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ABSTRACT

During primordial star formation, the main cooling channel is provided by H, and super-molecules, such as H, or Hj, at
sufficiently high densities. When the latter form at ny > 10'* cm™3, collision-induced emission (CIE) provides efficient gas
cooling. We investigate how CIE cooling affects the formation of metal-free binaries comparing simulations with and without this
process. Irrespective of the cooling mechanism, we find a typical protostellar mass range between 0.01 and 100 Mg. However,
models with only H; line cooling produce a greater number of low-mass protostars that exhibit stronger variations in their radial
velocities than the high-mass protostars. Similarly, in models with both H, cooling and CIE cooling, significant variations in the
radial velocities are found for protostars in the intermediate-mass range. The initial number of fragments Ny« decreases with
increasing strength of turbulence. Cooling via super-molecules lets the most massive protobinaries (MMPBs) efficiently accrete
mass. The maximum mass accretion rate M,y for the MMPBs is more than an order of magnitude higher in the presence of CIE
cooling than for pure H; line cooling. As a result, compact binaries with a semimajor axis as small as 3.57 au may form through
the H, — H; cooling channel. Our results indicate that, in addition to the MMPBs, most population III (Pop. III) binaries should
be in eccentric i.e. non-circular orbits. This provides an important connection to the eccentric binaries reported in previous
studies, which were found to exhibit rich temporal accretion signals during their evolution.

Key words: astrochemistry —hydrodynamics — methods: numerical —binaries: general —stars: formation — stars: Population III.

1 INTRODUCTION

The formation of the first stars requires cooling in the primordial
gas. According to the ACDM model, dark matter minihalos provide
localized concentrations of otherwise diffuse primordial gas in
the early universe (Bromm 2013; Glover 2013; Ade et al. 2016).
However, for the gas to collapse to high densities, efficient cooling
agents are required, which play an important role in a metal-free
environments. For the formation of the first stars, it is now well
established that molecular hydrogen (H,) is one of the main cooling
agents, which provides an efficient cooling mechanism for the
primordial gas at S 10* K (Saslaw & Zipoy 1967; Matsuda, Satd &
Takeda 1969). Studies related to the properties of H, have revealed
that the temperatures inside the primordial gas in the presence of H,
can drop down to 2~ 200 K (Palla, Salpeter & Stahler 1983; Glover &
Abel 2008a; Clark et al. 2011a). The temperature of the primordial
gas is set primarily via H, cooling, allowing the gas to radiate away
energy and the collapse to continue to form protostars. Within the gas
cloud, individual fragments will become gravitationally unstable and
start collapsing if their mass is larger than the Jeans mass, and will
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subsequently form massive stars in the range of 10 — 1000 M, (Abel,
Bryan & Norman 2002; Bromm & Larson 2004; Latif & Schleicher
2015). In addition, several high-resolution numerical studies have
indicated the formation of low-mass stars during the collapse of the
primordial gas cloud, due to fragmentation occuring at very high
densities (Clark, Glover & Klessen 2008; Greif et al. 2012; Susa
2013; Stacy & Bromm 2014; Prole et al. 2022).

The gas density at which H, cooling operates via rovibrational
line emission is ~ 10* cm~> (Abel et al. 1998, 2002; Bromm, Coppi
& Larson 2002). As the density during the primordial gas collapse
reaches 108 cm™3, three-body reactions come into play and give
rise to a larger H, fraction (Palla et al. 1983; Bovino, Schleicher
& Grassi 2014). The cooling in the primordial gas that is triggered
by three-body reactions due to the release of the binding energy
of the molecules is supported at densities between 103 cm™ and
10'° cm—3, and in fact, becomes the most efficient cooling mechanism
from densities of 10'© cm~ (Yoshida et al. 2006). However, as
the gas collapses even further, the H, line cooling gets affected by
the ever-increasing gas density, which results in a higher opacity
of the medium (Hirano & Yoshida 2013). As a consequence, for
densities 10'° cm™3 < ny < 10" cm3, the role of H, line cooling
is significantly suppressed. The collision-induced emission (CIE)
then takes over and starts to operate as another radiative coolant at
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densities > 10'* cm™> (Omukai & Nishi 1998; Ripamonti & Abel
2004; Glover & Savin 2006; Clark et al. 2011b; Hirano & Yoshida
2013). As isolated H, molecules are symmetric, no dipole moment
exists, thus the emission or absorption of radiation is only possible via
quadruple transitions. However, at higher gas densities, the chances
of collisions among the H, molecules are much higher, giving rise to
the formation of a super-molecule (Ripamonti & Abel 2004; Smith
2007; Clark et al. 2011b; Bromm 2013; Glover 2013; Grassi et al.
2014; Stacy et al. 2014; Van Borm et al. 2014; Sharda, Krumholz &
Federrath 2019). This super-molecule forms a temporary dipole and
makes the emission or absorption of radiation possible via dipole
transitions at gas densities of ~ 10" cm™3, where H, becomes less
important as a cooling agent. In addition to the super-molecule H,
— H,, H; can also form a supermolecule with H and He (i.e. H, —
He and H, — H; Ripamonti & Abel 2004).

Many of the numerical simulations performed to understand the
fragmentation behaviour of collapsing primordial gas and the result-
ing formation of single, binary, and multiple stellar systems have
introduced sink particles (protostars) at a density ny < 10" cm™
(Bromm & Loeb 2004; Glover et al. 2010; Moeckel & Bate 2010;
Stacy, Greif & Bromm 2010; Hosokawa et al. 2011; Stacy, Bromm
& Loeb 2011; Stacy, Greif & Bromm 2012; Susa, Hasegawa &
Tominaga 2014; Dutta et al. 2015; Dutta 2016; Riaz et al. 2018;
Sharda et al. 2019; Sugimura et al. 2020; Latif, Whalen & Khochfar
2022). This is prior to the density threshold ny > 10 cm~> where
CIE cooling comes into play. Hence, the formation and evolution of
the Pop. III protostellar systems in these studies were subject to only
the gas cooling provided by H, molecules. In this paper, our aim
is to study the fragmentation behaviour in the CIE cooling regime,
including the impact on the formation of binaries, and we compare
to simulations where the CIE cooling was not included.

In the first phase of the gas cooling i.e. during the H; line cooling,
as explored by Clark et al. (2011b), it is expected that turbulence at
low Mach numbers allows fragmentation to occur and the forming
clumps to survive. We, therefore, explore the primordial gas collapse
at low Mach numbers to understand the process of fragmentation
that may lead to the genesis of population III (Pop. III) binary
systems (Turk, Abel & O’Shea 2009). Studies of zero-metallicity gas
collapsing in isolation (i.e. without external radiation sources) have
reported fragmentation to occur at densities ~ 108 cm™ (Bromm,
Coppi & Larson 1999). Once the gas density reaches ~ 10" ¢cm~3
or even higher, the gas enters the approximately adiabatic regime of
collapse and the temperature of the gas becomes relatively higher as
well (Loeb & Rasio 1994; Omukai 2001; Omukai et al. 2005; Yoshida
et al. 2006). In general, studying both phases of primordial gas
cooling (i.e. H, line cooling and the CIE cooling) and the respective
subsequent nature of fragmentation is vital to comprehend the true
origin and formation pathway(s) of the Pop. III stars, and binaries in
particular. The mass distribution associated with each type of metal-
free stellar configuration is important to understand the possible fate
of the Pop. III stars, as quantified by Heger & Woosley (2002). The
stellar fate may affect the primordial gas present in the surroundings
and thus can leave imprints on the gas composition, which hosts
the next phase of star formation (Wada & Venkatesan 2003; Cen &
Riquelme 2008; Karlsson, Bromm & Bland-Hawthorn 2013). Also,
as discussed by Mebane, Mirocha & Furlanetto (2020), the indirect
detection of Pop. III stars via their supernovae or their effect on the
cosmological 21-cm background requires a better understanding of
the binary configurations and the associated mass distributions along
with other binary characteristics of the first stars.

