, ¢ =7.59%10726cm=2s~!sr~!. The
good agreement of our calculated luminosities for WDs with observation provides support for our model based on
the RC effect by MMs. We obtain a new limit of the MM flux of & = ¢{o,vr)-28 <9.0935 X 107Bem2s!sr7!, and
£<4.9950x 107 Bem™2s7 sr~! at ng = 5.99 x 103 em™3 when m = 101°GeV, 8= 9.4868 x 1073, and m = 1017GeV,
B =103, respectively. Our results show that the RC effect could cause heating that prevents white dwarfs from

cooling down into a stellar graveyard. Our results will also provide a new idea for further research on the upper limit
of MM flow (note: ng, o, m,$,& are the baryon number density, reaction cross section, mass, MM flux, and the new
limit of the MM flux, respectively, and 8 = vr/c is the ratio of the speed of MMs to that of light).
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I. INTRODUCTION

White dwarfs (hereafter WDs) are usually made up of
C+0. However, it is also possible for their cores to be hot
enough to burn carbon but not hot enough to burn Ne,
forming a WD with a core of O+NetMg. At the later
stage of WDs, the star ejects large quantities of matter.
After great mass loss, if the remaining core mass is less
than 1.44 solar masses, the star may evolve into a WD.

WDs form at very high temperatures. Because they
have no source of energy, they will therefore gradually
give off heat and cool down, whereupon its radiation will
decrease over time from its initial high color temperature
to red. This surface temperature is defined in astronomy
as the effective temperature T.s as per Stefan's law, so
that

Liad = 47TR20'T§'H, (D

where R the radius of the star, L..q is the radiation lumin-
osity, and o =5.6704 x 10ergs !lem™2K™* is the radi-
ation constant from Stefan's law. T.g is a measure of the
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energy flux at the surface and not a real temperature, but
it nevertheless constitutes a useful measure of the atmo-
spheric temperature of the star.

As is well known, the effective temperature of WDs
is mostly in the range 550040000 K, while a few are
outside this range, and the internal temperature of WDs is
on the order of ~ 10° - 107K, with a total thermal energy
less than 10*7ergs. Mestel. [1] discussed the energy
sources of WDs. Avakian. [2] also studied the configura-
tions of hot WDs with nuclear sources of energy. Bild-
sten & Hall. [3] discussed the sources of white dwarfs,
suggesting that there are small amounts of *’Ne in some
WDs that may constitute an extra source of heat in car-
bon-oxygen WDs. Single-particle ?’Ne sedimentation
may be considered a possible heat source [4, 5].
However, some work suggests that >>Ne must separate
into clusters, enhancing diffusion, in order for sedimenta-
tion to provide heating on the observed timescale. Re-
cently, the sources of ultra-high-energy photons for WD
pulsars have been discussed by Lobato et al. [6]. Cheng
et al. [7] discuss the cooling anomaly of high-mass WDs,
pointing out that >Ne settling in C/O-core WDs could

* Supported in part by the National Natural Science Foundation of China (11965010, 11565020), the Natural Science Foundation of Hainan Province of China
(118MS071, 2019RC239), the Counterpart Foundation of Sanya (2016PT43, 2019PT76), the Special Foundation of Science and Technology Cooperation for Advanced
Academy and Regional of Sanya (2016YD28), and the Scientific Research Starting Foundation for 515 Talented Project of Hainan Tropical Ocean University

(RHDRC201701)
" E-mail: syjjliu68@hntou.edu.cn

©2023 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

084106-1



Jing-Jing Liu, Dong-Mei Liu, Liang-Huan Hao

Chin. Phys. C 47, 084106 (2023)

account for this extra cooling delay. Caplan et al. [8]
studied this topic using molecular dynamics methods and
phase diagrams, from which they ruled out the isotope
22Ne as a possible cause of the extra heating. Therefore,
the problem of additional heat sources for WDs remains a
challenging topic.

In this paper, we selected 13 red giant branch (RGB)
stars to present a new model of the number of magnetic
monopoles (hereafter MMs) captured, and seek to solve
the energy source problem for WDs based on MM cata-
lytic nuclear decay (the Rubakov-Callan (RC) effect) [9,
10]. MMs are hypothetical magnetic particles with a
single north or south magnetic pole, which have been
proposed in string theory. Research on MMs has long
been a hot topic among physicists and astronomers. Some
papers have discussed the issues of MMs, (e.g., Callan
[9], Detrixhe et al. [11], Frank et al. [12], Fujii & Pierre
[13], Kain [14], Rajantie [15]). Recently, Mavromatos &
Mitsou. [16] discussed the developments in both theory
and experimental searches for MMs in past, current, and
future colliders and in the cosmos. We also are interested
in the problem of MMs and other related issues ((e.g.,
Liu. [17, 18], Liu & Gu [19], Liu et al. [20], Liu [21-26],
Peng et al. [27, 28]).

The arrangement of this paper is as follows. In the
next section, we discuss the number of possible magnetic
monopoles in space and the luminosity due to the RC ef-
fect by MMs. In Section III, we describe our models and
the luminosity function due to magnetic monopole cata-
lytic nuclear decay. In Section IV, some results and dis-
cussions are presented. Finally, our conclusions are sum-
marized in Section V.

II. THE NUMBER OF MMs CAPTURED IN SPACE
AND THE LUMINOSITY DUE TO THE RC
EFFECT BY MMs

According to some research, the interaction of MMs
with neutral hydrogen atoms is very weak. Therefore,
during the process of formation of celestial bodies, very
few MMs are captured in the collapse of a neutral hydro-
gen cloud and collect in the core of a star or planet. MMs
typically may be contained within stars and planets, and
they are mostly captured from space during their lifetime
after formation. One type of interaction that MMs under-
go in stars and planets might be the RC effect, through
which MMs may catalyze nucleon decay, as expressed by
p+M — etn%+ M +debris (x%) and p+M — et ut + M+
debris (y%). The ratio of the cross sections of the above
reactions x/y may be a few percent, which is on the or-
der of ~107* [10]. Bernreuther and Craigie [29] dis-
cussed the cross section of monopole-induced proton de-
cay in SU(5) for the above reactions, showing that the ra-
tio of cross sections of the above reactions x/y may be

(2.5~2.8)x107*/(0.1 ~ 0.3).

The number (flow) of MMs captured in space at the
surface of stars and planets (including earth) is estimated
as follows [30]:

2
Ny, = 4n°R*nopt {1 + (v"‘“) } , ()

Vm
where ¢ is the flux of MMs intercepted in space and
Vese = (2GM/R)'/?, t are the escape velocity from the star
and cooling age of the star, respectively. v,, represents the

Vesc

velocity of MMs in space, For a planet, <1, and

v . 1% "
®¢ ~ 1 for ordinary stars, but —= > 1 for compact ob-

v v . .

