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Abstract

One critical remaining issue that is unclear in the initial mass function of the first (Population III) stars is the final
fate of secondary protostars that formed in the accretion disk—specifically, whether they merge or survive. We
focus on the magnetic effects on the formation of the first star under a cosmological magnetic field. We perform a
suite of ideal magnetohydrodynamic simulations for 1000 yr after the first protostar formation. Instead of the sink
particle technique, we employ a stiff equation of state approach to represent the magnetic field structure connectin3g
protostars. Ten years after the first protostar formation in the cloud initialized with By = 10~ G at ny = 10 cm >,
the magnetic field strength around the protostars has amplified from pico- to kilo-Gauss, which is the same strength
as the present-day star. The magnetic field rapidly winds up since the gas in the vicinity of the protostar (<10 au)
has undergone several tens of orbital rotations in the first decade after protostar formation. As the mass accretion
progresses, the vital magnetic field region extends outward, and magnetic braking eliminates the fragmentation of
the disk that would happen in an unmagnetized model. On the other hand, assuming a gas cloud with a small
angular momentum, this amplification might not work because the rotation would be slower. However, disk
fragmentation would not occur in that case. We conclude that the exponential amplification of the cosmological
magnetic field strength, about 10~ '® G, eliminates disk fragmentation around Population IIT protostars.

Unified Astronomy Thesaurus concepts: Magnetohydrodynamical simulations (1966); Primordial magnetic fields

(1294); Population III stars (1285); Star formation (1569); Stellar accretion disks (1579); Protostars (1302)

1. Introduction

One of the significant challenges in modern cosmology is the
formation process of the first generation of stars, the so-called
Population III (Population III) stars. They influence all subsequent
star and galaxy evolution in the early universe through their input
of ionizing radiation and heavy chemical elements, depending on
the final fates of Population III stars (Yoon et al. 2012). There
have been no direct observations yet, but the nature of the first
stars has been elucidated by theoretical studies, in particular with
numerical simulations of increasing physical realism (for recent
reviews, Greif 2015). Furthermore, several indirect constraints
exhibit the imprint of the first stars: <0.8 M, low-mass stars
capable of surviving to date (e.g., Magg et al. 2018); ~100 M,
massive binaries, which can be a promising progenitor of BH-BH
(black hole) mergers like the gravitational-wave sources (e.g.,
Kinugawa et al. 2014); and ~ 10° M, supermassive stars, which
could have left the massive seed BHs of high-z supermassive
black holes (SMBHs; e.g., Inayoshi et al. 2020). There is a need
to update theoretical models for the formation and evolution of
the first stars to predict their observational signature in light of the
upcoming suite of next-generation telescopes.

One of the key unresolved issues in first star formation
theory is the efficiency of magnetic effects (e.g., magnetic
braking). Previous studies have identified several effects
assuming primordial star-forming gas clouds have strong
magnetic fields: delaying the gas contraction to the host
dark matter (DM) mini halo and the first star formation
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(e.g., Koh et al. 2021), preventing disk fragmentation with
efficient angular momentum transport due to the magnetic field
(Machida & Doi 2013; Sadanari et al. 2021), and reducing the
protostellar rotation degree, which can also control the final fate
of Population III stars (Hirano & Bromm 2018). However, it is
known that the primordial magnetic field of the universe (10~ '8
G; Ichiki et al. 2006) is extremely weak compared to the
magnetic field of nearby star-forming regions (~107° G).
Magnetic field amplification by flux freezing during the cloud-
collapse phase, B o< n?/3, is insufficient to provide the magnetic
field strength to affect the first star formation.

A small-scale turbulent dynamo can lead further amplifica-
tion (summarized in McKee et al. 2020). Cosmological
magnetohydrodynamical (MHD) simulations provide power-
law fits to their results that can be compared to the flux-freezing
expression, specifically B oc n®® (Federrath et al. 2011) and
B o n®%° (Turk et al. 2012). However, the amplification level
via a turbulent small-scale dynamo depends on the numerical
resolution (Sur et al. 2010, 2012). A recent MHD simulation
(Stacy et al. 2022) showed that a small-scale dynamo could
contribute only one or two orders of magnitude to the magnetic
field amplification during gas cloud contraction. Hence, most of
the amplification comes from compressional flux freezing.