We present our simulation methodology in Section 2. The initial
conditions adopted for our simulations are described in Section 3.
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Section 4 is reserved for the results and discussion, which is followed
by Section 5 where we provide the conclusions and further outlook.

2 METHODS

We employ the numerical code GRADSPH—KROME, which is a
coupled version of the smoothed particle hydrodynamics (SPH) code
GRADSPH! (Vanaverbeke et al. 2009) and the chemistry package
KROME? (Grassi et al. 2014). This coupled numerical scheme
allows us to simulate the hydrodynamics of the star-forming gas,
including chemistry and cooling as presented by Riaz et al. (2018),
which we now refer to as RBVS hereafter. We use the H, cooling
function provided by Glover & Abel (2008b) with the update from
Glover (2015). We also include continuum and Compton cooling as
described by Omukai (2000), and consider the formation/destruction
of H, and the associated energy sources/sinks that produce the
heating/cooling of the gas. For the CIE cooling, we use the cooling
function provided by Ripamonti & Abel (2004). We adopt the simple
optical depth approximation employed by Ripamonti & Abel (2004),
in spite of some limitations that were pointed out by Hartwig et al.
(2015). The simple optical depth approximation underestimates the
photon escape probability as it neither takes into account the density
gradient nor the true shape of the cloud, implying that the real cooling
could be somewhat more efficient than estimated here.

In RBVS, a detailed discussion of the SPH scheme implemented
in GRADSPH—KROME is provided, including the sink particle
formalism by Hubber, Walch & Whitworth (2013). An additional
feature of the most recent version of GRADSPH—KROME, which
we use in this work, is the sink merger scheme by Stacy & Bromm
(2013). According to this scheme, a merger of two sinks is allowed
when the following three criteria are satisfied:

(i) When their relative distance d is smaller than the accretion
radius 7, SO that d < racc.

(i) When the total energy Ey of the pair of sink particles is
negative, so that the pair is gravitationally bound.

(iii) When the least massive sink (secondary) of the pair has
insufficient angular momentum to remain rotationally supported
against infall on to the massive sink (primary) i.e. jeec < jeent» Where

Jeent = /G Mptimary d and Mpyimary denotes the mass of the most
massive sink of the pair.

For another more recent investigation that has used a similar
merger scheme of sink particles, we refer to Riaz et al. (2020).
In order to determine pairs of sinks that form gravitationally bound
binary systems, we define the total orbital energy per unit mass of a
pair of sink particles as in Stacy & Bromm (2013):

€ =€, + €, @))]

where €, and €, are the gravitational potential energy and kinetic
energy per unit mass, respectively, and are defined as

_ G+ M)

€= ; 6)
and

1
€@ = Evz, 3)

where r is their mutual distance, v is their relative velocity, and
M, and M, are the two protostellar masses of the pair, respectively.

IWebpage GRADSPH: http://www.swmath.org/software/1046
2Webpage KROME: http://www.kromepackage.org/
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Table 1. Summary of the initial physical parameters of the simulation models
Mla—MS5a and M1b—MS5b. The table describes the turbulent Mach number
(M), the ratio of the thermal energy of the cloud to its gravitational potential
energy (¢wrb), the sink formation density threshold (ngnk ), and the accretion
radius (racc). For each model, the initial radius of the cloud, the total mass
inside the cloud, the ratio of kinetic energy to the gravitational potential
energy of the gas cloud (o), the initial average number density of the cloud,
and the initial temperature of the gas are given by the constant values 2.169 pc,
1.3041 x 10* Mg, 0.196, 8.650 x 10* cm~3, and 300 K, respectively.

Model M turb Nsink (Cm73) Tace (au)
Mla 0.1 6.541 x 1074 1013 28
M2a 0.2 2,616 x 1073 1013 28
M3a 0.4 1.046 x 1072 1013 28
M4a 0.8 4.186 x 1072 1013 28
M5a 1.0 6.541 x 1072 1013 28
MIb 0.1 6.541 x 10~* 101 5
M2b 0.2 2,616 x 1073 1013 5
M3b 0.4 1.046 x 1072 1013 5
M4b 0.8 4.186 x 1072 101 5
M5b 1.0 6.541 x 1072 1013 5

A pair of sinks is considered a binary if € < 0. Sink particles that do
not fulfill these criteria are treated as isolated protostars.

We terminate all of our simulations when the star formation
efficiency (SFE) reaches 2 per cent. This stopping criterion is opted
due to the significant computational cost of each run. It further
ensures that the simulations can be compared when they are in a
similar stage, i.e. after the same fraction of mass has been converted
into protostars, and thereby facilitates the comparison between the
two sets of models, i.e. Mla—M5a and M1b—MS5b.

3 INITIAL CONDITIONS

Our models consist of two sets Mla—M5a and M1b—M>5b (see
Table 1). The first set Mla—M>5a is following the evolution of the
gas in the H; line cooling regime and employs a density threshold for
sink particle formation that becomes relevant before the densities of
CIE cooling are being reached. In the second set, the primordial gas
cloud is allowed to collapse to first pass through the H, line cooling
phase and then continues to collapse until it enters the higher density
regime (> 10'* cm™3) where the CIE cooling mechanism is relevant.

As initial condition, we assume a spherical primordial gas cloud
consisting of 1150709 SPH particles, which remains identical to
RBVS. The total mass inside the gas cloud is M = 1.3041 x 10* Mg,
the radius of the cloud is R = 2.169 pc, the initial gas density is n;
= 8.650 x 10* cm™, and the gas initially is at a temperature 7 =
300 K. The gas is under solid-body rotation. We use a rotational
parameter 8 = 5 per cent, which is defined as the ratio of the
rotational energy to the gravitational potential energy of the cloud.
The gas is turbulent with the turbulent Mach number M set to
0.1, 0.2, 0.4, 0.8, and 1.0 to explore the impact of different levels
of turbulence. Due to the different values for the initial turbulent
Mach number, we thus have five different models in each set that
denotes as M1a—M5a and M1b—MS5b (see Table 1). The injection
of a turbulent velocity spectrum in the initial conditions follows the
same procedure previously adopted by RBVS. The spectral index p
of the initial turbulence in the present work is chosen to be 1.75, to
mimic the gas that is compressible in nature. Our choice is inspired
by the work of Clark et al. (2011b), who adopted a turbulent velocity
field that has a power spectrum slightly steeper than the standard
description for incompressible flows (Kolmogorov 1941) since the
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gas is compressible in nature. The ratio of the thermal energy (Uy,

= 1Mv?) to the gravitational potential energy (Q = —%GT’VZ) is
described by the parameter o, defined as
SRkT @)
aph = =,
RN YeTYt wmy

where R, k, T, G, and M, u, my are the radius of the cloud, the
Boltzmann constant, the initial gas temperature, the gravitational
constant, the mass of the cloud, the mean molecular weight, and
the mass of hydrogen atom, respectively. In our calculations, we set
@ = 1.22 at the beginning. The parameter oy, is set to 0.196 and
remains identical in each of our models M1a—M5a and M1b—M>5b.
Similarly, the ratio of the turbulent energy (U = 3 MM?>c?) to the
gravitational potential energy €2 is described with a parameter o
and defined as

Uturb
€2

The parameter oy, is model dependent in each set (see Table 1). In
our model simulations, the code uses G = M = R = 1 as internal
dimensionless units.

