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ABSTRACT

We revisit the evolution of low-mass close binary systems under different magnetic braking (MB) prescriptions. We study
binaries with a neutron star accretor. During mass transfer episodes, these systems emit X-rays and are known as Low Mass
X-ray Binaries (LMXBs). When mass transfer stops, they can be observed as binary pulsars. Additionally, some of these systems
can experience mass transfer while having orbital periods of less than 1 hr, thus evolving into ultracompact X-ray binaries
(UCXBs). The evolution of LMXBs depends on their capability to lose angular momentum and maintain stable mass transfer.
Among the angular momentum loss mechanisms, MB is one important, and still uncertain phenomenon. The standard MB
prescription faces some problems when calculating LMXB evolution, leading to, e.g., a fine-tuning problem in the formation
of UCXBs. Recent studies proposed new MB prescriptions, yielding diverse outcomes. Here, we investigate the effects of three
novel MB prescriptions on the evolution of LMXBs using our stellar code. We found that all MB prescriptions considered allow
the formation of binaries with orbital periods spanning from less than one hour to more than tens of days. Remarkably, our
results enable the occurrence of wide systems even for the MB law that causes the strongest angular momentum losses and very
high mass transfer rates. We found that models computed with the strongest MB prescription reach the UCXB state starting
from a wider initial orbital period interval. Finally, we discuss and compare our results with observations and previous studies
performed on this topic.

Key words: binaries (including multiple): close — stars: evolution — pulsars: general

1 INTRODUCTION

Low-mass X-ray binaries (LMXBs) are systems composed of a low-
mass donor star that transfers mass to a compact star, either a neutron
star (NS) or a black hole, via Roche-lobe overflow (RLOF) (see
Verbunt 1993; Tauris & Van Den Heuvel 2010 for a review). A few
hundred LMXBs were detected in our galaxy (Liu et al. 2007) and
in external galaxies (Jeltema et al. 2003; Humphrey & Buote 2008;
Wang et al. 2016). Here we study the case of LMXBs with NS
acretors.

If the orbit is not too wide, the donor star fills its Roche Lobe and
transfers mass and angular momentum to the NS, making it spin up in
a process known as “recycling”. When mass transfer ceases, the sys-
tem can be observed as a binary pulsar (BP) (Bhattacharya & van den
Heuvel 1991; Tauris & Van Den Heuvel 2010). The companion star
is then typically a Helium White Dwarf (He WD), a Carbon-Oxygen
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White Dwarf (CO WD), or a low-mass dwarf, depending on the ini-
tial orbital period and mass of the donor (Tauris 2011; Roberts 2013;
Chen et al. 2013). Evolutionary paths from LMXBs to BPs with
He WD companions have been broadly studied (Tauris & Savonije
1999; Podsiadlowski et al. 2002; Istrate et al. 2014). Additionally, bi-
nary millisecond pulsars (BMPs) with Extremely Low-Mass (ELM)
WDs (Mwp < 0.20 M) and short orbital periods (Po, =~ 2 -9
hr) can start mass transfer once again, evolving into Ultra-Compact
X-ray Binaries (UCXBs). Studying the efficiency of the MB laws on
the production of UCXBs and BMPs with ELM WDs is interesting,
as these objects are candidates to be gravitational wave sources. They
could be detected in the mHz frequency band by different missions,
e.g. LISA (Amaro-Seoane et al. 2017), TianQin (Luo et al. 2016),
and Taiji (Ruan et al. 2018).

There are many angular momentum loss mechanisms acting on the
evolution of these binaries. Usually, the most considered are mag-
netic braking (MB), gravitational radiation, and mass loss. Among
all these, MB is particularly uncertain. The most used MB law among
the simulations of low-mass binaries is that derived by Verbunt &
Zwaan (1981); Rappaport et al. (1983), which is based on the em-
pirical Skumanich law (Skumanich 1972). In this law, the angular
momentum loss Jyp scales with the donor mass M,, the donor
radius R, and angular velocity w,. It was built to describe main-
sequence stars comparable to our Sun. Nevertheless, as Van et al.
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(2019) pointed out, another kind of donor may have an increased
mass loss rate with the stellar wind and a magnetic field strength that
does not scale directly with the angular velocity of the star. In any
case, these may play a role in the MB prescriptions (Mestel 1968;
Mestel & Spruit 1987; Kawaler 1988).