Recently, Hirano et al. (2021) reported a new mechanism for
magnetic field amplification during the protostellar accretion
phase in primordial atomic-hydrogen (H) cooling gas clouds.
Many fragments of a gravitationally unstable gas cloud amplify
the magnetic field due to rotational motion and form a vital
magnetic field region around the protostar. The simulations in
Hirano et al. (2021) adopted the stiff equation of state (EOS)
technique; we then could calculate the coupling between the
high-density region and the magnetic field, which is essential in
reproducing this amplification mechanism. However, MHD
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Figure 1. Thermal evolution models of the zero-metallicity star-forming clouds
as a function of the gas number density. The black line is the base model
theoretically obtained by the chemical reaction calculation (Omukai et al. 2008;
Machida & Nakamura 2015). The colored lines, the adopted models in this
study, are variants of the black line using the stiff-EOS technique with
threshold density ng, = 10" ecm ™3 (red) and 10'° cm™2 (blue), respectively.

simulations of the first star formatlon replaced the dense region
by sink particles (ngj,x ~ 10" cm~3; Sharda et al. 2020, 2021;
Stacy et al. 2022), which resulted in the loss of the magnetic
field connection from the dense region. Therefore, it is not
uncovered whether a similar amplification occurs in the
primordial molecular-hydrogen (H,) cooling gas clouds in
such simulations. Our previous simulations (Machida &
Doi 2013) assumed a relatively strong magnetic field
(1071°-107° G at n=10*cm>) and did not consider a
cosmologically weak magnetic field as an initial condition.

We performed three-dimensional ideal MHD simulations of
the primordial star formation using the stiff-EOS technique. We
find that exponential magnetic field amplification occurs in the
vicinity of the protostar in the first three years after the first
Population III protostars form and that the field-amplified
region completely suppresses disk fragmentation. This Letter
introduces this new exponential magnetic field amplification
mechanism and substantial expansion of the amplified region.
In Paper II, we will discuss the effects of model parameters on
the first star formation in detail.

2. Methods
2.1. Numerical Methodology

We solve the ideal MHD equations with the barotropic EOS.
Note that nonideal MHD effects are not effective in primordial
gas clouds (e.g., Higuchi et al. 2018). To represent the thermal
evolution in the zero-metallicity cloud, we adopt the EOS table
based on a chemical reaction calculation (Omukai et al. 2008).
Instead of the sink particle technique, we employ the stiff-EOS
approach to represent the magnetic field structure connected to
the dense gas region, which was established in our previous
works (Machida & Doi 2013; Machida 2014; Hirano &
Bromm 2017; Susa 2019; Hirano et al. 2021). Figure 1 shows
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the resultant EOS tables. We adopt two threshold densities ny,
to study the early amplification and later expansion of the
magnetic ﬁeld respectively: (1) simulations until #,, =100 yr
with g, = 10'® cm ™, which reproduce hydrostatic cores whose
radius is c0n51stent with the mass-radius relation of an
accreting primordial protostar (Hosokawa et al. 2010) and (2)
until 7, = 1000 yr with ng = 10" cm . We define the epoch
of the ﬁrst protostar formation (f,s =0 yr) to be when the gas
number density first reached the threshold density (1, = n)-

We use the nested grid code (Machida & Nakamura 2015) in
which the rectangular grids of (ny, ny, n,) = (256, 256, 32) are
superimposed The base grid has box size L(0) =9.83 x 10° au
and cell size h(0) = 3.84 x 10 au. A new finer grid is generated
to resolve the Jeans wavelength by at least 32 cells. The
maximum grid levels and the finest cell sizes are /=17 and &
(17) =0.0293 au for runs with nth =10"cm 3, whereas [ = 14
and h(14) =0.234 au for ny, = 10" cm™ respectively.

2.2. Initial Condition

The initial cloud has a enhanced Bonner-Ebert (BE) density
profile n(r)=f-ngg(r) with a enhanced factor f = 1.6 to
promote cloud contraction. The initial central density is
fonpp(r=0)=f-10*cm . The mass and size of the initial
cloud are M o=4.83 x 10 M., and R;,=2.38pc, respec-
tively. A rigid rotation of Qy=1.31 x 10" "*s~! is imposed.
With these settings, the ratio of the thermal and rotational
energies to the gravitational energy of the initial cloud are
ap=0.533 and G, =0.0209, respectively. We do not include
turbulence and do not consider a small-scale dynamo (e.g., Sur
et al. 2010; McKee et al. 2020) because we only consider very
weak fields, which are significantly amplified by the rotation
motion of protostars (see Section 4 for details).