As we employ the same number of SPH particles as in RBVS and
also take the number of neighbouring particles to be Ny, = 50 in
each of our simulations, we have a mass resolution of M, qsoution =
1.133 Mg in the present work similar to RBVS, which is calculated
as

(&)

Aurb =

Mresolulion = 2Noplmpanicle- (6)

We redefine the accretion radius 7, of the sink particle in the present
work, which takes a unique value in each set of our simulations. This
is primarily due to the Jeans length that needs to be well resolved
in each simulation (Christensen et al. 2010; Federrath et al. 2011),
which depends both on the gas density and the temperature during
the collapse as (Tohline 1980)

R T 1/2
R; =0.76 (Gip) , (7)

where Ry, Ry, T, G, and p, are the Jeans length, the gas constant,
the temperature of the gas, the gravitational constant, and the mass
density of gas, respectively. For a self-gravitating gas cloud, this
relation describes the condition for an isolated lump of gas to collapse
and form protostar(s). If the lump has a characteristic size (radius)
greater than the Jeans length R; at a given density p and temperature
T, then the thermal pressure alone will not be able to prevent the
gravitational collapse.

To avoid the ‘Courant catastrophe”, we introduce sink particles
inside the collapsing gas cloud once a certain density threshold
is reached (Bate, Bonnell & Price 1995; Bromm & Loeb 2004;
Federrath et al. 2010; Stacy et al. 2010), as outlined in Section 2.
As mentioned in the introduction, in many of the previous works,
sink particles have been introduced at gas densities that correspond
to the gas phase where H, line cooling still operates (Stacy et al.
2010; Clark et al. 2011b; Dutta 2016; Riaz et al. 2018; Sharda
et al. 2019). The collapsing primordial gas is most susceptible to
fragmentation at densities below 10" cm™ (Hartwig et al. 2015).
However, more recently, Wollenberg et al. (2020) have performed
a statistical analysis of an ensemble of simulations of Pop. III star
formation where the gas density to form sinks corresponds to the CIE
cooling phase. Here, we take into account both the H, line cooling
phase and the CIE cooling phase. It is worth mentioning that we
do not include magnetic fields, nor radiation feedback nor a UV
background in our calculations. This will be discussed in more detail
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t=4.547 kyr

t=5.611kyr t=4.992 kyr

Figure 1. Simulation results for models M1a—M5a (top panels) and M1b—MS5b (bottom panels) at the end of our computation when the SFE in each model
reaches & = 2 per cent. Each panel shows in logarithmic scale the projected column density (X) in the xy-plane integrated along the z-axis in g cm™2. Sink
particles (protostars) are shown as orange dots. The arrows in each panel mark the primary (p) and secondary (s) components of the MMPB located in the cluster.

in the caveat section. For the comparison runs where the gas only
experiences the H, line cooling (models M1a—M35a), we set the sink
formation density to ngy = 10" cm™3.

On the other hand, the models that include both the H, line
cooling phase and also the subsequent CIE cooling phase (a case
that remains relevant in our models M1b—MS5b), we set ngnx = 107
cm 3. For these two values of ngy, the accretion radius 7, in our
simulations is set to a unique value, which for models set Mla—M5a
and M1b—MS5b remains 28 and 5 au, respectively. It is important to
keep in mind the possible effect of a larger r,, as it may influence
the fragmentation behaviour (Hartwig et al. 2015).

For the chemical composition of the primordial gas, we use a total
of nine chemical species (H, H", He, He™, He**, e, Hy, Hy, and
H™) with the respective initial fractional abundances as fiy = 0.75,
fiae =0.24899, fy+ = 8.2 x 1077, £, =4.4 x 1071°, and fy5, = 1073
(see also RBVS).

4 RESULTS AND DISCUSSION

‘We now present our simulation results and discuss these in detail. For
the visualization of our simulation results, we use the visualization
tool SPLASH, which was developed by Price (2007).

4.1 Morphology of the collapsing cloud

Fig. 1 maps the density structure at the final stage of our simulation
models M1a—M5a and M1b—MS5b when the SFE reaches & = 2 per
cent. The arrows in each panel mark the location of the primary and
secondary components of the most massive protobinary (MMPB;
i.e. the binary system with the largest total mass based on both
companions) in the cluster of protostars in each model. In each set
of models, we systematically increase the initial turbulent Mach
number from M = 0.1 to 1. The gravoturbulent collapse of models
Mla—M>5a (top row), i.e. the models which are based only on H,
line cooling, leads to the formation of a set of dense gas filaments,
which are interconnected and also surrounded by regions of dense
gas. A significant number of protostars leave these filaments due to
their dynamical evolution and move to a lower-density part of the
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cloud. We expect this dynamical evolution of the protostars to also
affect their subsequent mass growth. On the other hand, we find the
MMPBs in almost each model to still be located inside the dense gas
regions of the collapsing gas cloud.

The panels in the bottom row show the collapse of primordial gas
clouds in models M1b—MS5b that include both cooling phases. A
systematic increase in the initial turbulent Mach number from M
= 0.1 to 1 in these models leads to a systematic dispersal of the
two spiral-arm structures that eventually become gas filaments when
the turbulence in the gas is set to the highest value in our models.
The protostars, in general, show scattered positions. The MMPB,
however, still remains a part of a local high density region in each
model.

Fig. 2 shows the thermal structure at the final stage of models
Mla—M>5a and M1b—M5b when the SFE reaches & = 2 per cent.
The locations of the protostars in relatively cold gas regions due to
their dynamical evolution affect their mass accretion process and
hence their individual mass growth.

4.2 Global disc structure

We show in Fig. 3 the global disc structure emerging for our sets of
simulations, i.e. Mla—Mb5a and M1b—MS5b. For weakly turbulent
gas clouds (i.e. M = 0.1 and 0.2), the gas infall dominates over
rotation, and the pre-stellar gas cloud tends to form a disc structure
aligned with the rotation axis within which fragmentation can occur
(Abel, Bryan & Norman 2000; Bromm et al. 2001; Dutta 2016; see
Fig. 3, first two panels in each row). With the increase of the Mach
number towards mildly turbulent gas models (i.e. M = 0.4-0.8), the
resulting disc structure gradually becomes subject to misalignment
with respect to the rotational axis of the gas cloud (see Fig. 3, third
and fourth panel in each row). Moreover, from mildly subsonic
turbulence to transonic turbulence (i.e. M = 0.8 — 1.0), the disc
structure becomes significantly misaligned and is also found to be
at the verge of disruption by the time the SFE reaches & = 2 per
cent (see Fig. 3, last two panels in each row). Thus, the formation of
the protostars in weakly turbulent gas clouds is most likely to occur
via global disc rotation-induced fragmentation (Yoshida et al. 2006).
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Figure 2. Simulation results for models M1a—M>5a (top panels) and M1b—MS5b (bottom panels) at the end of our simulations when the SFE in each model
reaches & = 2 per cent. Each panel (the xy-plane) shows in logarithmic scale the temperature (7") integrated along the z-axis in Kelvin. Sink particles (protostars)

are shown as orange dots.
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Figure 3. Global disc morphology for models Mla—M>5a (top panels) and M1b—MS5b (bottom panels) at the end of our simulations when the SFE in each
model reaches & = 2 per cent. In each row from left to right, an initial turbulent velocity field corresponding to M = 0.1- 1.0 is imposed onto solid-body
rotation. Each panel (the xz-plane) shows in logarithmic scale the projected column density (X) integrated along the y-axis in g cm™2. Sink particles (protostars)

are shown as orange dots.