The prescription based on the Skumanich law faces some prob-
lems when calculating LMXBs evolution. Notably, the orbital period
distribution of BMPs descending from LMXBs disagrees with ob-
servations, especially for periods between 0.1 and 10 d (Pfahl et al.
2003; Istrate et al. 2014; Shao & Li 2015): the number of objects
observed in this orbital period range is far higher than theoretical ex-
pectations. Besides, the mass accretion rate inferred by observations
is about one order of magnitude higher than those calculated using
this law (Podsiadlowski et al. 2002; Pfahl et al. 2003; Shao & Li
2015; Pavlovskii & Ivanova 2016; Van et al. 2019). Furthermore, it
was also found that UCXBs are very difficult to reproduce under this
MB law: only systems within a very narrow range of initial orbital
period and donor mass can evolve into UCXBs (fine-tuning prob-
lem) (van der Sluys et al. 2005a; van der Sluys et al. 2005b; Istrate
et al. 2014; Echeveste et al. 2019). In addition, there is a fine-tuning
problem in the formation of BMSPs with ELM WDs descending
form LMXBs (van der Sluys et al. 2005a; van der Sluys et al. 2005b;
Istrate et al. 2014).

Motivated by the points mentioned above, Van et al. (2019) inves-
tigated modifications to the Skumanich law and studied their impli-
cations in the mass accretion rate problem. They presented three new
prescriptions for MB, named Convection-boosted (MB2), Interme-
diate (MB3), and Wind-boosted (MB4). These prescriptions include
scaling of the magnetic field strength with the convective turnover
time and the wind mass-loss rate. In that work, they also argue that the
MB4 prescription may need additional effects to dampen the angular
momentum loss since it results in mass transfer rates that exceed
1 M®yr‘1. Later, Van & Ivanova (2019) presented a fifth MB pre-
scription, named Convection And Rotation-Boosted (CARB MB).
This is obtained through a self-consistent deduction that includes the
effect of the stellar rotation on the Alfveén radius and the magnetic
field dependence on the convective turnover time.

According to Van & Ivanova (2019), all LMXBs of interest can
be reproduced under the MB3 prescription when matching three
observed parameters (e.g., orbital period, mass transfer rate [hereafter
MTR], and mass ratio). Nevertheless, if the effective temperature is
also considered, they could no longer reproduce the system Sco X-
1 with this MB law. Alternatively, when CARB MB is used, they
notice that all persistent LMXBs can be reproduced. Therefore, they
recommend its use instead of the Skumanich MB to model galactic
and extragalactic LMXBs with NSs.

This paper aims to explore the effects of the Skumanich,
Convection-boosted, Intermediate, and Convection and Rotation-
boosted MB prescriptions on the evolution of LMXBs in a global
way. Additionally, we focus on the capability of these prescriptions
in producing ELM WDs BMPs, and UCXBs. For such purpose, we
employ our binary stellar evolution code, which is fully independent
of the public domain MESA code (Paxton et al. 2015) that has been
used by other researchers in similar investigations.

The remainder of this paper is organised as follows. In Section 2
we describe the numerical methods and physical assumptions made
up in our code. In Section 3 we present the results obtained from
our simulations and compare them with observations. In Section 4
we compare our results with those obtained in previous studies.
Finally, in Section 5 we summarise our main findings and make
some concluding remarks.
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2 EVOLUTIONARY CODE AND BINARY MODELS

We calculate a set of numerical models with an updated version
of the binary evolutionary code presented in Benvenuto & De Vito
(2003). When the components of the binary system are detached, our
code employs the standard Henyey technique. When the configura-
tion is semi-detached, it incorporates the determination of the MTR
from Roche lobe overflow as an additional variable to be iterated
consistently, as will be described in Subsection 2.1 The treatment of
the mass transfer is included as in, e.g., Podsiadlowski et al. (2002),
by introducing two free parameters: o and . g is the fraction of
mass lost by the donor that may be accreted by the compact object
(M = —M,; hereafter, we adopt label 1 to refer to the compact
object and 2 to the donor star). As standard, we set an upper limit to
M, imposed by the Eddington rate (Mgqq = 2 X 10°8 Mg /y), then
My = min ( — M, Mgqq). If the compact star cannot retain all the
mass transferred by the donor, it is lost from the system carrying away
angular momentum with a rate Jyy. The parameter « is introduced
to describe this loss in units of the specific angular momentum of the
compact component j; as Sy, = (M +M>) j;.Gravitational wave
radiation is described as in Landau & Lifshitz (1975). MB is mod-
eled under different prescriptions (see Subsection 2.2). We consider
spin-orbit coupling in a way similar to that performed in Novarino
etal. (2021) (see Subsection 2.3). Besides, we include the wind mass
loss of the donor following Reimers (1975). Also, we consider the
effect of the binding energy of the NS on the total amount of accreted
matter, calculated as in Bagchi (2011).