]egts such as WDs, neutron stars, galactic nuclei, and
quasars. Therefore, the ratio between the number of MMs
captured and the number of nuclei in the MMs accumula-

tion area is [30]
7))
R, ’

% ~510x 10‘34;7Rf (ti) (f) {1+4.256v:§<
3)

B M, 0

where  R.=R/Rs, M.,=M/Ms, v_3=v,/1073,
t9=1/10°Yr, and c is the speed of light. ¢~ 107'2
em~2s7!Sr7! [31]. # is the probability of the capture of
MMs by stars, which depends on the ratio of the penetra-
tion distance /,q of an MM 1in a star to the star's radius. In
general, we have [g~1.2x10%v_3n;'T}/? for plasma
[30]. For example, with n, ~ 10*>cm™3,T, ~ 10°K for the
sun, we have lq ~ 10',7~0.7; however, for WDs and
neutron stars, n, > 10% 5, > 10%cm™3, respectively, and
n~ 1. For quasars and active galactic nuclei, M, ~ 108,
T,~10°K, n~1.

The velocity of MMs is also determined as a function
of monopole mass by Br as follows [32].

16 05
3X10_3C<IOG6V> (m < 10"GeV)
m

1073¢

Vi =Pt =
(otherwise).

4)

According to Eq. (3), for WDs we have 5 ~ 1; thus,
the total number of magnetic monopoles trapped in space
after the formation of stars (or planets) is estimated to be

M,
Nm=7.18><10“nBR§¢(At; ) {1+4.256vi§(R )} (5)

* *

For astronomy, the most important property of a mag-
netic monopole is that it can trigger the RC effect, as in-
dependently proposed by Rubakov and Callen [9, 10].
The reaction cross section is about ¢, ~ 1072 ~ 1072°cm?,
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almost reaching the Thomson cross section (6.665x
10~2cm?). The luminosity of various types of celestial
bodiesdue to the RC effect (i.e., RC luminosity) can be
estimated as follows. In the core area, where the magnet-
ic monopole is concentrated, the nuclear decay reaction is
catalyzed by the magnetic monopoles and the total lumin-
osity produced is [30]

L, ~ 4—ﬂr(3,nmn3 (a’mvT)ch2 = NmnB(a'mvT)chz, (6)
where r., and n,,,ng are the radius of the stellar central
region and the number densities of MMs and nucleons,
respectively.

In Eq. (6), vy is the thermal movement speed of the
nucleus relative to the magnetic monopole. We will ig-
nore the thermal velocity of the magnetic monopole due
to its great mass. We thus only consider the contributions
from the thermal velocity of the nucleus. According to
1/2mva =3/2kT, we have vr= 3kT/mp~ 1.5745x
107Té/ 2cm/s, where T is the temperature, T = T/10°K,
k=138x10""%rg/s is the Boltzmann constant, and
mp ~ 1.67x107>*g is the nucleon mass. As the central
temperature of WDs is about ~10°K, we have
vr ~ 1073¢.

As a general rule, the reaction cross section of the RC
effect o, is 1072 ~ 1072* cm?. Ma & Tang [33] gave a
value o, ~ 4.28676 x 10~2*cm? for the cross section of the
proton with different channels using SU(5) grand unifica-
tion theory. In the RC process, MMs induced nucleon de-
cay, followed by nucleon decay into n° mesons, u*
leptons, and positrons e*, and p* and 7° again decay in-
to photons and electron-positron pairs e*. The positrons
then undergo annihilation with electrons to form photons.
The net effect is that the rest mass energy of nucleons
(mpc?) is entirely converted to radiant energy with 100%
efficiency (1mpc? ~ 1GeV ~ 1.6 x 10 %ergs).

III. THE MAGNETIC MONOPOLE MODEL AND
RC LUMINOSITY INSIDE WHITE DWARFS

A. The mass and radius for the red giant branch
(RGB) phase

It is well known that WDs evolve from red giants
with mass less than 8M. The MM content of the trap-
ping accumulation set is mainly from the red giant branch
(RGB) phase. The M, and R, for RGB stars is given by
[34, 35]

Mr:MRG:( Vmax >3( Av )_4< Tetr )1.5 (7)
* Mg Vmax,0 fAvAVG Teff,@ ’

R = RrG _ ( Vmax ) ( Av )_2( Te )0'5 (8)
* Ro Vmax,0 fAvAVO Teif,@ ’

where vmaxo = 3090uHz, Ave = 135.1uHz, Tego = ST77K,
and Ay ~ a(vmax/ﬂHZ)ﬂ (here @ =0.2681Hz, 8 =0.758)[36].
fay 1S a typical asteroseismic correction factor, which is
between 0.98 and 1.02 [37]. The predicted v, values
are calculated using the scaling relation [38]

Vmax 8 Te 03
() () ©)
Vmaxo 8o Terr 0

where g is the surface gravity of the star and
8o = 27487 cm/s?.

B. The magnetic monopole RC effect model in white
dwarfs

According to Egs. (5)—(9), the number of magnetic
monopoles captured from space and the total luminosity
due to the RC effect by the MMs are given by

12 _ M;
N,y =7.18x 10 ng(R) ¢ (%) {1 +4.256v3 (7)} _

R;
(10)
4
Lm z?ﬂ.rgnmnB<0-mVT>’7/lBC2 = NmnB<0-mVT>mBC27
=1.15x 10°n3(R") pro(M)~!
L (M
X (T V1) {1 +4.256v73 ( o )} ) (11)

*

Defining & = ¢(omv)-28 = ¢{0v1)/10728, Eq. (11)
may be rewritten

47
3 2 2
Lm z7rcnmnB<0-mVT>’nBC = NmnB<0-mvT>mBC 5

Ml'
=1.15x 107 n3 (RLY 19(M") '€ {1 +4.256v73 ( I )} :

*

(12)

From Egs. (1) and (12), and L, = L,q, we obtain

M\
%))

£=529x10"SoM15 ' ng(RD) > T {1 +4.256v3 (
T (13)

IV. RESULTS AND DISCUSSIONS

The study of MMs has held considerable interest
since MMs were found to be a generic feature of grand
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unified gauge theories in the physical fields. The theoret-
ical predictions of monopole abundance are problematic
in the standard cosmology, as far too many monopoles
would have survived annihilation for the universe to have
reached its present state. For example, the galactic field
that yields the Parker bound is ¢(ov) o5 <1071°
ecm~2s~!sr™! [39]. Due to MM RC decay, another limit of
the flux may be ¢(ov)_ns < 1072'cm2s7'sr™![31]. A bet-
ter-understood limit in WDs may be ¢(ov)_ps < 10718
cm~2s7'sr™! [32]. Then the bound has been stated as
#(0v) 25 <1072 cm™2s7!sr™! by Freese and Krasteva
[40]. In this paper, we study MMs and their numbers in
space and discuss our MM model and the luminosity due
to RC effect. We select the following typical parameters:

m=10,10"GeV, o, = 107%*cm?, ¢ = 5.59 x 10728,10726,
7.59%10"2°cm™2s'sr™!, and ng =5.99x10%!,1.89 x 102
cm_3, t9 =1,10.