In the other models, gas cooling promotes cloud deformation into
sheets or filaments (Chiaki, Yoshida & Hirano 2016).

We therefore suggest that the two fragmentation scenarios, namely
the disc fragmentation and the filament fragmentation, are closely
related to the strength of the turbulence present in the primordial gas
cloud. We also emphasize that the global disc we report in our models
is arotating disc, and not an accretion disc. There is no central object
present in the disc but a cluster of dynamically evolving protostars.

4.3 Thermal structure and Jeans length

Fig. 4 illustrates the computed Jeans length Ry from equation 7 for the
evolution of the collapsing primordial gas cloud until the formation
of the first protostar in each model. The final value of Ry in our
simulations also serves as an indicator for the scales that are still
well resolved and hence provides justification for our selection of
raee = 28 and 5 au in the respective set of models Mla—M5a and
M1b—MS5b. Ry shows a negative slope as the primordial gas cloud
collapses to higher densities and heats up adiabatically.

In Fig. 5, we show the relationship between the gas density and
temperature for each set of models until the first protostar appears in
the collapsing gas cloud. The left-hand and right-hand panels exhibit
the temperature as a function of the gas number density ny for models
Mla—M>5a and M1b—MS5b, respectively. Regardless of the type of
cooling (i.e. the pure H, line cooling in models M1a—MS5a and the
additional CIE cooling in models M1b—M>5b), we notice that the gas
attains relatively higher temperatures in cases of weakly turbulent
initial states of the primordial gas cloud compared to the strongly
turbulent models, which could be a result of more efficient collapse
and faster compression. Moreover, at the verge of the formation of
the first protostar, the difference in the final temperatures of the
collapsing gas clouds is more significant in the models that include
both types of cooling as compared to the models where only the
H; line cooling is considered. This has consequences for the gas
accretion process in the protostars (see equation 8). A rapid mass
growth mainly due to gas accretion is still possible even if there are
less frequent merger events, in the presence of smaller numbers of
fragments. This scenario is evident in models M1b—M5b where we
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Figure 4. The Jeans length (Ry) as a function of the gas number density (ny)
of the collapsing gas cloud. The left-hand and right-hand panels show the

results for the models Mla—M5a and M1b—M5b, respectively. Ry and ny
are given in units of au and cm >, respectively.
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Figure 5. Maximum temperature (7") of the collapsing primordial gas cloud
as a function of its evolving maximum number density (nyy). The left-hand and
right-hand panels show the results for models Mla—MS5a and M1b—MS5b,
respectively. The quantities 7" and nyg are provided in logarithmic scale in
units of Kelvin and cm~3, respectively.

Table 2. Summary of the two sets of models Mla—M5a and M1b—M5b.
All quantities are evaluated at the time when the SFE (&) reaches 2 per
cent. The table describes the final time (since the formation of the first sink
particle in the gas) of model termination (#spa1 ), the total number of protostars
produced (Nmax), the final number of protostars after mergers (Nproto), the
binary fraction (f binary)» and the binary contribution towards the SFE (& binary)-

Model tfinal (Kyr) Nrmax Nproto f binary & binary
Mla 3.001 81 17 0.500 0.017
M2a 4.547 128 30 0.366 0.042
M3a 5.611 191 34 0.699 0.041
M4a 4.992 27 6 0.625 0.041
Mb5Sa 5.359 58 25 0.166 0.012
Milb 1.839 113 38 0.260 0.020
M2b 2.482 91 43 0.155 0.016
M3b 1.622 69 21 0.230 0.025
M4b 5.234 44 19 0.002 0.012
M5b 2.230 28 13 0.008 0.009
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Figure 6. Radial velocity (vy,q) of the protostars measured from the centre
of mass in a cluster of models Mla—M>5a (top) and M1b—M5b (bottom) as
a function of the cluster radius () of the protostars at the time when the SFE
reaches & = 2 per cent. The quantity v,q is given in km s~! and r in units of

pc.

find a lower number of fragments N,,,x and hence lower chances of
merger events (see also Table 2).

4.4 Dynamical evolution of the protostars

In Fig. 6, we show the radial velocity of Pop. III protostars as a
function of the radius measured from the centre of mass of the
star cluster in models M1a—M5a and M1b—MS5b in the top and
bottom panels, respectively. The plots are constructed when the SFE
reaches & = 2 per cent. In both sets of models, the majority of the
Pop. III protostars are bound and hence exhibit nearly zero radial
velocities. In the top panel in models M1a—M>5a, a few protostars
show higher negative than positive radial velocities and escapers
seem to be disfavoured. Turbulence in these models seems to play no
significant role in defining the resulting radial velocity magnitudes
at £ = 2 per cent, as no difference is found in the radial velocities
of the protostars when comparing them for different levels of initial
turbulence.

In the bottom panel in models M1b—M5b, a relatively larger
number of protostars shows non-zero radial velocity magnitudes.
However, the turbulence in these models plays hardly any role in
the resulting radial velocity magnitudes at & = 2 per cent, as again
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Figure 7. Radial velocity (vraq) of the protostars measured from the centre
of mass in a cluster of models Mla—MS5a (top) and M1b—M5b (bottom) as
a function of mass (M ) of the protostars at the time when the SFE reaches
& = 2 per cent. The quantity vryq is given in km s~ and M in units of solar
mass Mg.

no difference can be found in the radial velocities of the protostars
when comparing models with different levels of the initial turbulence.
However, it is interesting to note that despite the strong gravitational
potential in models M1b—M>5b, a few of the protostars exhibit higher
positive velocities, which is indicative of escaping Pop. III protostars
from the protostellar cluster. In general, with the exception of a few
escapers, we find that the Pop. III protostars formed in the H; line
cooling regime acquire radial velocities approximately in the range
of —10 km 87! < vq < 5 km s7!, whereas in the models with
CIE cooling, the range approximately remains —10 km s™! < v,q <
20 km s71).