2.1 Mass transfer from RLOF

Our code is based on a modification of the Henyey technique pre-
sented in Kippenhahn et al. (1967) to solve the set of difference
equations of stellar evolution together with MTR from RLOF. MTR
is included as an additional variable in the Henyey method and cal-
culated simultaneously with the solution of the equations of stellar
structure. Therefore, MTR is calculated in a self-consistent way: dur-
ing mass transfer episodes, the code finds the MTR in a fully implicit
way employing a single iterative procedure. This type of algorithm
exhibits robust numerical stability, as was previously discussed in
Biining & Ritter (2006). This procedure is different from that em-
ployed by MESA and other researchers (e.g. Podsiadlowski et al. 2002;
Madhusudhan et al. 2008; Lin et al. 2011). They apply a double it-
erative procedure in constructing a stellar model: an MTR value is
estimated and the stellar structure is relaxed for this MTR. Then, with
this new structure, a new MTR is computed and the stellar structure
is relaxed again. This is repeated until consistency is achieved.

We calculate MTR (Mg oF) using either the Ritter (Ritter 1988)
or the Kolb-Ritter (Kolb & Ritter 1990) schemes. Applying one or
the other scheme depends upon the relation between the radius of the
donor star, R, and the equivalent radius! of its Roche Lobe, Ry..

The Ritter scheme is used when Ry < Ry . Then,

Il;z—RL ) ) 1)

p/7(Q)

Here H,, is the pressure scale height at the photosphere of the donor
and
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1 This is the radius of a sphere that has the same volume as the Roche Lobe.



is the MTR of a binary in which the donor star fills exactly its Roche
Lobe. M, and T, are the mass and the effective temperature of the
donor respectively, and ppp and ppp are the mean molecular weight
and density at its photosphere. my is the proton mass, and kg is the
Boltzmann constant. The two fitting functions are

F1(Q)=1.23+0.5logQ, 05<0<x10 3)
and

) = 0.954 +0.025log @ — 0.038(log 0)? 0.04 < Q < 1 @
7 ~10.954 +0.03910g @ - 0.114(log 0)® 1< 0 < 20,
where Q = M/ M.

The Kolb-Ritter scheme is used when R, > Ry . Then,
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Mriop = — Mo - 27F) (Q) —L&—

RLOF o —2nF1(Q) GM, -
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Here I'y is the first adiabatic exponent, and Py and PRy are the
pressure values at the photosphere and at the Ry, value of the radius,
respectively.

2.2 Magnetic braking

The orbital angular momentum loss due to MB is modeled after the
prescriptions given by Van et al. (2019) (hereafter Van19) and Van
& Ivanova (2019). The prescriptions in Vanl9 are defined by the
expression:

dIve _ dJMB.sk ( wy )'B ( Teonv )‘f ( M ind )" ©

dt dt wo To,conv M@,Wi[‘ld

where dJyp sk /dt is the MB law derived by Rappaport et al. (1983):

dJ R Ymb
MBSk _ 3¢ 10‘30M2Ré(—2) w3 dyn cm, 0
dr Ro

yMmB = 4 corresponds to the standard Skumanich law (Verbunt &
Zwaan 1981) and w is the angular velocity of the donor star. In this
work, we use wg = 3 X 1076 71, To,conv = 1.537 x 10° % and
Mo, wind = 2.54 x 10714 Mg yr~! (Carroll & Ostlie 2006).

According to Vanl9, 8, &, and a in Eq. (6) can take different
values, resulting in four MB laws with different strengths:

(0,0,0) MBO - standard MB

(0,2,0) MB2 - convection-boosted MB
(B, €, a) = . . ®)
(0,2,1) MB3 - intermediate MB

(2,4,1) MB4 - wind-boosted MB

Short after presenting these MB prescriptions, Van & Ivanova
(2019) proposed another expression called Convection And Rotation

2 We have found this value by detailed modeling of the Sun employing our
stellar code. In this way, we handle the different MB laws consistently, which
is of key relevance for our simulations. In the literature (e.g., Van19) it has
been given a value of 75 cony = 2.8 X 100 s.
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Boosted (CARB MB) that, according to them, better agrees with all
well-observed systems:

dJCARB MB 213 ,14/3, 2 202 12y =2/3
= 3Mawing®y T ese +203R;/K3) !
11/3 8/3 ©)
8/3(w2) ( Teony )
X woBy (== e
we To,conv

where vgsc = 2G M> /R, is the surface escape velocity,and Bo = 1 G.
K7 =0.07is a constant obtained from a grid of simulations by Réville
et al. (2015) that sets the limit where the rotation rate begins to play
a significant role.

Let us remark that, for the MB to operate on the donor star it is
necessary the presence of an outer convective zone (OCZ). In our
code, we assume that MB fully acts if Mocz/M, > 1072, where
Moz is the mass of the OCZ (Podsiadlowski et al. 2002).

For the eddy turnover timescale, we use the expression given in
Hurley et al. (2002):

_ Meny | ( Renv(Ry = Renv/2) \ (Lo 13
Teony _0.2989[( e )( 2 )| ¥ (10)

where Reny and Meny are the depth and mass of the convective
envelope of the donor star respectively, and L, is its luminosity.