Everyone knows that WDs evolve from red giants
with mass less than 8 M, we focus on 13 typical RGB
stars listed in Tables 1 and 2 [41] and discuss their mass,
radius, and cooling age. Depending on an asteroseismic
correction factor, we propose five models (I-V) to exam-
ine the problem of the energy source of WDs.

In this paper, we select the asteroseismic correction
factors f,, = 0.98, 0.99, 1.00, 1.01, 1.02 for our typical
models under study, which correspond to models (I — V).
Based on Egs. (8) and (9), we can calculate the mass and
the radii of RGB stars M’ (I — V) and R, (I — V) given in

Table 1. Information of the 13 red giant stars selected [41].
star TIC ID Gaia ID Gania mag Distance (pc) Galactic substructure Spectral source
1 TIC20897763 Gaia 2365649471033828096 9.41484 457.879 +£9.435 Gaia Enceladus Sausage APOGEE
2 TIC341816936 Gaia 1421776046335723008 11.623 1547.85 +45.63 Gaia Enceladus Sausage APOGEE
3 TIC393961551 Gaia 1506387627917936896 9.57166 500.533 £ 6.312 Gaia Enceladus Sausage APOGEE
4 TIC453888381 Gaia 5230256730347457152 10.9714 788.614 +15.999 Halo GALAH
5 TIC279510617 Gaia 5480550450643017216 10.7551 933.263 +£22.520 Halo GALAH
6 TIC300938910 Gaia 5270675018297844224 10.5629 607.156 +7.7075 Halo GALAH
7 TIC198204598 Gaia 1629898685347273856 10.9455 952.885 +37.512 Halo
8 TIC1008989 Gaia 3789639280952610304 9.72882 370.56 +£5.85 Gaia Enceladus Sausage
9 TIC91556382 Gaia 5065009650333147392 10.0855 870.289 + 34.565 Halo
10 TIC159509702 Gaia 1709195090281718272 12.1542 1595.67 + 55.605 Halo
11 TIC25079002 Gaia 4669316065700222976 9.91465 716.804 + 15.5995 Disk APOGEE
12 TIC177242602 Gaia 5262295395367212288 10.1451 532.831 +14.294 Disk APOGEE
13 TIC9113677 Gaia 3245485650607651584 10.1791 491.438 +10.040 Thick Disk
Table 2. Information of the 13 RGB stars [41].
star Vimax Av /uHz T /K [Fe/H] [a/Fe]

1 61.31383 £ 1.21768 6.81739 £ 0.24990 4988 + 127 -1.274£0.019 0.219 +0.021

2 36.34 +0.76 4.2969 +0.0715 5068 + 100 —-1.873 £0.107 0.248 +0.023

3 61.34+1.75 6.68 £0.41 5121+ 105 -1.0751£0.0123 0.156 £0.014

4 50.37 £ 1.59 5.953 +0.049 4741 £ 100 —0.728 £ 0.07 0.32+0.021

5 28.57+0.16 3.566 +0.015 4450 + 100 —0.49 £ 0.05 0.281+0.017

6 106.30 + 0.92 9.464 +0.131 4908 + 100 —0.792 = 0.05 0.2566 + 0.0165

7 4586 +0.31 5.132+0.032 4979 + 100

8 104.33059 = 1.46618 9.80317 +0.15336 4893 + 100

9 31.38665 + 1.03097 4.189+0.186 5192+ 100

10 4537 +0.53 5.090 = 0.027 4724 + 100

11 45.238 £ 0.62 4.967 +0.121 4797 + 83 0.1636 = 0.006 —-0.010 + 0.006

12 54.66 +0.33 5.663 =0.031 4603 + 100 —0.1176 £ 0.006 0.125 +0.007

13 87.22437 £ 0.87042 8.365+0.198 4764 + 100
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Table 3. We determine the stellar (RGB) ages using the
packages BASTA [42], isochrones [43], isoclassify [44],
PARAM [45, 46], and scaling-giants [47]. These ages
correspond to 79 (I ~ V) in Table 4.

Based on Egs. (7)—(9), there are two global seismic
parameters, the frequency of maximum power, vy.x, and
the mean large frequency separation, Av , to describe the
oscillations of solar-like stars and radius. The surface
gravity and temperature strongly determine the value of
the frequency of maximum power, which is given by
Vimax o g1 o« MR2TYS [48]. On the other hand, the

Table 3.
defines models I — V, respectively.

travel time of sound from the center to the surface of a
star will directly influence Av, which is sensitive to the
mean stellar density and is given by av o« p% o« MOSR™1
[49]. In order to reduce systematic errors, by considering
the effect on mass, [Fe/H] and T.s interpolation over a
grid of models, a modification strategy was adopted by
Sharma et al. [37]. Therefore, the asteroseismic correc-
tion factor in this paper is selected as f,, = 0.98, 0.99,
1.00, 1.02, we propose five model (I-V). Detailed in-
formation on the mass and radius of RGB stars is shown
in Table 3.

The mass and radii of the 13 RGB stars selected [41]. The asteroseismic correction factor f., = 0.98, 0.99, 1.00, 1.01, 1.02

star M.(D) M, (IT) M, (ITT) M. (V) M.(V) R.(D) R.(I) R.(ITT) R.(IV) R.(V)
1 0.8916 0.9286 0.9667 1.0059 1.0464 6.9541 7.0967 7.2408 7.3863 7.5333
2 1.2047 1.2546 1.3061 1.3591 1.4138 10.458 10.672 10.889 11.108 11.329
3 1.0075 1.0493 1.0923 1.1367 1.1824 7.3421 7.4927 7.6449 7.7985 7.9537
4 0.7879 0.8206 0.8542 0.8889 0.9246 7.3045 7.4543 7.6056 7.7585 7.9129
5 1.0154 1.0575 1.1009 1.1456 1.1916 11.186 11.416 11.647 11.882 12.118
6 1.2211 12717 1.3239 1.3776 1.4330 6.2057 6.3330 6.4616 6.5914 6.7226
7 1.1587 1.2067 1.2562 1.3072 1.3598 9.1703 9.3584 9.5484 9.7404 9.9342
8 0.9896 1.0404 1.0830 1.1270 1.1723 5.6699 5.7862 5.9037 6.0224 6.1422
9 0.8910 0.9280 0.9660 1.0052 1.0457 9.6193 9.8166 10.016 10.217 10.421
10 0.9221 0.9603 0.9997 1.0403 1.0821 8.5448 8.7201 8.8972 9.0760 9.2566
11 1.1986 1.2483 1.2995 13523 1.4066 9.4788 9.6732 9.8696 10.068 10.268
12 1.1762 1.2249 12752 1.3270 1.3803 8.6308 8.8078 8.9867 9.1673 9.3497
13 1.0587 1.1026 1.1478 1.1945 1.2425 6.4250 6.5568 6.6899 6.8244 6.9602