Fig. 7 shows the radial velocities of Pop. III protostars (measured
from the centre of mass of the star cluster) as a function of their
masses. The top and bottom panels illustrate the results of models
Mla—M5a and M1b—M5b, respectively, when the SFE reaches & =
2 per cent. A comparison of the two sets of models, in general, reveals
no influence of the initial turbulence and its effect on the resulting
radial velocities as a function of their mass spectrum. In both sets of
models, the mass range is roughly 0.01 — 100Mg. However, taking
into account the impact of both types of gas cooling, we find that
in models M1b—M5b with both H; line cooling and CIE cooling,
some protostars in particular in the intermediate mass range show
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significant variations in their radial velocities, an effect that seems
strongly suppressed for the models Mla—MS5a with only H, line
cooling. The majority of the protostars in both sets of models exhibits
a close-to-zero radial velocity magnitude, indicating a gravitationally
bound state of the cluster. The significant positive radial velocities
found in some cases have implications for the mass-growth of these
protostars. They will stop accreting when leaving the gaseous part
of the cluster and may subsequently enter the main sequence as
low-mass Pop. III stars (Greif et al. 2011).

With the dynamical three-body interactions inside the star cluster,
less massive protostars can be ejected from the three-body system,
leaving behind a compact protobinary system as a result of binary
hardening due to the ejected third body, and then eventually from the
star cluster itself. However, if a star cluster remains embedded, then
any protostar ejected from the three-body system will still have to
pass through the gas cloud and may continue to accrete until it finally
leaves the cloud. We have found in our simulations that in collapsing
primordial gas clouds for which both the H; line cooling and the CIE
cooling are active, intermediate mass objects acquire higher positive
and negative radial velocities. This can influence (delay) the mass
segregation in the Pop. III stars cluster.

In a star cluster that is already shifted away from the gaseous
part of the system (hence it is no longer embedded, see Fig. 1), any
ejected protostar(s) via three-body interaction can immediately stop
accreting from the environment as it will not be passing through
the gaseous surroundings. We therefore suspect that modelling
the collapse of primordial clouds with only H, line cooling can
overestimate the number of ejected Pop. III protostars. Previous
work suggested that they can still be surviving today, primarily due
to their plausible low-masses at the time of their ejection from the
parent star cluster (Suda et al. 2006; Ishiyama et al. 2016; Magg
et al. 2018, 2019; Kirihara, Tanikawa & Ishiyama 2020). More
recently in a magnetohydrodynamical simulation, Sharda, Federrath
& Krumholz (2020) and Stacy et al. (2022) argued that magnetic
fields can suppress the formation of low-mass Pop. III stars, thus
resulting in a top-heavy Pop III IMF and explaining the absence of
observed Pop. III stars at redshift z = 0. However, we believe that
more realizations are required to statistically quantify the connection
between the turbulence in the primordial gas clouds and the fate of
embedded Pop. I star cluster.

4.5 Turbulence, cooling, and the star count

Protostars can form in large already grown massive Pop. III star
associations. This can be a consequence of Jeans unstable clumps
still present in the collapsing primordial gas. These clumps can
migrate towards the deep potential well of the massive stars (Inayoshi
& Haiman 2014; Latif & Schleicher 2015). In addition to this,
fragmentation can also occur in the massive protostellar disc (Clark
et al. 2011a; Ishiyama et al. 2016). In any case, the massive
protostars in these associations have the potential to disrupt the
remaining star-forming gas (Inayoshi & Haiman 2014). In a cluster
environment, protostars may have possible chaotic orbital motions.
Also, via dynamical interactions, the ejected lower-mass protostars
from the triplets or higher-order protostellar orbital configurations
can add linear motions of fast-moving (ejected) protostars in random
directions within the cluster. These non-linear dynamical features
have consequences for the protostellar mergers and introduce a fair
degree of uncertainty towards the dynamics of the system. The final
number of protostars Ny in our simulations is a result of a series
of merger events taking place during the dynamical evolution of the
cluster. A highly chaotic state of motion of the protostars within
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the dense cluster remains inevitable. This makes it difficult for the
gas cloud to exhibit any systematic trend in Npo With respect to
the turbulent Mach number of the gas. In the outcomes of our
simulations, we find a weak dependence of Ny On Ny in both sets
of models Mla — M5a and M1b — M5b (see Table 2). However, a
more sound statistical analysis is required to further verify this claim.
Also, we would need to model a greater number of realizations to
support our finding that there is no correlation between the original
number of protostars and the final number of protostars after the
merging events take place.

We believe that it is important to unveil a connection (if there
is any) between the final star count in a newly formed star cluster
and the state of the turbulence of the collapsing gas cloud. Such
a connection can even shed light on the phenomenon of mass
segregation, which essentially is the most likely dynamical aspect
that accompanies the evolution of a star cluster (Lin et al. 1993;
Bonnell & Davies 1998; Allison et al. 2009; Olczak, Spurzem &
Henning 2011). The Jeans mass is controlled primarily by the thermal
and turbulent characteristics of the pre-stellar cloud (Li, Klessen &
Mac Low 2004; Pan & Padoan 2009). This can also affect the mass
segregation in the cluster. Frequent merger events that, by default,
support the formation of massive self-gravitating objects can quickly
form a dense nucleus constituted of massive protostars. Contrary to
this, a collapsing gas cloud that allows fragmentation at lower Jeans
masses requires more merger events to form massive protostars if gas
accretion is inefficient. This translates into a larger dynamical time
that is required before the cluster forms a group of massive fragments,
which after following dynamical mass segregation constitutes a
nucleus comprised of massive protostars. This has a direct influence
on our understanding of the mass segregation process taking place
in primordial environments when H, line cooling and CIE cooling
are being considered. The former, in general, has the potential to
require more dynamical time to form a nucleus of primordial stars
than the latter, primarily due the presence of a greater number of both
isolated and binary low-mass objects even when the primordial gas
clouds have reached & = 2 per cent. We emphasize the dynamical
evolution of the cluster, because the strong stellar feedback from
the inner part of the cluster where massive objects that reside can
cause expulsion of the primordial residual gas that still surrounds
the young cluster at the early stages of its life (Matzner 2002; Keto
2007; Peters et al. 2010; Klassen, Pudritz & Peters 2012; Silich &
Tenorio-Tagle 2018). Also, the mass loss due to stellar evolution can
have a significant impact on both the structure and survival chances
of such a cluster (Hills 1980; Boily & Kroupa 2003; Vesperini 2010).

There is an agreement between observations and theories that
most stars are born in small-order multiple systems where the
fragmentation of filaments, dense cores, and massive accretion discs
is the primary origin of multiplicity (Oftner et al. 2022). However,
due to the scope of this paper, we focus mainly on the protobinary
systems. Binary systems play an important role concerning the mass
loss that occurs in these clusters (Van Rensbergen et al. 2011).
These systems can be of great significance since they provide
a channel for the production of compact binaries via the mass-
loss-induced eccentric Kozai mechanism (Shappee & Thompson
2013). Such compact stellar systems may then act as progenitors
of gravitational waves sources. In our simulations, the primordial
gas cooling under the influence of H, and also in the CIE cooling
phase shows no connection between the binary fraction and the
cooling mechanism in play. It seems that the number of binaries that
appears during the gravitational collapse and hence their contribution
towards the SFE neither appears connected to the level of the initial
subsonic turbulence nor to the type of cooling that controls the
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Figure 8. Top left and right, for models M1a—M5a, the number of binary
protostars and isolated protostars as a function of their mass (M ), respectively.
Bottom left and right, for models M1b—MS5b, the number of binary protostars
and isolated protostars as a function of their mass (M ), respectively. The mass
of the binary and the isolated protostars is given in units of solar mass M.
These mass distributions represent the evolutionary stage when § = 2 per
cent.

thermodynamics of the collapsing primordial gas cloud (see Table 2).
We, however, would need more model realizations to verify this
result.