2.3. Model Parameter

We impose a uniform magnetic field B, with the same
direction as the initial cloud’s rotation axis in the whole
computational domain. We examine the 2pararneter dependence
of the first star formation on By =0, 10~ 0 10_15 and 107'°G
(labeled B0O, B20, B15, and B10). We adopt B20 as the
fiducial model in this study because By = 10~2° G is lower than
the cosmological value ~ 10~ 8G (Ichiki et al. 2006). If we
can show that magnetic fields affect first star formation in this
model, we can prove that the first stars cannot avoid the effects
of magnetic fields. By comparing B20 with B0O, we examine
the magnetic effect on the first star formation. By comparing
B20 with B15 and B10, we study the necessity of the early
amplification of the magnetic field strength before the star-
forming cloud formation.

3. Results

This section shows the results of MHD simulations with
different initial magnetic field strengths (B0O, B20, B15, and
B10). We run four models under different threshold densities until
ths=100yr (n,=10"cm ™) and 1000yr (n5=10"cm™).
Because the calculation results among models w1th different
resolutions converged outside the resolution limit,® this section
shows the combined results of the first 100 1yr under
ng = 10" cm ™~ and the latter 900 yr under ny, = 10

3 We find no resolution-dependent effects like magneto-rotational instability

(MRI) in our simulations.
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Figure 2. Cross-sectional view on the z = 0 plane around the most massive protostar at #,; = 0, 10, and 1000 yr after the first protostar formation from left to right.
Panels: (top) gas number density in model BOO, (middle) gas number density in model B20, and (bottom) absolute magnetic field strength in model B20. The box sizes

are 20 au in the left and middle panels and 1000 au in right panels, respectively.

3.1. Fiducial Model

Figure 2 compares the simulation results of the fiducial
model (B20) and the unmagnetized model (BOO) during the
first 1000 yr of the protostar accretion phase. At the birth time
of the first protostar (left panels), the density structure around
the protostar is identical because the magnetic field strength in
the vicinity of the protostar is too weak (pico-Gauss = 10~ '> G
at most) to affect the collapsing gas cloud. However, after a

decade (middle column in Figure 2), the magnetic field strength
on the primary protostar surface (~30R;) amplifies to kilo-
Gauss (similar to the Population I protostars; Johns-Krull 2007),
and this strong “seed” field amplifies the surrounding field in a
region of 10 au radius. Within this strong magnetic field region,
the density and velocity structure of the accretion gas are
affected by the magnetic field. After 1000 yr (right column in
Figure 2), the amplified magnetic field region extends to a
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Figure 3. Radial profiles for model B20 at #,, = 0, 1, 2, 3, 10, 30, 100, 300, and 1000 yr after the formation of the first protostar. Panels: (a) magnetic field strength,
(b) number of orbital rotations at fs, Nrot = (Varlps)/(2TR), (c) radial velocity, and (d) absolute value of the ratio of the radial velocity to the rotational velocity. The
line for #,, = 0 yr is not plotted in panel (b) because N, = 0 for every R at #,, = 0 yr. The dotted line in panel (b) represents the expected Ny at fps = 10° yr when the
first star ends its accretion phase (Figure 1 in Hirano & Bromm 2017) by using the radial profile of rotational velocity at #, = 1000 yr. The horizontal lines indicate

Nyt = 1 in panel (b), —vp,q = 0 in panel (c), and |vyaq| = |Viof in panel (d).

radius of about 500 au and multiple protostars that appeared in
the unmagnetized model have disappeared in the fiducial
model. The global spiral structure of gas appears inside the
amplified region due to the angular momentum transport by
magnetic braking that allows accretion to proceed efficiently.

The ori%'n of this exponential magnetic field amplification
from 10~'% G to 10° G in nearby protostars is rapid rotational
motion capable of winding up magnetic fields. The magnetic
field strength in the vicinity of the protostar has been
sufficiently amplified in the first 3 yr after protostar formation
(Figure 3(a)). In the region of <10 au, the number of orbital
rotations exceeds one at f,s = 0 yr and reaches several dozen at
tps = 3 yr (Figure 3(b)). The magnetic field amplification region
then widens over time, and its arrival radius equals the radius at
which the orbital rotation rate exceeds one, N, =1.
Figure 3(c) shows the negative radial velocity —v.q and
indicates that the amplified field cannot significantly impede
the gas accretion into the central region. Figure 3(d) plots the
ratio of the radial velocity to the rotational (or azimuthal)
velocity. The figure shows that the gas falls toward the center
while rotating. These figures mean that gravitational energy is
efficiently converted into magnetic energy through kinetic (or
rotational) energy after the formation of the first protostar. We
expect that the amplified magnetic field region could spread
about 10*au ~0.05 pc, inside which the total gas mass is
about ~ 500 M., in this model, until the end of the accretion
phase of the first stars (about 10° yr; dotted line).