Table 4. The cooling age of the 13 RGB stars selected [41]. The five cooling ages correspond to models I — V. The discussions of the
cooling ages are based on the packages BASTA [42], isochrones [43], isoclassify [44], PARAM [45, 46], and scaling-giants [47].

star scaling-giants Age (Gyr) isochrones Age (Gyr) isoclassify Age (Gyr) PARAM Age (Gyr) BASTA Age (Gyr)
19(I) 19(ID) 19 (1IT) 19(IV) 19(V)
1 58 +3.0 87729 5-68i8;§§ 9_293% 9'03:;
2 29+ 1.8 9.16 + 2.75 7.44132 6'525&:;18 7_9ﬁ:595
3 47 +6.0 593 +3.05 5‘634:8:23 5.722&:% 7.54:%3
4 10.5 + 3.5 9.72 + 2.50 12-78i?;§§ 11.663:22 14.8+2.8
5 6.4 x1.1 7.99 + 3.37 10.23 tggz 7.68’:1:?@ 75:813
6 27 +0.8 3.693 + 0.702 3.34t8:§g 2'1“8:% 2'9i8:46t
7 33+0.8 8.749 + 2.16 11.544:(2):32 1‘98:7)% 5.8“:}:‘2’
8 58 +2.0 6.843 + 3.33 6‘8411):38 7'273:83 10.63:3
9 7.1+£5.0 6.841 + 3.59 6.43:%:32 5‘27ffj§47‘ 8.9“:%3
10 48 +12 9.344 + 2.331 9.983:‘1‘5 7_923:33 10.03%
11 21+32 7.07 + 3.65 1.92t3:17 1‘84ﬁ8j}§ 3‘6t83&
12 44 +27 7.49 + 3.45 6-54f31§3 7-60%:% 6-4f?j8
13 5.1+£2.0 7.07 + 3.65 6~77ﬁ'2s 8,243%‘7‘ 9'73_2
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Based on Egs. (10) and (12), the age of RGB stars is a
key parameter for estimating the number of MMs cap-
tured and the luminosity of WDs due to the RC effect by
MMs. By combining masses inferred from the asteroseis-
mic parameters with stellar atmospheric parameters and
using stellar isochrones, the cooling ages of RGB stars
were determined as shown in Table 4 by #y. Using the
packages BASTA [42], isochrones [43], isoclassify [44],
PARAM [45, 46], and scaling-giants [47], estimates are
obtained of the cooling ages of RGB stars, which are the
stellar ages since zero-age main sequence stars are con-
sidered.

The scaling-giants package accepts asteroseismic
parameters, metallicity, and temperature as inputs for
model 1. In the isochrones, isoclassify, PARAM, and
BASTA packages, we take asteroseismic, photometric,
and spectroscopic parameters as inputs for models 1I-V.
From the SYD pipeline [50], along with effective temper-
atures determined through the direct method of isoclassi-
fication and metallicity determined by either the APO-
GEE or GALAH surveys, and using measured seismic
vmax and Av values, we can determine the ages with scal-
ing-giants for model I. The SYD pipeline is an auto-
mated pipeline to estimate global oscillation parameters,
such as the frequency of maximum power (vpax) and the
large frequency spacing (Av), for a large number of time
series. By using 2MASS K magnitudes, asteroseismic Av,
Gaia parallaxes, and temperatures and metallicities from
spectroscopy, we can determine the ages with isochrones,
isoclassify, and PARAM, and BASTA packages for mod-
els II-V, respectively. Some useful parameters are
presented in Tables 1-3. Detailed discussions are given in

Table 5.

Grunblatt ef al. [41].

Based on Eq. (10), we give a computational assess-
ment for the number of MMs captured for WDs in Tables
5 and 6 for m=10'3,10'7GeV, respectively. Our results
in Table 5 show that the maximum number of MMs cap-
tured in models I ~V are 4.8126 x 10%? and 6.5345 x 10**
when ¢=5.59%x10"2 cm™2s!'sr™!, and ¢ =7.59x1072°
em~2s7lsr™!, respectively. Table 6 also shows that the
number of MMs captured has a maximum of
9.1223x 10?* (e.g., when m=10""GeV,ng = 5.99 x 10~3!
cm™3,¢ =7.59%x1072°cm™2s'sr™!, for model IIT). One can
see that the number of MMs captured increases as the
flux of MMs increases due to N,, « ¢ according to Eq.
(10). On the other hand, when the flux and mass of MMs
are certain, there is no significant difference found in the
number of MMs captured for same stars among the five
models. However, for different models, there is a small
difference. The reasons for these differences can be from
the differences of the cooling ages for RGB stars due to
differences in the stellar parameters selected, such as the
asteroseismic correction factor and [Fe/H]. From the
above analysis, it may be seen that the number of MMs
captured can reach the maximum value of 9.1223 x 10%
when m =10'7GeV,npg =5.99x 103'em=3,¢ = 7.59 x 10726
em 257 lsr!

Figures 1 and 2 display the luminosities as a function
of 719 of WDs of the five models under different astronom-
ical conditions. From the two figures, it can be seen that
the calculated luminosities agree well with observations.
One can also conclude the same from Table 7. For ex-
ample, the ranges of our calculated luminosities are
1.3336 x 10°* ~ 7.1985 x 10*%erg s™!  and 1.8224 x 103* ~

The number of MMs captured in the five models [-V (corresponding to typical asteroseismic correction factor values

fav =0.98,0.99,1.00,1.01,1.02 ) when m = 101GeV,np = 5.99 x 1031em™3,¢ = 5.59x 10728,7.59 x 10"26cm 25715171

#=559%10"28cm 257 Lsr!