2.3 Tides

We included the effects of tides to relax the standard instantaneous
synchronisation assumption. To do so, we proceed as follows. In the
first model of a simulation, we assume the donor is synchronised with
the orbit. From then on, we introduce MB acting on the rotation of
the donor, which is coupled to the orbit of the system by tides. This
spin-orbit coupling is considered only during detached states; on the
contrary, if the system is undergoing a RLOF episode, we assume
instantaneous synchronisation.

We consider the spin-orbit coupling following Repetto & Nele-
mans (2014). In this work, we assume circular orbits and coplanarity;
accordingly, the set of differential equations we solve reduces to

da _ K Ry 8 wy da

s R R [ (%), v
dwy (K q2 Ry 6 wy dwy

o —3(;);(;) 9[1 ‘a] *(W)mb’ 12

where a and € are the semi-major axes and the mean angular velocity
of the orbit respectively, g = 1/Q, and k is the radius of gyration of the
donor star, which describes its moment of inertia [ as I = kzMzRg.
(da/dt)gw is due to gravitational wave radiation. (K/7) is the tidal
timescale, which strongly depends on the structure of the star. We use
different prescriptions during the evolution of the donor, following
the expressions given in Hurley et al. (2002):

2 FCO"V Menv _1
2 Teon My Y
MR
(—) =11.9782 x 104%(1 +¢)30E, yr!

2.564 x ]0_8k2(AL/1_22)5/7 yr-1

convective envelope

radiative envelope

white dwarf
(13)

Feony is the fraction of the convective cells which contribute to
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e _ : Py 1 _ 1 1
the damping: Feony = mm[l, (ZTCIZL)]’ P = |1,,0rb b v

Ey = 1.592 x 1072 M3-8% (Zahn 1975).

The last term in Eq. (12) changes according to the considered MB
prescription (MBO, MB2, MB3, or CARB MB).

and

2.4 Stellar wind

For modeling the stellar wind, we use the expression from Reimers
(1975):

. _ Ry Ly \ (M _
Mj wing =4 x 10 1377(%)(%)(%)”’@ yr !, (14)

where 7 = 1 is the efficiency of wind loss.

2.5 Binary models

For all the models presented in this paper, we consider donor and
neutron stars of 1.25M and 1.3 M respectively. We use a metallicity
value Z = 0.0139 (Asplund et al. 2021) and have carefully tuned the
hydrogen abundance and the mixing length parameter to reproduce
the present Sun. This results in a,,,;; = [/Hp = 1.55, where [ is the
mixing length, and a hydrogen abundance of X = 0.7238. We start
our simulations assuming the donor star is on the Zero Age Main of
Sequence (ZAMS). We neglect overshooting. The orbital evolution
is calculated assuming @ = 1 and S = 1. Therefore, if the donor
star transfers mass at a rate lower than Mgqq, the system evolves in
conservative conditions.

The sequences are computed up to an age of 14000 Myr, or until
the donor star reaches a very low luminosity (L, < 1077 Lg), or a
very low mass (M, < 0.015 My). We also stop the calculations if
the MTR reaches the value of 10™2 Mg yr~1. Higher rates cannot be
considered under the physics included in our code. Very high MTR
corresponds to the regime described by Eq. (5). Kolb & Ritter (1990)
considered this treatment as plausible for a donor star that overfills
its Roche lobe up to (R, — R.)/Hp =~ 10, which in our models
provide MTR values of the order of the limiting rate quoted above.
It is expected that even stronger MTRs lead to the formation of a
common envelope. This process is beyond the scope of this paper.

We constructed sequences under the Skumanich (MBO),
Convection-boosted (MB2), Intermediate (MB3), and Convection
And Rotation-Boosted (CARB MB) prescriptions. The initial or-
bital period P, ; extends from 0.5 to 328.42 d for MB3; from
0.5 to 738.94 d for MBO; and from 0.5 to 1108.41 d for MB2 and
CARB MB. In the main set of models, the initial orbital period step is
0.176 in log((Porp,i)- To study the formation of UCXBs, we refine
the grid of initial orbital periods in the range that leads to this kind
of system (see Sec. 3.1).

3 RESULTS

To explore the differences and similarities in the evolution of the
systems under different MB prescriptions, in Fig. 1 we show the
evolutionary tracks of the donor stars in the Hertzsprung-Russell
diagram (HRD) corresponding to the main set of calculations (see
Sect. 2.5). Each panel shows the evolution under one of the considered
MB prescriptions. The color bar indicates the initial orbital period
value, Py, i, in the simulations. At first glance, we note that the
sequences obtained with MB3 are different from those computed
with the other three prescriptions. One of the main reasons for the
occurrence of this disparity is that MB3 induces stronger angular
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momentum losses, resulting in higher MTR values (see below) which,
for Porpi >328 d exceed the maximum allowed MTR value (see
Sect. 2.5). On the contrary, for the other three MB prescriptions, it is
possible to evolve systems with P, ; considerably larger.