4.6 Mass distributions

We now discuss the mass distribution of both isolated and binary
protostellar configurations as shown in Fig. 8 in detail. We present
the total mass of the Pop. III protostars in both configurations (binary
and isolated) at the end of our simulations. Fig. 8 in the top and
bottom panels shows the protostellar mass associated with the binary
(left-hand panel) and isolated (right-hand panel) configurations in
models M1a—MS5a and M1b—MS5b, respectively. We first compare
the top-left and bottom-left panels where the mass going into the
binary configuration, along with the number of binaries, is shown
for the models evolving under only H, line cooling and the ones
also including the CIE cooling. We find that the mass going into the
binaries can be an order of magnitude smaller in the pure H, line
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Table 3. Summary of the mass accretion for the two sets of models,
Mla—M5a and M1b—M5b. The table is constructed for MMPBs at the time
when & = 2 per cent. The columns denote the binary component that is
considered (primary/secondary), the minimum mass accretion rate (M),
the maximum mass accretion rate (Mpmay), and the mean mass accretion rate
(Minean) that was obtained during the simulation.

Model component M min M nax M hean
M yr™)  Mpyr b (Mg yr™)
Mla primary 25x 1072 6.6 x 107! 1.0 x 107!
Mla secondary  3.5x 1072 59 x 107! 1.1 x 107!
M2a primary 34 %1072 54 x 107! 1.1 x 107!
M2a secondary 21x1072 46 x 107! 8.7 x 1072
M3a primary 94 x107* 2.0 x 107! 4.8 x 1072
M3a secondary 1.8 x 1074 2.7 x 107! 5.7 x 1072
Mda primary 42x 107 60x10"" 1.6 x 107!
M4a secondary 38x107* 24 x 107! 7.5 x 1072
M5a primary 78 x 107 1.9 x 107! 1.8 x 1072
M5a secondary 1.6x 1073 3.1 x 107" 48 x 1072
MIlb primary 88 x 107 252x 107"  1.6x 107!
Mlb secondary 7.7 x 107¢  18.1 x 107! 42 x 1072
M2b primary 22x1073 156 x 107" 26 x 107!
M2b secondary 7.5 x 1070 93 x 107! 9.0 x 1072
M3b primary 73 x 107 456 x 107" 6.2 x 107!
M3b secondary 3.6 x 107* 348 x 107! 25x 107!
M4b primary 62x 1077 11.5x 1071 2.0 x 1072
Mdb secondary  1.5x107% 152 x 107" 20x 1072
Ms5b primary 26x 107 614 x 107" 65x 1072
Ms5b secondary 7.0 x 107* 332 x 107! 22 x 107!

cooling models compared to the simulations that also include the
CIE cooling mechanism.

In the context of the turbulence, we do not see any systematic trend
for the number of protobinary systems in models M1a—MS5a where
the cooling is solely provided by the H, line radiation. However, in
models M1b—M5b, we see a hint of systematic trend for the number
of protobinary systems such that the binary number decreases with
increasing strength of the turbulence in the primordial gas cloud.
Moreover, at the time when SFE reaches & = 2 per cent, our models
that follow only the H, line cooling cover a wider mass range
compared to the models that in addition to the H, line cooling also
take into account the CIE cooling. A similar comparison but for the
isolated Pop. III protostellar configuration is shown in the top-right
and bottom-right panels of the same figure. The number of isolated
protostars with smaller masses is greater in the gas collapsing under
sole H; line cooling compared to the case of CIE cooling. Also, in the
former, the number of isolated protostars does not follow a systematic
trend with respect to the initial state of turbulence. Similarly, models
that take into account both the H, line cooling followed by cooling
via the CIE do not clearly show any trend. However, the peak in the
number of isolated protostars remains close to a solar mass (1 Mg).
Also, weakly turbulent gas models yield a greater number of isolated
protostars than highly turbulent gas models.

4.7 Mass accumulation in binary components

We now focus on the binary systems that appear in our models
at the end of the simulations and discuss the mass accumulation
for the binary companions. First, we select the MMPB that forms
in each model. We then classify its binary components according
to their final masses and mark them as primary and secondary
companions (see Table 3). At the time of Pop. III star formation,
these could have masses as small as 1072 My, (Palla et al. 1983;
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Figure 9. The mass accumulation history of the binary companions that
constitute the MMPB in models Mla—M>5a (top panel) and M1b—M5b
(bottom panel) at the end of the simulations. The total gas mass converted
into the mass of the companions is given in units of solar mass M and the
time 7 in units of yr, in logarithmic scales.

Omukai & Nishi 1998). Fig. 9 indicates the time evolution of the
binary components as they continue to accumulate mass from the
surrounding gas until the simulations are terminated (i.e. at £ = 2
per cent). The top and the bottom panels show the mass evolution
of the two components of the MMPBs that exist in model sets
Mla-M5a and M1b-M5b, respectively. The sudden bumps in the
mass accumulation history of the binary components are indicative
of protostellar merger events, and otherwise the smooth increasing
trend in the mass of the components indicates gas accretion from
the surroundings that helps the components to grow in their masses.
In the top panel, the mass accumulation for the two components
of the MMPB in each model generally remains a gradual process.
The mass growth of the MMPBs for the weakly turbulent models
exhibits a systematic trend. However, for strongly turbulent clouds,
the components and hence the binary system itself requires longer
times to accumulate mass in the collapsing primordial gas cloud as we
increase the strength of the turbulence in these models. In the bottom
panel, we observe a systematic trend for the mass accumulation over
time for both components of the MMPBs. We find that the evolving
masses of the binary components exhibit a much steeper growth
than in the top panel. This indicates efficient gas accretion even
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in the absence of frequent merger events. For models M1b—MS5b,
the mass growth of the MMPBs exhibits a systematic trend such
that the weakly turbulent gas models take less time for one of the
binary systems to become very massive. As we increase the strength
of the turbulence in the primordial gas, it systematically requires
more time for a binary in each model to exhibit significant mass
growth. In general, Pop. III protobinary systems can become very
massive in simulations that include both H; line cooling as well as
the subsequent CIE cooling.

4.8 Accretion rates in binary components

We quantify the mass accretion rate and its evolution for each
component of the MMPB in our models. Shu (1977) provides a
useful estimate for the protostellar accretion rate that can be derived
from the relation
M£%:§QT3/2, (8)
e G
where M is the mass accretion rate of a protostar, Mj is the Jeans
mass, ¢ is the sound speed, G the gravitational constant, and 7 the
gas temperature.

It has been well established that the lack of metals and dust in the
primordial gas causes Pop. III protostars to accrete at much higher
rates than observed in the present-day star-forming gas (Nishi et al.
1998; Mac Low & Klessen 2004; McKee & Ostriker 2007; Greif
et al. 2011). Fig. 10 shows the mass accretion rates of the MMPBs
in models M1a—MS5a and M1b—M5b in the top and bottom panels,
respectively. Generally, in the models that follow both the H, line
cooling and subsequent CIE cooling, the binary components exhibit
a more vigorous mass accretion compared to MMPBs evolving in
the sole H; line cooling models. The strong and rapid mass accretion
activity observed in models M1b—MS5b systematically follows the
turbulence in the primordial gas clouds. Weakly turbulent gas clouds
enable the massive protobinary systems to accrete fairly rapidly when
compared with the MMPBs, which evolve in models where only
the H; line cooling mechanism dictates the gas collapse (i.e. models
M1a-M5a). This phenomenon seems well connected with the overall
temperature—density relationship that we presented and discussed in
Fig. 5.