¢ =7.59%x10"26cm2s Lsr!

star N, (1) Ny (1) Ny (110) N (1V) Nu(V) N (D) N (1) Ny (111) Nu(1V) N (V)
1 2.5599¢21  4.1144e21  2.8307e21  4.9152e21  5.0524e21  3.4758e23  5.5864¢23  3.8435¢23  6.6738¢23  6.8601e23
2 7.2823e21  24449e22  2.7645¢22  1.9626e22  2.5231e22  9.8877e23  3.3197e24  3.7536e24  2.6648¢24  3.4258¢24
3 24095e21  32314e21  32591e21  3.5154e21  4.8906e21  3.2716e23  4.3876e23  4.4251e23 4773123 6.6404e23
4 6699321  6.5919e21  9.2068e21  8.9176e21  1.2010e22  9.0962¢23  8.9503e23  1.2501e24  1.2108¢24  1.6307¢24
5 2.6667e22  3.5386e22  4.8126e22  3.8356e22  4.0272¢22  3.6207¢24  4.8046e24  6.5345¢24 5207924  5.4680e24
6 4.9402e20  7.1828¢20  6.9014e20  4.6290e20  6.7508¢20  6.7077e22  9.7527e22  9.3705¢22  6.2851e22  9.1661e22
7 44692621  12594e22  1.7647¢22  14790e22  9.9908¢21  6.0681e23  1.7100e24  2.3961e24  2.0081e24  1.3565e24
8 82517¢20  1.0349%21  1.0989%e21  1.2401e21  1.9185e21  1.1204e23  1.4051e23  1.4921e23  1.6837¢23  2.6049¢23
9 1.5855e22  1.6237e22  1.6212e22  1.4106e22  2.5275¢22  2.1527e24 2204624 2201224 1.9152¢24  3.4318e24
10 57326e21  1.1862e22  1.3458¢22  1.1338e22  1.5189e22  7.7836e23  1.6105¢24  1.8273e24  1.5395¢24  2.0624e24
11 32438¢21  1.1608¢22  3.3488¢21  3.4071e21  7.0729e21  4.4044e23  1.5761e24  4.5469¢23  4.6261€23  9.6034e23
12 43369e21  7.8473¢21  7.2788¢21  8.9801e21  8.0238e21  5.8885e23  1.0655¢24  9.8830e23  1.2193e24  1.0895¢24
13 1.2784e21  1.8839¢21  1.9164e21  2.4764e21  3.0932e21  1.7359e23  2.5579e23  2.6020e23  3.3624e23  4.1999¢23
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Table

6.

fay =0.98,0.99,1.00,1.01,1.02 ) when m = 107 GeV,ng = 5.99 x 103 em™,¢ = 5.59x 10728,7.59 x 10"20cm =25~ sr7 !,

The number of MMs captured in the five models [-V (corresponding to typical asteroseismic correction factor values

¢ =5.59%10"28¢m2s g

¢ =7.59%x10"26cm™2s Isr!

star Nn(D) Ny (ID) N (1ID) N (IV) Nin(V) N (D) Ny, (IT) Ny, (1) N (IV) N (V)
1 3.9330e21 6.3662¢21 4.4113e21 7.7145¢e21 7.9867e21 5.3401e23 8.6439¢23 5.9895¢23 1.0475e24 1.0844¢24
2 1.0794¢22 3.6479¢22 4.1522e22 2.9675e22 3.8405e22 1.4656e24 4.9531e24 5.6377¢24 4.0292¢24 5.2146e24
3 3.7921e21 5.1235e21 5.2058e21 5.6570e21 7.9291e21 5.1488e23 6.9565¢23 7.0683e23 7.6810e23 1.0766e24
4 9.7253¢e21 9.6300e21 1.3536e22 1.3195e22 1.7884¢22 1.3205e24 1.3075e24 1.8379¢24 1.7915e24 2.4282e24
5 3.6811e22 4.9121e22 6.7186€22 5.3850e22 5.6862¢22 4.9981e24 6.6696¢24 9.1223e24 7311724 7.7206e24
6 8.9937¢20 1.3196¢e21 1.2795e21 8.6609¢20 1.2747¢21 1.2212e23 1.7918e23 1.7373e23 1.1760e23 1.7307¢23
7 6.8316e21 1.9388e22 2.7358e22 2.3091e22 1.5709¢22 9.2759¢23 2.6324e24 3.7146e24 3.1352¢24 2.1330e24
8 1.4320e21 1.8114¢21 1.9401e21 2.2082¢e21 3.4458¢e21 1.9443e23 2.4595e23 2.6342¢23 2.9982e23 4.6787e23
9 2.2008e22 2.2668e22 2.2762e22 1.9920e22 3.5898e22 2.9883e24 3.0778e24 3.0906e24 2.7046e24 4.8742¢e24
10 8.3230e21 1.7331e22 1.9789¢22 1.6778e22 2.2622e22 1.1301e24 2.3532e24 2.6868¢24 2.2781e24 3.0715e24
11 4.9599¢21 1.7875e22 5.1930e21 5.3209¢21 1.1124e22 6.7345e23 2.4270e24 7.0510e23 7.2247¢23 1.5105e24
12 6.8084¢21 1.2410e22 1.1597e22 1.4414e22 1.2975e22 9.2444e23 1.6851e24 1.5746e24 1.9571e24 1.7617¢24
13 2.1582¢e21 3.2067¢21 3.2891e21 4.2856e21 5.3977¢21 2.9304e23 4.3540e23 4.4659¢23 5.8190e23 7.3289¢23
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Fig. 1. (color online) The luminosities as a function of 9 for the 13 WDs [41] for the five models I -V when ng =5.99x103'cm™3,

m=105GeV, o, = 107%*cm?,¢ = 10726cm =25 Lsr~! at the temperatureTs = 1.

1.0871x 10%%erg s™! for models 1 and V, respectively, in
Table 7.

In order to facilitate comparison of our results with
the observed data, we define the scale factor k;as the ra-
tio of our results due to the RC effect to the observed lu-
minosity. We note that the largest differences between
our results and the observed values are one order of mag-
nitude. For example, based on Table 7 and Table 9 for
star 5, the maximal scale factors are k; =4.2562,
ky = 5.4231, k3 = 7.0851, ks = 5,4264, and ks = 5.4772 for
models -V, respectively. However, in Table 8 and Ta-
ble 9, the maximal scale factors for star 5 are k; = 13.459,
ko = 17.149, k3 =22.405, k4 =17.160 and ks = 17.321 for

models [-V, respectively.

According to the analysis above, our results agree
well with observations at lower relativistic densities and
temperatures, but the greatest difference is about two or-
ders of magnitude at higher relativistic densities and tem-
peratures in WDs. The good agreement of our calcu-
latedresults with observations shows that our model with
the RC effect by MMs yields realistic results, as well as
suggesting that the energy source of WDs is the RC ef-
fect by MMs.

The monopole flux problem is well known to be a
highly challenging and interesting issue. Some scholars
have made pioneering work on this subject, such as
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Fig. 2.

(color online) The luminosities as a function of # of the 13 WDs [41] for models I — V when ng =5.99x103'cm™3,

m=108GeV, o, = 107%*cm?,¢ = 10729ecm2s~!sr~! at the temperature T4 = 10.