As a consequence of the high MTR suffered by donors evolved un-
der MB3, for a given value of Py, ;, the evolution leads to the forma-
tion of WDs lighter than those obtained under the other prescriptions.
Another remarkable characteristic of the models computed with the
MB3 is the evolution at an almost constant radius at the onset of the
mass transfer episode (see the right upper corner in panel (c), Fig. 1).
This is due to the high value of the mass transfer rate on a very short
timescale (M /M ~ 100y, see Fig. 5, panel c). This scale is too short
for the star to change its radius, while its effective temperature and
luminosity change appreciably.

For systems with the largest Py, ; evolved under MBO, MB2,
and CARB MB, it has been possible for the donor star to grow its
helium core mass above approximately 0.45 Mg, thereby enabling
the occurrence of a helium flash, leading to the formation of a CO
WD (depicted by the black tracks in Fig. 1). Note that the cool-
ing track corresponding to these donors separates from the others.
This behavior arises from the significant discrepancy in the chemical
composition, as donors with shorter initial orbital periods end their
evolution as HE WDs. On the contrary, in the case of MB3, none of
the donors experienced a helium flash, resulting in the formation of
HE WDs in all cases.

Let us explore the effects of changing the MB prescriptions on
the global evolution of these binaries. For this purpose, we select se-
quences corresponding to initial orbital period values of 1.68, 19.22,
97.30, and 328.42 d. Fig. 2 shows the HRD of the selected donors.
Each panel corresponds to a given P, ; value and has four tracks,
plotted with a different line style and color that indicates a specific
MB prescription. The black stars indicate the start of mass transfer
and the red circles its end. As can be noticed from this figure, for the
shortest selected initial orbital period, there is a remarkable disparity
in the results obtained with different MB prescriptions. Specifically,
for models with MBO, the donor evolves undergoing several ther-
monuclear flashes, ending as a HE WD on a Py, ~ 10 d orbit.
Donors under MB2 and CARB do not suffer flashes and end with a
Py, ~ 1 d orbit. Remarkably, the same model under MB3 ends as
a UCXB. On the contrary, as Py, ; increases, systems evolved un-
der MB0O, MB2, and CARB MB become more similar to each other,
while those evolved under MB3 remain different.

Let us discuss the physical reason for this behavior by analyzing
Egs. (6), (8), and (9). MB2 differs from MBO in that the former
considers the factor (Tcopy /To,conv)z. MB3, on the other hand, in-
corporates the same factor as MB2 but also includes a dependence on
the stellar wind mass loss (M2, wind/ Mo, wind)- Finally, CARB MB
has a more complicated dependence on these factors, and because of
this reason, it will be analyzed separately.

Given the dependence of the strength of MBs with 7cony, we stud-
ied the evolution of this quantity using Eq. (10). In Fig. 3 we present
the Tcony corresponding to the same models employed in Fig. 2. The
time interval considered in these plots corresponds to the stages in
which most of the mass is transferred and simultaneously, the OCZ
of the donor star is wide enough to allow MB to act. As can be seen,
for the case of the shortest selected orbital period, Tcony exhibits
different behavior for each MB prescription, directly influencing the
strength of the angular momentum losses. As the initial orbital period
increases, the 7copy values corresponding to the models with MBO,
MB2 and CARB MB become more similar to each other, becoming
indistinguishable for the models with the longest selected Py, ;. For
the case of MB3, 7¢ony differentiates from the other prescriptions at
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Figure 1. Evolutionary tracks of binary systems containing a 1.25 M donor star together with a 1.3 Mg NS. Colors from yellow to black indicate the initial
orbital period, going from the lowest to the largest value. Each panel represents the evolution of a set of models under a particular MB prescription.

intermediate values of Py, j, but exhibits a more similar behavior at
larger Py, ;. In all cases, the corresponding MB3 models undergo
stronger braking due to the effect of the stellar wind as the radius and
luminosity of the donor star increase. This effect is more prominent
in the cases of long Py, ;, where the donor is climbing the red giant
branch. The wind, and then MB3, is more intense, implying greater
angular momentum losses than the other MB prescriptions, leading
to an earlier RLOF (see Egs. 6, and 8 and Fig. 2). Therefore, systems
under MB3 deeply differentiate from the rest of the prescriptions at
all the considered initial orbital periods, even though 7¢ony becomes
similar under all prescriptions at large Py, ;.

The CARB MB prescription has a more complicated expression
(see Eq. 9). To compare it with the standard treatment provided by
MBO, we present the ratio of the strengths of CARB MB to MBO
(Fig. 4) corresponding to the same models employed in Fig. 2. We
show only the portion of the evolution in which the OCZ is thick
enough to allow for the full action of MB on the donor star rotation
(when Mpcz /M, > 0.02). From the inspection of Fig. 4, it is clear
that at short initial orbital periods, the difference between CARB MB
and MBO is pronounced, and it becomes noticeably smaller for long
Porb,; values.