In Table 3, we quantify the mass accretion rates resulting from our
two sets of models. The minimum mass accretion rate M, for the
MMPBs in the sole H; line cooling models on average remains more
than two orders of magnitude larger than for the models that follow
both the H; line cooling plus CIE cooling. However, the maximum
mass accretion rate M, for the MMPBSs in the latter type of models
shows more than an order of magnitude higher values as compared to
the sole H, line cooling models. For the mean accretion rate Means
we find a weak dependence on the nature of the cooling mechanism.
M pean ON average fluctuates around 0.81 x 107! Mg yr‘I and
1.74 x 107! Mg, yr~" in the sole H, line cooling models (M1a—M>5a)
and the H; line cooling plus CIE cooling models (M1b—MS5b),
respectively. This is indicative that the average accretion rate does
not significantly depend on the cooling mechanism and the level of
turbulence.

4.9 Orbital properties

In Fig. 11, we present the properties of the Pop. III protobinary
star systems that form in our simulations. The binary systems in
our models Mla—M>5a and M1b—MS5b cover a range of semimajor
axis 3.57 au < a < 1000 au. We find no evidence for a systematic
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Figure 10. For the MMPBs, the accretion rates M of the primary and
secondary companions in models M1a—Mb5a (top) and in models M1b—M5b
(bottom). The quantities M and ¢ are given in logarithmic units of Mg yr~!
and year, respectively.

variation in the semimajor axis a of all the binary systems with the
initial turbulence in the primordial gas cloud. However, the cooling
mechanism in the primordial gas can influence the distribution of
the semimajor axis as the peak of the distribution of a shifts more
towards the compact binaries in models M1b—M5b compared to
models M1a—M>5a (see top panels in Fig. 11). The MMPBs in our
simulations cover a range of semimajor axis 3.57 au < a < 681.4 au
(see Table 4). It is worth noticing that the minimum resolvable Jeans
length, which also serves as the constant accretion radius 7, of the
protostars in our calculations, is 5 au for models M1b-M5b. The
MMPB in model M4b with its a = 3.57 au suffers from the limited
spatial resolution. However, the rest of the MMPBs in both sets of
models remains fully spatially resolved. Many of the MMPBs in our
simulations reside in a dense gas structure. Hence, the dynamical
interaction between the binary system and the gaseous medium can
induce a braking torque, which leads to the shrinking of the orbits of
the binary components due to the extraction of energy and angular
momentum from the binary (Kim, Kim & Sanchez-Salcedo 2008;
Stahler 2010; Sanchez-Salcedo & Chametla 2014). Therefore, in
our simulations, the existence of the MMPB inside the dense gas
structure is indicative of a possible orbital decay over time, mainly
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Figure 11. The top, middle, and bottom panels show the distributions of the
semimajor axis (a) in au, eccentricity (e), and mass ratio (g), respectively at
the end of the simulations when the SFE reaches & = 2 per cent. The left
and right columns in each panel indicate models Mla—M5a and M1b—MS5b,
respectively.
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due to gas dynamical friction that may eventually transform it into a
hard Pop. III binary.

The protobinary systems in our models M1a—M5aand M1b—M5b
cover the full range of eccentricities e = 0 — 1. The initial turbulence,
as well as the nature of the cooling mechanism, seem to have
no effect on the eccentricities of the binary systems formed in
our simulations. None the less, the peak of the distribution of e
provides hints that primordial gas environments, in general, favour
the formation of more eccentric binaries. This is consistent, at
least qualitatively, with previous findings as Kowalska, Bulik &
Belczynski (2012) have reported that a large fraction of Pop. III
binaries will be eccentric. However, for a large sample of 462 696 of
compact binaries, Kowalska et al. (2012) have shown using a binary
population synthesis code that over 60 per cent of all binaries have
eccentricities greater than 0.1. In this work, we have a relatively small
number of binary systems i.e. 56 and 39 in model sets Mla—M>5a
and M1b—MS5b, respectively. In the first set of models, 91 per cent of
the binary systems have eccentricities above 0.1, and in the second
set of models, 100 per cent of the binary systems show eccentricities
greater than 0.1. Belczynski et al. (2017) have combined the initial
evolutionary conditions specific to Pop. III stars, as derived from
N-body simulations of binary formation in primordial haloes, with
Pop. III stars binary evolution models. They also determine the
eccentricity range to be 0.1 — 1.0 and 0.04 — 0.99. These ranges of the
eccentricities are consistent with our reported Pop. III protobinary
systems. A similar range of eccentricities of 0.1 — 1.0 has also been
found by Liu, Meynet & Bromm (2021) using N-body simulations
to study the dynamical evolution of Pop. III stellar systems and the
resulting binary statistics. The MMPBs in our simulations cover a
range of eccentricities 0.16 < e < 0.88 (see Table 4). We consider the
MMPBs with e < 0.7 as relatively stable systems against any orbital
decay. These eccentric Pop. III protobinary systems are of great
significance to understand gravitational-wave spectra from compact
object binaries (Peters & Mathews 1963; Peters 1964; Damour,
Gopakumar & Iyer 2004; Brown & Zimmerman 2010).

The mass ratio ¢ associated with the Pop. III protobinaries in our
models covers the full range of ¢ = 0 — 1. This indicates that the
formation of binaries with extreme mass ratios in the primordial
universe is quite plausible, which should be detectable in the future
(Brzozowski et al. 2022). The wide distribution of ¢ obtained in our
simulations is consistent with the recent study of binary statistics of
Pop. III stars performed by Liu et al. (2021). Neither the turbulence
in the gas nor the cooling mechanism plays any role in defining the
distribution of ¢ in our models. The MMPBs in our models M1a—
M5a and M1b-M5b are generally formed as unequal mass binary
systems and the range covers 0.18 < g < 0.91 (see Table 4). We
note that the eccentricities and mass ratios reported in this work are
subject to changes due to N-body dynamics since the simulations
we performed do not predict the final distribution of the binaries.
Moreover, the small-mass ratios for most binaries, especially in
the model set M1a—M5a, might be an artefact of a protostar just
being born around another massive star at SFE = 2 per cent in
our simulations. Stacy et al. (2010) have discussed a possible direct
primordial formation pathway of carbon-enhanced metal-poor stars
(CEMP), provided the binary components do not grow too massive.
The idea is primarily based on the work by Suda et al. (2004) who
suggested that if one of the components of a Pop. III binary system
was an intermediate-mass star with 1 Mg < M, < 8 Mg, then the
other component might undergo carbon enhancement via binary mass
transfer. With the exception of the MMPB in our model M2b, we
generally found no such unequal-mass binaries in which a component
exists in the mass range where it can become a CEMP star.
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Table 4. Summary of the results for the two sets of models Mla—M5a and M1b—MS5b. The table is constructed for
MMPBs at the time when the SFE (£) reaches 2 per cent. The columns indicate the binary component that is considered,
the mass of the component, its age, the semimajor axis (@), the eccentricity (e), and the mass ratio (¢) at the end of
the simulation. Note: The protostars are assigned their status as primary or secondary component based on their final
masses at the end of the simulation, and not by their time of creation during the cloud collapse.