Table 7. Comparisons of the calculated luminosities (Z,,) due to the RC effect by MMs with observations (L,q) for the five models I
- Vatng =599x103'em™3,m = 10°GeV, 0, = 102*em?,¢ = 10" 0em =257 st™!, T = 1 (£ = 1.5745x 10 Pem ™25~ sr71).
our results observations
star
Ln(D) Ly (ID) Ly, (11 L (IV) Ln(V) Leaa (D) Leaa (ID) Lyaa (11 Liaa(IV) L (V)
1 6.9103e34 1.1107e35 7.6414¢34 1.3269¢35 1.3639e35 1.0318e35 1.0746e35 1.1187e35 1.1641e35 1.2109e35
2 1.9658e35 6.6000e35 7.4626€35 5.2980e35 6.8110e35 2.4869¢35 2.5900e35 2.6962e35 2.8057e35 2.9185e35
3 6.5043e34 8.7231e34 8.7978e34 9.4896e34 1.3202e35 1.2778e35 1.3308e35 1.3854e35 1.4417e35 1.4996¢35
4 1.8085e35 1.7795e35 2.4853e35 2.4073e35 3.2420e35 9.2913e34 9.6763e34 1.0073e35 1.0482e35 1.0904e35
5 7.1985e35 9.5522e35 1.2992e36 1.0354e36 1.0871e36 1.6913e35 1.7614e35 1.8336€35 1.9081e35 1.9848e35
6 1.3336e34 1.9390e34 1.8630e34 1.2496e34 1.8224e34 7.7022¢34 8.0214¢e34 8.3505e34 8.6895e34 9.0388e34
7 1.2064e35 3.3998e35 4.7637e35 3.9925e35 2.6970e35 1.7814e35 1.8552e35 1.9313e35 2.0097e35 2.0905e35
8 2.2275e34 2.7936e34 2.9665e34 3.3475e34 5.1790e34 6.3515e34 6.6147e34 6.8861e34 7.1657e34 7.4537e34
9 4.2799¢35 4.3831e35 4.3763e35 3.8078e35 6.8228e35 2.3176e35 2.4137e35 2.5127e35 2.6147e35 2.7198e35
10 1.5475e35 3.2020e35 3.6329¢35 3.0607e35 4.1003e35 8.3978e34 8.7458e34 9.1046¢34 9.4742e34 9.8551e34
11 8.7565¢34 3.1336e35 9.0399¢34 9.1974e34 1.9093e35 1.6398e35 1.7078e35 1.7779¢35 1.8501e35 1.9244e35
12 1.1707e35 2.1183e35 1.9649¢35 2.4242e35 2.1660e35 1.1526e35 1.2004e35 1.2496e35 1.3004e35 1.3526e35
13 3.4511e34 5.0855e34 5.1732¢34 6.6849¢34 8.3500e34 7.3599¢34 7.6649¢34 7.9794¢34 8.3034¢34 8.6371e34

Freese [32], Parker [39], Kolb & Turner [31], and Freese
& Krasteva [40]. In this paper, we discuss this problem
by considering the RC effect of MMs. Tables 10
(m=10GeV,3=9.4868x1073) and 11 (m=10"GeV,
B=1.00x1073) show the flux of MMs for the four mod-
els I~IIl and V, which correspond to typical asteroseis-
mic correction factor values f,, =0.98,0.99,1.00,1.02
when ng =5.99%10%,1.89x 10*2cm™3. One can see that
the maximum of the monopole flux values are
9.0935x 107 Bem™2s'sr! and 5.8519x 107 ecm™2s~sr™!
in Tables 10 and 11, respectively.

It is very interesting to note that the monopole flux

decreases as np increases from 5.99x 103! to 1.89x
1032cm™3 in Tables 10 and 11. This is not hard to under-
stand according to Eq. (10). Based on our calculations
above from Tables 10, due to the RC effect by MMs, we
obtain new limits on the MM flux of & <9.0935x
107Bem™2s7!sr! and £ <9.1340x 10~ #cm™2s~!sr™! when
ng =5.99x 103 ecm™ and 1.899x 10*2cm™3, respectively.
In Table 11, the new limits on the MM flux are
£<49950x 107 Bem™2sIsr™! and  £<5.0173x10714
em~2s7'sr™! when ng=5.99%x103" and 1.899x 102, re-
spectively.

Based on the above analysis, we obtain new limits on
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Table 8. The comparisons of the luminosity (L) due to RC effect by MMs with the observed values (L;,q) for the five models I - V
at ng =5.99x 10> ecm™3,m = 10°GeV, o, = 1072 em?,¢ = 10720cm™25~ sr™!, T = 10 (£ = 4.9790 x 10~ Pem2s~1sr71).
our results observations
star
Lin (1) Ly (ID) Ly (I Lin(IV) L (V) Lraa (D) Lrag (I1) Lraa (IIT) Lraa(IV) L (V)
1 2.1852e35 3.5122e35 2.4164e35 4.1959¢35 4.3130e35 1.0318e35 1.0746¢35 1.1187e35 1.1641e35 1.2109¢35
2 6.2165e35 2.0871e36 2.3599¢36 1.6754e36 2.1538e36 2.4869¢35 2.5900e35 2.6962e35 2.8057e35 2.9185e35
3 2.0568e35 2.7585e35 2.7821e35 3.0009¢35 4.1749e35 1.2778e35 1.3308e35 1.3854e35 1.4417e35 1.4996e35
4 5.7189¢35 5.6271e35 7.8593e35 7.6125e35 1.0252e36 9.2913e34 9.6763e34 1.0073e35 1.0482e35 1.0904e35
5 2.2764e36 3.0207e36 4.1083e36 3.2743e36 3.4378e36 1.6913e35 1.7614e35 1.8336e35 1.9081e35 1.9848e35
6 4.2172e34 6.1316e34 5.8913e34 3.9515e34 5.7628e34 7.7022¢34 8.0214¢e34 8.3505e34 8.6895e34 9.0388e34
7 3.8151e35 1.0751e36 1.5064e36 1.2625e36 8.5286e35 1.7814e35 1.8552e35 1.9313e35 2.0097e35 2.0905e35
8 7.0440e34 8.8342¢34 9.3808e34 1.0586€35 1.6377e35 6.3515e34 6.6147¢34 6.8861e34 7.1657e34 7.4537e34
9 1.3534e36 1.3861e36 1.3839¢36 1.2041e36 2.1576e36 2.3176e35 2.4137e35 2.5127e35 2.6147e35 2.7198e35
10 4.8936e35 1.0126e36 1.1488e36 9.6788e35 1.2966e36 8.3978e34 8.7458e34 9.1046e34 9.4742e34 9.8551e34
11 2.7691e35 9.9092¢35 2.8587e35 2.9085e35 6.0377e35 1.6398e35 1.7078e35 1.7779¢35 1.8501e35 1.9244e35
12 3.7022e35 6.6988e35 6.2135e35 7.6659¢35 6.8495e35 1.1526e35 1.2004e35 1.2496e35 1.3004e35 1.3526e35
13 1.0913e35 1.6082e35 1.6359¢35 2.1140e35 2.6405e35 7.3599¢34 7.6649¢34 7.9794¢34 8.3034¢34 8.6371e34
Table 9. The comparisons of the scale factor k; (i = (1-35) indexes models [-V), which is the ratio of our results (L,,) due to RC ef-
fect by MMs to the observed luminosities (Ly,q) for the five models I-V from Tables 7 and 8.
Table 7 Table 8
star
ki ky k3 k4 ks ki k> k3 ks ks
1 0.66973 1.0336 0.68309 1.1398 1.1264 2.1179 3.2685 2.1601 3.6045 3.5619
2 0.79048 2.5483 2.7678 1.8883 2.3338 2.4997 8.0585 8.7527 5.9714 7.3801
3 0.5090 0.6555 0.6350 0.6582 0.8804 1.6096 2.0728 2.0082 2.0815 2.7840
4 1.9464 1.8390 2.4673 2.2965 2.9733 6.1551 5.8153 7.8022 7.2623 9.4024
5 4.2562 5.4231 7.0851 5.4264 5.4772 13.459 17.149 22.405 17.160 17.321
6 0.1731 0.2417 0.2231 0.1438 0.2016 0.54753 0.7644 0.7055 0.4547 0.6376
7 0.6773 1.8326 2.4666 1.9866 1.2901 2.1416 5.7951 7.8000 6.2821 4.0797
8 0.3507 0.42233 0.4308 0.4672 0.6948 1.1090 1.3355 1.3623 1.4773 2.1972
9 1.8467 1.8159 1.7417 1.4563 2.5085 5.8396 5.7425 5.5076 4.6052 7.9327
10 1.8427 3.6612 3.9902 3.2306 4.1606 5.8273 11.578 12.618 10.216 13.157
11 0.5340 1.8348 0.5085 0.4971 0.9922 1.6886 5.8023 1.6079 1.5721 3.1374
12 1.0157 1.7647 1.5724 1.8642 1.6013 3.2120 5.5806 4.9723 5.8952 5.0638
13 0.4689 0.6635 0.6483 0.8051 0.9668 1.4828 2.0981 2.0502 2.5459 3.0572