Let us now discuss the reason for the similarity of the tracks com-
puted with MBO, MB2, and CARB MB in the case of long initial
orbital periods. The orbital angular momentum of these systems is
proportional to a'? or, equivalently, to P[])r/s . Magnetic braking acts
on the donor star and has no direct dependence on the orbital period,
but couples to the orbital motion by tidal interactions (see Eq. 12).
Therefore, the longer the orbital period, the less significant the angu-
lar momentum loss due to MB. Thus, the differences in the strength of
MBO0, MB2, and CARB MB are proportionally less important. This
naturally leads to the occurrence of very similar tracks for these three
prescriptions. In the case of MB3, the dependence on the stellar wind
is significant enough to cause the models under this prescription to
differentiate from the other MBs, even at large orbital periods.

In Fig. 5, we present the results of the simulations depicted in
Fig. 1, now in the donor star mass versus orbital period plane, to-
gether with the masses of pulsar companions taken from the ATNF
Pulsar Catalogue3 (Manchester et al. 2005). The color bar denotes
the logarithm of the MTR in the simulations. As we can appreciate
from this figure, as Py ; increases, so does the MTR. This effect

3 http://www.atnf.csiro.au/research/pulsar/psrcat
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Table 1. NS final mass (M) considering different MB prescriptions and
initial orbital periods.

Pyi MBO MB2 MB3 CARBMB

1.68 2.086 1.984 1.682 1.905

19.22 1.614 1.686 1.329 1.724
97.30 1.364 1371  1.305 1.367
32842 1319 1320 1.301 1.319

is a direct consequence of the structure of the donor at the onset of
the RLOF episode. The larger the value of Py ;, the more evolved
the donor star and the shorter the evolutionary timescale, leading to
a larger MTR.

It is evident from Fig. 5 that MB3 yields MTR values at least
one order of magnitude higher than the other MB prescriptions.
Consequently, we obtain lighter donors. On the other hand, these
MTR values greatly exceed the value that the NS can accrete (the
Eddington critical rate, see Sec.2), resulting in less massive NSs
compared to the other MB prescriptions, as detailed in Table 1.

Examining Fig. 5, it can be seen that there is a region around
Py = 1 d, occupied by many observed systems which in the case
of MB0O models is reachable only by fine-tuning in Py, ;. Then,
MBO models predict a much scarcer population in contradiction
with observations. This problem is partially mitigated with MB2,
even more reduced with CARB MB, and disappears with MB3.
However, models with MB3 do not reach final periods larger than
55 d, while many observed systems are located well above this value.
Models evolved with the other three prescriptions do not present this
difficulty. Although this may be interpreted as a serious drawback
for MB3, we remind the reader that in this work we study models
with only one initial donor mass value. For more massive donors,
the OCZ should be thinner and MB less effective. Therefore, these
donors should be able to fill this orbital period region unreached by
the models presented in this paper.

As depicted in Fig. 5, there are several MSPs located within a re-
gion where the simulations undergo mass transfer. A promising phe-
nomenon for modeling these systems could be irradiation feedback
(Hameury et al. 1993, Biining & Ritter 2004). Irradiation feedback
occurs when the donor star transfers mass onto the NS. The trans-
ferred matter emits X-ray radiation that illuminates the donor. If this
star has an outer convective zone, its structure is unable to sustain
the RLOF and the system becomes detached. Then, nuclear evolution
may lead the donor to experience an RLOF again, leading to multiple
mass transfer pulses in the system (see, e.g., Benvenuto et al. 2014).
Irradiated systems can be detected as X-ray sources during RLOF
states, or as MSPs once the mass transfer ceases. Including irradia-
tion feedback in the models studied in the present paper should be
relevant.

3.1 Formation of UCXBs

As mentioned in Section 1, the formation of UCXBs under the MBO
prescription requires fine-tuning of the initial orbital period. Here,
we aim to assess the capacity of MB2, MB3, and CARB MB mod-
els in mitigating this difficulty. Specifically, we seek systems that
reach orbital period values within the range of Py = 2-9 h as de-
tached systems, for which donor stars become fully convective (MB
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is no longer acting), and subsequent orbital shrinkage occurs due to
gravitational radiation. As a consequence of the orbital contraction,
the donors may overflow their Roche lobes, initiating mass transfer
once again. This leads to a significant reduction in the orbital period,
i.e., Posy < 1 hour, thus reaching the UCXB state. We will refer
to this UCXB formation mechanism as channel 1. Additionally, the
UCXB state can also be reached by systems that suffer a continuous,
long-standing mass transfer episode, while its orbital period falls
monotonically. Since the donor stars do not detach from their Roche
lobe, the systems cannot be observed as binary pulsars. This UCXB
formation mechanism constitutes the channel 2.