How does this exponentially amplifying magnetic field affect
the formation process of the first stars? The amplified magnetic
field eliminates fragmentation of the gravitationally unstable

accretion disk, and a single protostar forms at the center of the
cloud (Figure 4(a)). On the other hand, the stellar masses are
not different between magnetized and unmagnetized models
(Figure 4(b)). In any case, the fragments born in the vicinity of
the protostar will merge immediately. The rotation velocities,
the second important parameter of the stellar evolution theory,
are nearly constant, ~0.05 times the Keplerian velocity,
regardless of the models and evolution time (Figure 4(c)).
Because the rotational degree is low, it seems reasonable to
adopt a nonrotational model for the stellar evolution (e.g.,
Yoon et al. 2012).

3.2. Dependence on the Initial B-field Strength

We simulated two comparison models (B15 and B10) with
higher initial magnetic field strengths than the fiducial model to
examine the effects of other amplification mechanisms, which
do not appear in our simulations. The evolution of a collapsing
gas cloud is almost similar among the three models until
fps = 0 yr except for the magnetic field strength distribution.
Figure 5 shows that, in both cases, exponential magnetic field
amplification occurs immediately after 7, = 0 yr, similar to the
fiducial model. Because the expansion of the amplified
magnetic field region completely prevents disk fragmentation,
all magnetized models show the same results: the formation of
a single first star (Figure 4(a)).

4. Discussion

The magnetic field amplification after protostar formation
proceeds in the following steps: (1) The rotational motion of
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Figure 4. Time evolution of the protostar properties for models BOO (gray),
B20 (blue), B15 (red), and B10 (yellow). Panels: (a) number of protostars,
(b) total mass of protostars Mg o and mass of the most massive (primary)
protostar Mag prim» and (c) ratio of rotational velocity to the Keplerian velocity
of the primary protostar.

protostars amplifies the small magnetic field around them. (2)
The amplification rate of the magnetic field in the surrounding
region increases according to the induction equation, OB/
0t =YV X (v x B). (3) The rotation-dominated region gradually
extends outward, where the magnetic field is amplified by
mechanism (1). The MHD simulations adopting the sink
particle technique cannot reproduce the “seed” magnetic field
amplification around the protostar and the following propaga-
tion outwards because the rotation of the high-density region
does not couple with the magnetic field.

The high accretion rate in the atomic-hydrogen (H) cooling
halo causes many fragments, which amplify the magnetic field
due to the rotation (Hirano et al. 2021). In the molecular-
hydrogen (H,) cooling halo investigated in this study, the disk
fragments appear only at the initial stage but soon merge into
the primary protostar. The orbital rotation around the protostar
alone can amplify the magnetic field without further fragmen-
tation. This amplification mechanism is unique to star
formation in the early universe because it does not occur in
nearby star-forming regions where the magnetic field saturates
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before the protostar accretion phase. Thus, the feedback cannot
be ignored under a strong magnetic field environment.

This magnetic field amplification prohibits the fragmentation
of the accretion disk. If the star-forming gas cloud has a
sufficient rotational degree, a gravitationally unstable accretion
disk forms and fragments, but the amplified magnetic field
immediately suppresses disk fragmentation. Conversely, if the
rotation of the gas cloud is weak, the amplification of the
magnetic field by the rotation is less efficient. In this case, a
gravitationally unstable accretion disk cannot form, and disk
fragmentation does not occur. In either case, a single first star
remains.

We provide some caution regarding the rotational amplifica-
tion of the magnetic field. Recent studies have suggested
turbulence as an amplification mechanism of the magnetic field
and shown that disk fragmentation is not significantly
suppressed in turbulent environments (e.g., Sharda et al.
2021; Prole et al. 2022). We did not consider turbulence in
this study (Section 2.2). The rotational amplification mech-
anism may not be effective in highly turbulent environments
because the turbulent reconnection (or reconnection diffusion)
breaks the coupling between the magnetic field and gas (or
fluid motion) even in ideal MHD calculations (e.g., Lazarian &
Vishniac 1999; Lazarian et al. 2020). Thus, the existence of
(strong) turbulence may significantly change our results, which
will be investigated in our future paper. In addition, rotational
amplification would not be efficient when magnetic dissipation,
such as ambipolar diffusion and ohmic dissipation, is effective,
and the amplified field significantly dissipates. As shown in
Higuchi et al. (2018), ambipolar diffusion becomes effective in
the high-density region (n>10"%cm™>) when the magnetic
field strength exceeds B 2 0.1-1 kG. Thus, we need to consider
ambipolar diffusion in a further evolutionary stage.