the MM flux of £<9.0935x10 " cm™2s!'sr™!, and
£<4.9950x 107 Bem™2s7Isr! at g =5.99x103cm™3
when m=10GeV,5=9.4868x 1073, and m = 10""GeV,
B =1073, respectively. When we estimate the number of
MMs captured, the MM luminosity and the limit of the
MM flux, as samples, we consider the 13 RGB stars in
our MM model for the following reasons. First, WDs ori-
ginate from RGB stars. Second, compared with WDs,
RGB stars have a very large surface area. According to
Eq. (10), we expect RGB phases to capture more MMs

during their evolution period. Third, since the MM is a
superheavy particle, when MMs are captured by an RGB,
they will be deposited in the star core. If all MMs cap-
tured by RGBs remain, their number will be much larger
than that of those captured by WDs. Thus, the number of
MMs calculated inside an WD will be more accurate than
for MMs captured only during the WD phase. For ex-
ample, Freese et al. [51] showed that if the MMs cap-
tured by stars in the main sequence stage all survive, the
MM flow due to neutron star catalysis can be
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Table 10.

1.00, 1.01, 1.02) when m = 10'3GeV,8 = 9.4868 x 107>, ng = 5.99 x 10!, 1.89 x 1032cm 3.

The flux of MMs for the five models I-V (corresponding to typical asteroseismic correction factor values f, = 0.98, 0.99,

ng=599x103cm™3

ng =1.89%x1032cm™3

star

&an &1In &) &) &v) an &un &I &auav) av)
1 2.3509e-13  1.5233e-13  2.3050e-13  1.3813e-13  1.3978e-13 2.3614e-14  1.5301e-14  2.3152e-14  1.3875e-14  1.4041e-14
2 1.9918e-13  6.1786e-14  5.6885e-14  8.3380e-14  6.7465e-14 2.0007e-14  6.2061e-15  5.7139e-15  8.3752e-15  6.7765e-15
3 3.0933e-13  2.4021e-13  2.4794e-13  2.3920e-13  1.7884e-13 3.1070e-14  2.4128e-14  2.4904e-14  2.4026e-14  1.7964e-14
4 8.0892e-14  8.5618e-14  6.3815e-14  6.8559¢-14  5.2954e-14 8.1252e-15  8.5999¢-15  6.4099e-15  6.8865e-15  5.3190e-15
5 3.6993e-14  2.9033e-14  2.2223e-14  2.9015e-14  2.8746e-14 3.7157e-15  2.9162e-15  2.2322e-15 2.9145e-15  2.8874e-15
6 9.0935e-13  6.5135e-13  7.0573e-13  6.0949¢-13  7.8094e-13 9.1340e-14  6.5425e-14  7.0887e-14  7.0998e-14  7.8442e-14
7 2.3248e-13  8.5916e-14  6.3833e-14  7.9257e-14  1.2204e-13 2.3352e-14  8.6299¢-15  6.4117e-15  7.9610e-15  1.2259e-14
8 4.4895e-13  3.728le-13  3.6549¢-13  3.3703e-13  2.2661e-13 4.5095e-14  3.7447e-14  3.671le-14  3.3854e-14 2.276le-14
9 8.5262e-14  8.6703e-14  9.0402e-14  1.0812e-13  6.2765e-14 8.5642e-15  8.7090e-15  9.0804e-15  1.0860e-14  6.3044e-15
10 8.5442e-14  4.3005e-14  3.9459¢-14  4.8737e-14  3.7843e-14 8.5823e-15  4.3196e-15  3.9635e-15  4.8954e-15  3.801le-15
11 2.9486e-13  8.5810e-14  3.0965e-13  3.1671e-13  1.5870e-13 2.9617e-14  8.6192e-15  3.1103e-14  3.1812e-14  1.5940e-14
12 1.5501e-13  8.9220e-14  1.0013e-13  8.4458e-14  9.8324e-14 1.5570e-14  8.9617e-15  1.0058e-14  8.4834e-15  9.8762e-15
13 3.3578e-13  2.373le-13  2.4285e-13  1.9557e-13  1.6286e-13 3.3727e-14  2.3837e-14  2.4394e-14  1.9644e-14  1.6359e-14

Table 11.