In Fig. 6 we show the evolution of selected systems that reach the
UCXB state throughout the channels mentioned above. The black
stars in the figure indicate the start of mass transfer, and the red
circles its end. We found that the range of orbital periods leading to
the formation of BPs with Py = 2-9 h and UCXBs depends on the
MB prescription considered:

o Formation of ELM WDs BMPs with Py = 2-9 h:

— MBO: none

— MB2:0.45 <Py ; <0.55d, and Py, ; = 0.90d
MB3:0.45 <Py ; <0.6dand 1.07 < Py, ; <2.52d

— CARBMB: 0.45 <Py i <0.6dand 0.9 <Pyyp; <1.0d

e Formation of UCXBs:

— MBO0:0.6d < Py, ; < 0.8d (channel 2)

— MB2:0.55d < Py, ; < 0.85d (channels I and 2)

— MB3:0.6d < Py, <2.29d (channels 1 and 2)

— CARBMB: 0.7d < Py i < 0.9 d (channels 1 and 2)

Overall, when studying the formation of UCXBs, the choice of
a MB prescription is of key relevance. If MBO and CARB MB are
considered, the range of Py, ; that give rise to UCXBs is only 0.2 d,
while for MB2 it is 0.3 d. However, MB3 prescription provides a
window of initial orbital periods one order of magnitude wider than
the other MBs (1.69 d). These results can be interpreted as evidence
that at short Py, ;, a strong MB is necessary to account for the
existence of UCXBs.

4 COMPARISON WITH THE RESULTS AVAILABLE IN
THE LITERATURE

Various studies have been published to investigate the evolution of
LMXBs and the formation of BPs, employing some of the novel
MB prescriptions introduced in Van19 and Van & Ivanova (2019).
Romero & Istrate (2019) (hereafter Romero19) and Chen et al. (2021)
(hereafter Chen21) studied the effects of MB0O, MB2 and MB3;
Deng et al. (2021) (hereafter Deng21) analysed the MBO, MB2,
and CARB MB; and Soethe & Kepler (2021) (hereafter Soethe21)
studied the CARB MB. They use the stellar evolution code MESA.
Their results shed light on the topic, showing that the evolutionary
paths of LMXBs are very dependent on the MB law. However, these
models present differences between them.

As explicitly stated by Chen 21, the Intermediate MB prescription
(MB3) has led to a variety of results. On one hand, Van19 were able
to calculate sequences with Py, ; up to ~ 400 d, and found extremely
high MTR values (=~ 1072 Mo yr~ 1. Besides, they found all systems
with low-mass donors end with P, smaller than the initial value. On
the other hand, Chen21 calculated the evolution of systems with P, ;
up to ~ 25 d. They stopped the calculations since MTR reaches values
up to ~ 10~4 Mg yr‘l. They argue this large MTR value would lead
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Figure 6. Temporal evolution of the orbital period of selected systems. Black stars indicate the start of mass transfer, and red circles its end. The horizontal
light-blue band limits the region of orbital periods between 2 and 9 h. The horizontal black dashed line corresponds to 1 h. The vertical grey dashed line

represents the age of the Universe.

the system to a common envelope phase. Furthermore, they found
similar results for different values of the initial donor star mass. As
a consequence, they judged it is not possible to account for wide-
orbit binaries, so they concluded MB3 is not viable as a universal
MB law. On the contrary, Romero19 calculated the evolution of low-
mass binaries with Py, ; up to = 120 d. Unlike Van19, they found all
systems with Py, ; 2 25 d end their evolution with Py, > Por, i, SO
they can also reproduce wide-orbit binaries. Chen21 and Romero19
found that the fine-tuning problem in producing UCXBs mitigates
with this MB prescription.

The discrepancies among the results presented in Vanl9,
Romero19, and Chen21 have been one of the motivations for per-
forming the present study. Considering that our code is entirely inde-
pendent of the one employed in the referred papers, we judge it is a
good tool to disentangle this paradoxical situation by making careful
comparisons between our and their results.

As already discussed in Section 3, systems under MB3 suffer MTR
as high as 10™* Mg yr~! when Porb,i 2 19d, and MTR is even higher

for larger values of Py, ;, reaching values < 1072 Mo yr~!. When
comparing with Van19 and Romero21, who have both calculated

systems with larger Py, ; than Chen21, we find that our results are
in agreement (disagreement) with Van19 (Romero21), since all our
simulated systems under MB3 shrink. Besides, we found MTR values
compatible with Van19 (see Fig. 4 in their publication). Concerning
UCXB formation, the mitigation of the fine-tuning problem we found
agrees with Romero21 and Chen21.