Next, we discuss the amplification of the magnetic field and the
treatment of protostars. We have used the stiff-EOS technique
instead of the sink particle technique, as in our previous studies
(e.g., Machida & Doi 2013; Machida & Nakamura 2015; Hirano
et al. 2021), because some physical quantities related to the
amplification or accumulation of the magnetic field (or flux), such
as the mass-to-flux ratio and kinetic energy, can be conserved. The
sink particle technique removes only the gas around the sink
particles without removing magnetic flux. Thus, the mass-to-flux
ratio is not conserved and would decrease with time. With a small
mass-to-flux ratio, the magnetic flux is leaked out from the region
around the sink particle, for example, due to interchange instability
(Zhao et al. 2011; Machida & Basu 2020). We also showed that
rotation around protostars amplifies the magnetic field. However,
the rotational energy, which is proportional to the mass, is
substantially removed with the sink particle technique. In addition,
the high-density gas is not coupled to the magnetic field after
removing the gas. Thus, the rotational amplification of the
magnetic field should be underestimated with the sink particle
technique. For these reasons, we used the stiff-EOS technique. It is
expected that the difference in the results among recent studies
(rare or frequent fragmentation) can be attributed to the treatment
of protostars (sink particle or stiff-EOS techniques) and the
inclusion of turbulence.

Finally, we comment on observational constraints of the first
stars. Our result is consistent with the observational constraint
with no observation of low-mass (<0.8 M) surviving first
stars in the galaxy. Though the amplified magnetic field prohibits
small-mass disk fragmentation, it is unclear whether the
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Figure 5. Phase diagrams of the absolute magnetic field strength for models B20, B15, and B10 (top to bottom) at #,, = 0, 10, and 1000 yr after the first protostar
formation (left to right). The white dotted line in the top-left panel shows the power law B n?/3 through flux freezing during the cloud compression.

magnetic field affects wide binaries/multiples (separation >
10° au; Sugimura et al. 2020) and chemothermal instability at
the Jeans scale (Hirano et al. 2018), which form more massive
fragments. If a massive first star binary forms from them, it could
leave the massive star binary, which can be a promising
progenitor of BH-BH mergers like the gravitational-wave sources
(Kinugawa et al. 2014). We are interested in the contribution of
the amplified magnetic field to the contraction of the binary orbit,
but it is outside the scope of this study.

5. Conclusion

We introduce a new exponential amplification mechanism of
the magnetic field during the accretion phase of the first star
formation. Even if the star-forming gas cloud only has

cosmological magnetic field strength, the orbital rotation
around the protostar amplifies the tiny magnetic seed to kilo-
Gauss as the current protostar in less than 10 yr after the
protostar formation. The amplified magnetic field region
expands during the accretion phase and reaches ~ 10*au
(inside which ~ 500 M) at fps~ 10° yr when the protostar
becomes a zero-age main-sequence star. Because the strong
magnetic field completely prevents disk fragmentation, only
one protostar forms in each accretion disk. We conclude that
the first star formation is inevitably affected by magnetic fields
even if the initial magnetic field strength has a cosmological
value, about 1078 G.

Hirano et al. (2021) showed the magnetic field amplification
in the atomic-hydrogen (H) cooling gas clouds. This Letter
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shows that the same amplification also occurs in molecular-
hydrogen (H,) cooling gas clouds with lower accretion rates
and a limited number of fragments. Paper II will discuss in
detail how the effects on gas cloud evolution depend on the
initial magnetic field strength. We note that the magnetic field
amplification shown in this study would not operate in
contemporary star formation because the magnetic field
significantly dissipates within the disk. For this reason, we
have overlooked this mechanism until today.

In the future, we will perform a parameter survey of the
MHD simulations for the parameter ranges of the primordial
star-forming gas clouds obtained from the cosmological
simulations (Hirano et al. 2014, 2015). Although disk
fragmentation is wholly eliminated in this study, we will check
whether or not gas clouds with different physical parameters,
such as accretion rate and rotation degree, result in the same. In
addition, the current simulations end at f,;=1000yr, and
additional calculations are needed to determine the final stellar
mass at f, ~ 10° yr when the first star reaches the zero main-
sequence stage. In the future, we will fully update the theory of
first star formation to incorporate MHD effects and determine
the formation rates of observational counterparts, such as low-
mass surviving stars and massive BH binaries.
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