1.00, 1.01, 1.02) when m = 10"7GeV,8=1.0x 107,15 = 5.99 x 10!, 1.89 x 1032cm™3.,

The flux of MMs for the five models I-V (corresponding to typical asteroseismic correction factor values f, = 0.98, 0.99,

ng =5.99x 103 cm™3

ng = 1.89x10%2c¢m™3

star

&) & &y &) Q) & &an &y &) &)
I 1530213 9.8450e-14 14791e-13  8.8011e-14 8.8428c-14  1.5370c-14  9.8889e-15  1.4857c-14  8.8403¢-15  8.8822¢-15
2 1.3438¢-13  4.1410c-14  3.7874e-14  5.5146e-14  44323c-14  13498c-14  4.1595¢-15  3.8042¢-15  5.5391e-15  4.4520¢-15
3 1.9655e-13  1.5150e-13  1.5522¢-13  14864e-13  1.1031e-13  19742¢-14  1.5218e-14  1.5591e-14  1.4930e-14  1.1080e-14
4 55723c-14  5.8607c-14 4.3406c-14  4.6336e-14  3.556lc-14  5.5971e-15  5.8868¢-15  43599e-15  4.6543¢-15  3.5720e-15
5 2679814 2.0914e-14  1.5918e-14  2.0667c-14  2.0359e-14  2.6918¢-15  2.1008¢-15  1.5989¢-15  2.0759e-15  2.0450e-15
6 49950e-13  3.5454c-13  3.8064c-13  5.8519e-13 4135913 5.0173¢-14  3.5612¢-14  3.8234c-14  5.8779%-14  4.1543¢-14
7 15209e-13  55812¢-14  4.1175¢-14  5.0764e-14  7.7618e-14  1.5276e-14  5.6060e-15  4.1359¢-15  5.0990e-15  7.7963¢-15
8 2.5870e-13  2.1299¢-13  2.0702¢-13  1.8927¢-13  1.2617¢-13  2.5985¢-14  2.1394e-14  2.079%c-14  1.9011e-14  1.2673c-14
9 6.142le-14 62105c-14  64385¢-14  7.656le-14  44190e-14  6.1695¢-15  62382e-15  6.4672¢-15  7.6902e-15  4.4387¢-15
10 5.8850e-14 2.9433c-14  2.6835¢-14  32935e-14  2.5410c-14  59112e-15  2.9564c-15  2.6955¢-15  3.3081e-15  2.5523¢-15
11 19284e-13  55727e-14  19968e-13  2.0279¢-13  1.0090e-13  1.9370c-14  5.5975¢-15  2.0057e-14  2.0370e-14  1.0135¢-14
12 9.874le-14 5.6415e-14  6.2849¢-14  52620e-14  6.0805¢-14  9.918le-15  5.6666e-15 63129¢-15  5.2854c-15  6.1076¢-15
13 1.9890e-13  13942¢-13  1.4150e-13  1.1301e-13  9.3331c-14  1.9979%-14  1.400de-14  1.4213¢-14  1.1351e-14  9.3746¢-15

strengthened by up to 7 orders of magnitude. Finally,  ergy generation rate of 10%*—10%ergss™!, which is

based on Schwarzschid [52], the nuclear energy genera-
tion rates of the proton-proton and CNO cycle are
€p ~ 10p100THerg g7's™ and ecno ~ 8p10oT%erg g™ !s™!, re-
spectively (where T; =T/10’K is the temperature, and
p100 = p/100 is the density). Based on the discussions fof
Bjork et al. [53], we may select the mass of the outer lay-
er of the RGB as being from 0.005 ~ 0.02M, (the main
component is hydrogen). Thus, when T7T7;=0.1-1,
P10 ~ 107, and we obtain a proton-proton nuclear en-

< L, =10**-10%ergs s™! in our calculations. Based on
the above analysis, and the fact that RGB stars are the
origins of WDs, we therefore have Ly, ~ L.

One can also conclude that with the increasing num-
ber of MMs captured, the luminosity due to the RC ef-
fect by MMs increases linearly with time until it be-
comes the main contribution to the total luminosity. One
can even observe that for some of the oldest white
dwarfs, the luminosity may have passed its minimum and
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some reheating may have occurred.

It may be suggested that the annihilation of magnetic
and antimagnetic monopoles could result in a significant
reduction in the number of monopoles and the catalytic
luminosity of the monopoles in the WDs. Dicus et al.
[54] calculated the annihilation cross sections of magnet-
ic monopoles and antimonopoles caused by two-body and
three-body recombination. Their results show that this
kind of annihilation has little effect on the flux and lu-
minosity of the monopole. On the other hand, some WDs
may have magnetic fields of up to 10°G according to ob-
servations. The forces generated by the magnetic field in-
side the white dwarf must balance the gravitational and
Coulomb interactions.The magnetic field may keep the
monopole and antimonopole distributions far enough
apart for annihilation to be negligible.

On the other hand, neutrino emission in WDs is a
very interesting issue. Based on the discussions of
Althaus et al. [55], when WD is very hot, neutrino emis-
sions could be a major source of cooling. However, based
on the relatively low temperature environment of WDs
(e.g., Te = 1,10 in our paper) we discussed the heating re-
source problem with our MMs model. The neutrino pro-
cesses inside WDs at such low temperatures (e.g., T = 1)
may not be the main cooling process (see discussions by
Itoh et al. [56]). On the other hand, Izawa [57] also dis-
cussed the neutrinos emitted according to Egs. (23), (24)
in his paper and calculated the neutrino emitted per one
nucleon decay at low and high energy components, find-
ing that these neutrino losses did not affect the structure
or evolution of Rubakov stars because the energy lost
through the neutrino emission is smaller than 100 MeV
per one nucleon decayn although about two neutrinos are
emitted furing the decay of one nucleon.

According to the above analysis, one can see that
MMs pass through space to be captured by WDs. MMs

trapped inside a WD can catalyze the decay of nuclei,
which can function as an energy source to keep the WDs
hot.

V. CONCLUSIONS AND OUTLOOKS

We have presented five MMs models of WD energy
resources to discuss their cooling based on certain obser-
vations of 13 RGB stars. We find that the number of
MMs captured can reach a maximum value of
9.1223x 10?* when m =107 GeV, ng =5.99x10°! cm™3,
¢ =759%x10"2 cm~2s7'sr™!. The good agreement with
observations of our luminosities due to the RC effect by
MM s calculated for WDs shows that our model is reason-
able. We conclude that the energy source of WDs may be
the RC effect. Due to the RC effect by MMs, we obtain a
new limit of MM flux of £ <9.0935x 10713 cm™2s!sr™!
and £ <4.9950x 10713 cm™2s7'sr™! at ng = 5.99 x 10T em ™3
when m =10GeV, 8 =9.4868x 1073, and m = 10""GeV,
B =1073, respectively.

In this paper, the main highlights may be given as fol-
lows. First, we created detailed estimates of the cooling
ages of 13 RGB stars using the packages BASTA [42],
isochrones [43], isoclassify [44], PARAM [45,46], and
scaling-giants [47]. Second, we proposes five new mod-
els to discuss the energy resources and the cooling of
WDs and compare the luminosities with observations for
13 RGB stars due to the RC effect. Finally, the new limit
of the MM flux is obtained based on our models.

As is widely known, research on MMs haa always
been a hot frontier topic in the fields of nuclear physics
and astrophysics. The search for MMs remians a difficult
and challenging problem, and the flux of magnetic mono-
poles in the universe remains uncertain. The neutrino
emissivity rates due to the RC effect also may play a key
role in the process of WD and neutron star evolution.
These challenging problem will be our future issues.
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