Regarding the MBO and MB2 prescriptions, our results generally
agree with those given in Vanl19. Specifically, from the inspection
of Fig. 2 (for MBO) and Fig. 3 (for MB2) in their publication, we
notice that the MTR in our simulations reaches values consistent
with theirs. Upon closer inspection of the upper-right corner in these
figures, it becomes apparent that the region around the bifurcation
period Pbif4, which is ~ 1 d, is more densely populated by tracks in
the MB2 case than in the MBO. This result is in agreement with our
simulations, as can be seen in Fig. 5. Romero19 models evolved under
MB?2 also populate the region around Py (~ 10 d for these authors)

4 The bifurcation period Pys is defined as the value of P, for which the
initial and final orbital periods take the same value.
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Figure 7. Orbital period as a function of time for systems under CARB MB,
M, ; = 1.0 My and Mys,; = 1.4 M. Black stars indicate the start of mass
transfer, and red circles its end. The horizontal light-blue band limits the
region of orbital periods between 2 and 9 h. The horizontal black dashed line
corresponds to 1 h. The vertical grey dashed line represents the age of the
Universe.

more efficiently than with MBO. Concerning UCXB formation with
MB2, our results agree with Chen21 and Romero19.

To compare our results using the CARB MB prescription against
the results of Deng21 and Soethe21, we performed another set of
calculations using initial values of My = 1.0 Mg and Mg = 1.4 Mo
(Fig. 7). In our simulations, Pp;s ~ 10 d, in agreement with Deng21
and in disagreement with Soethe21, who finds Pyis ~ 22 d. Besides,
Deng21 found that CARB MB is more effective in producing BPs
with orbital periods 0.1 d < Py, <1 d. This is in agreement with our
findings and with Soethe21 (see their Fig. 3).

We should state that the differences in the results available in the
literature show quantitative and even qualitative disparities despite
all these works were done with the same numerical tool. It may be
possible that these differences were due to different choices of the
input parameters necessary to carry out the simulations. On the other
hand, we present a set of results obtained with an independent tool.

It is remarkable that Van19 found that MB3 prescription seems
to mitigate two discrepancies between observation and theory: the
population of tracks around Py, ~ 1 d and the fine-tuning in the
formation of UCXBs. This is in nice agreement with the results we
presented in Section 3.

5 SUMMARY AND CONCLUSIONS

We have revisited the evolution of binary systems composed of a
normal donor star and a neutron star. When these systems undergo
mass transfer, they can be observed as LMXBs or UCXBs; when
detached, they can be detected as binary pulsar systems.

It is well known that these systems suffer some processes that lead
to angular momentum losses (AML). Among AML are those due to
gravitational radiation, non-conservative mass transfer, and magnetic
braking. At present, the latter is considered rather uncertain, and be-
cause of this reason, some different prescriptions have been recently
proposed in the literature. This is the case of the MB prescriptions
MB2, MB3, and CARB MB from Van et al. (2019) (Van19) and Van
& Ivanova (2019).
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To study the effects of these three prescriptions together with the
standard Skumanich law (MBO) on the evolution of LMXBs and
UCXBs, we have considered systems with initial masses of 1.25 M,
for the donor star and 1.30 M, for the accreting NS. We computed a
wide range of initial orbital periods. In this way, we present a general
view of the effects of the four MB prescriptions in a consistent way.
The calculations were carried out using our stellar code (Benvenuto
& De Vito 2003) which is completely independent of MESA (Paxton
etal. 2015), a code commonly employed in analogous computations.

We found that all these MB laws allow for the occurrence of sys-
tems with tight (Py, < 1 h) and wide (Pyp > 50 d) orbits. For
the cases of MB0O, MB2, and CARB MB we found orbital peri-
ods between 8 min < Pgy, < 8 yr, while for MB3 the range is
6 min < Py, < 55 d. It is interesting to notice that when MB3
is used, it is possible to reach these P, values while having high
(< 107227 Mg yr~1) MTR. The MB3 prescription deeply differen-
tiates from MBO, MB2, and CARB MB. That is, MB3 gives distinct
results in all the features that we have examined in this work, i.e.,
the evolution of the orbital period, the MTR, and the final donor star
and NS masses. Furthermore, MB0O, MB2, and CARB MB become
almost indistinguishable from each other when the orbital period is
large enough (P i 2 50 d).

The well-known fine-tuning problem in the formation of UCXBs
is mitigated with the MB2 and CARB MB prescriptions, while MB3
proves to be the most effective law for resolving it. Similarly, the
MB2 and CARB MB prescriptions help to populate the region in
the M, — P, plane occupied by observed systems with P, ~ 1 d,
while MB3 is the most successful law for achieving this.

While the MB3 prescription is promising in connection with the
fine-tuning problem of UCXB formation, we found that our set of
models reaches orbital periods up to 55 days, which is not large
enough to account for the systems observed with wider orbits (see
Fig. 5, panel (c)). We should remark that these results were found
assuming a fixed pair of initial masses. A more extensive parameter
exploration should be conducted to evaluate whether models with
MB3 can reach such periods. This will be the subject of future work.
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