Model Component type Component mass (Mg) Age (kyr) a (au) e q

Mla primary, secondary 29.05, 14.87 3.03, 1.52 210.9 0.63 0.51
M2a primary, secondary 81.77, 29.96 4.52,4.54 681.4 0.41 0.36
M3a primary, secondary 62.40, 53.10 5.21,5.27 253.2 0.18 0.85
Mda primary, secondary 68.97, 12.99 4.48,2.94 86.05 0.68 0.18
M5a primary, secondary 36.18, 30.55 4.43,4.82 88.94 0.88 0.84
MIlb primary, secondary 36.35, 14.03 1.81, 1.49 37.09 0.46 0.38
M2b primary, secondary 12.48,5.77 2.44,0.33 290.0 0.68 0.46
M3b primary, secondary 71.94, 19.86 1.23,1.18 37.2 0.40 0.27
M4b primary, secondary 31.55, 28.85 5.20,5.20 3.57 0.16 0.91
MS5b primary, secondary 50.41, 13.92 2.20, 1.51 144.9 0.63 0.27

4.10 Caveats

We have performed hydrodynamical simulations, which lack radia-
tive transfer. The formation of Pop. III stars primarily depends on H,
cooling. Its dissociation via radiation from even distant sources can
suppress the star-formation process (Dekel & Rees 1987); Machacek
et al. (2001); Johnson et al. (2007); Wise & Abel (2007); O’shea &
Norman (2008)). Stacy & Bromm (2007) have shown that a possible
cosmic-ray (CR) background generated during the first supernova
explosions can affect the period of massive Pop. III star formation.
‘We are not in a position to address the possibility of feedback from the
stars which may reduce or even halt the accretion from the metal and
dust-free envelope (Omukai & Palla 2001, Omukai & Inutsuka 2002;
Omukai & Palla 2003; Hosokawa et al. 2011, 2016; Jaura et al. 2022).
Itis therefore of importance to include such effects in future studies to
further quantify their effect on binary systems. However, ionization
feedback may become significant only in more slowly fragmenting
cases of the collapsing primordial gas clouds, which form fewer
fragments and where accretion luminosity becomes effective (Smith
et al. 2010).

Our simulations also do not include the effect of the magnetic
field. While initially in a primordial gas environment, it is expected
that initially, magnetic field strength is weak (Ando, Doi & Susa
2010; Naoz & Narayan 2013), the small-scale dynamo may amplify
the magnetic field very significantly (Schleicher et al. 2010; Sur
et al. 2010; Schober et al. 2012; Latif, Schleicher & Schmidt 2014).
Once the accretion disc starts to develop around protostars, magnetic
field lines can channel the stream of material and may drive jets and
outflows from the protostars (Machida & Doi 2013; Latif & Schle-
icher 2016). Silk & Langer (2006) discussed the magnetorotational
instability that can operate in the first protostellar systems. They
further suggested that such effects allow primordial star formation to
occur at essentially any metallicity by regulating angular momentum
transfer, fragmentation, accretion, and feedback in a similar manner
as occurs in present-day molecular clouds. More recently, Sharda
etal. (2021) have performed magnetohydrodynamics simulations and
found that in well-resolved simulations of the Jeans scale during the
collapse, even initially weak magnetic fields can grow exponentially
via the small-scale turbulent dynamo and the large-scale mean-field
dynamo to become dynamically important.

The primordial clouds we simulate are idealized and do not
begin from cosmological initial conditions. It is also worth noting
that deriving the final fate of the binaries requires further N-body
simulations as performed by Liu et al. (2021).
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5 CONCLUSIONS AND OUTLOOK

We present a comparison between the characteristics of collapsing
primordial gas clouds and the properties of the resulting Pop. III
protobinary systems that form in models considering only H, line
cooling, as well as models, including H, line cooling followed by
CIE cooling. We compare the simulations when the SFE reaches &
= 2 per cent to ensure a comparable evolutionary stage. We also
explore the dependence on the turbulent properties of the gas in both
types of simulations and its impact on the resulting gas morphology,
the nature of Pop. III fragmentation, and the orbital properties of the
protobinary systems.

Our findings suggest that turbulence in the primordial gas plays
a relevant role in forming structures via networks of shocks that
develop inside the collapsing gas cloud and act as birthplaces of
Pop. III protostars (Padoan et al. 2007). The models that include
CIE cooling show a decreasing trend concerning the number of
fragments with increasing turbulent Mach numbers. The final number
of protostars Npe0, Which is primarily dependent on protostellar
merger events during the dynamical evolution of the system, none
the less, appears as rather insensitive to the initial level of subsonic
turbulence as well as the specific cooling mechanism.

For the global disc morphology at & = 2 per cent, we find that
an increase in turbulence affects the global disc structure and causes
the disc to appear misaligned with the rotational axis of the natal gas
cloud, regardless of the type of cooling we follow in our models. H,
line cooling acting as the only gas cooling mechanism results in a
more extended disc structure. We suspect that the more compact
structure of the global disc in models M1b—MS5b is related to
the higher gas densities > 10'* cm™ up to which the gas cloud
is allowed to collapse for the gas to undergo the formation of
the super-molecules, which subsequently lead to the CIE cooling.
The orientation of the Pop. III protostar cluster seems to follow
the orientation of the gaseous disc (even when the disc appears
misaligned with respect to the rotational axis of the cloud) as the
initial turbulence varies in the range of M = 0.1 — 0.4. However,
in the mildly and also the transonic turbulent models in simulations
M4a, M5a, M4b, and M5b, the initially misaligned disc structure
is disrupted and no final disc structure survives. The distribution of
the protostars then appears to be more scattered across the collapsed
part of the primordial gas cloud. A similar turbulence-dependent
behaviour at the scale of the circumstellar disc has been reported
previously but for simulations which were performed with magnetic
fields (Lewis & Bate 2018). It will be interesting to perform MHD
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simulations for the primordial gas models with various levels of
subsonic turbulence to explore the behaviour of the global disc
structure during collapse.

The mass accretion activity of the MMPBs shows a dependence
on the cooling mechanisms that plays a role during the collapse of
the gas. The MMPBs that evolve under CIE cooling exhibit more
than an order of magnitude higher peak accretion rates compared to
MMPBs that evolve in models with only H; line cooling. The mean
accretion rate M., remains of the order of 107! — 1072 Mg, yr~!
for the most massive binary components formed in our simulations.

Cooling via the super-molecules provides a channel for the forma-
tion of more compact Pop. III binary systems. However, other orbital
parameters of the first binary stars, such as eccentricity e and mass
ratio g, cover the full possible range from O to 1 and are independent
of both the initial turbulence of the gas, as well as the cooling
mechanism in the collapsing gas cloud. Moreover, eccentric binaries
are found exhibiting rich temporal accretion signals, showing distinct
waveforms, pulse structures, and duty cycles in different eccentricity
regimes (Zrake et al. 2021). We believe that these eccentricity-related
characteristics can be explored for the majority of eccentric Pop. III
binary systems we report in this work.
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