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Pop. lll star formation within minihalo
'

star forming gas cloud
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minihalo
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» gas accumulation - gravitational collapse
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connection between gas cloud core and Pop lll stars

stellar mass M,

VS
core mass M, 4 & rotation g, 4

P3 | Hirano et al. 2014’}
P3p . I o

P2
P1

e > ¢ H|

:B cloud :

/ /
4 / /
1 / / / ’
0 - / / / ’
B r / / / ./
i / / /

10

_ Ge\o;w\ \

100
Ivlc:loud [M ]

Q2R3
Peioud = Eror/ | Egravl —

cloud**cloud

3GM, cloud

[GW] IIIdOdW

accretion rate m__,

VS
total stellar mass M,

102§

Mo [Me)]

Y 3D AMR (this work)

3D spherical (Hosokawa-+16) 1{ o
2D (Hirano+14) o %

Sugimura et al. 2023

]
1073

M 1oud [MQ/ yr]

10

* massive cloud core leads to larger stellar mass.

- Rapidly rotating clouds tend to form smaller-mass stars.

- Higher accretion rate leads to larger total stellar mass.



impact of turbulence of gas cloud core

v fragmentation of gas cloud v magnetic amplification due to dynamo

B ﬁeld eVO durmg gas cloud core collapse
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— effect of angular momentum transport induced by turbulence ?



cosmological zoom-in simulation

v RAMSES [DM (particles) + hydrodynamics (Adaptive Mesh Refinement)] (Tessier 2002)
v cosmological initial condition generated by Music (Hahn & Abel 2011)
- A CDM Universe (Q_ = 0.31, Q, = 0.048, Q, = 0.69, H, = 68 km s~! Mpc™!)

v’ zoom-in to target minihalos

.....

dark matter _

v’ cell refinement criteria
(D Lagrangian refinement criterion: Meenpm > 8mpy OF M) o0 > 8 X INitial mean mass

@ Jeans refinement criterion: cell size > (Jeans length)/N;, Jeans length = \/ nc2/(Gp)




zoom-in simulations of target minihalos

@ quiescent minihalo @ merger-active minihalo

102

minihalo that experience few mergers with other minihalo where infalling DM clumps strongly
DM clumps, so the gas cloud can evolve without disturb the dynamics of gas cloud.
being disturbed.

My, =~ 2.4 x 105 M, Mpao = 42X 10° My,



formation of gas cloud core

- gas is heated to virial temp. during accretion onto the minihalo.  quiescent minihalo (NJ = 16)

tutorial_2025front/L1Mpc_halo4rl_b6z13Nj16_zoom2Halo_SKEmod

GM m step=58(z=23.09, t=145.71 [Myr]), var=nH
T. ~ halo’u P I=11, Imax=17, dhmin=7.33e-06 kpc, nHmax=2.23e+06[cm~-3]
vir —
5kbRVilr

Nhalo=5589, iobj=1, Mh=2.44e+05 Msun, DMmin=2.02e-01[Msun]
- once 1. reaches 1000 K, enough H2 forms to cool the gas.
(tg > 1,
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- The cooled gas starts collapsing to form a gas cloud core.

- Gas temp. starts to rise when the density is around 10* cm™

- Since the core mass exceeds the Jeans mass,
the core continues to collapse gravitationally (runaway collapse).
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definition of gas cloud core
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gas cloud core
104 ““‘- -......

-1.0 -=0.5 0.0 0.5
X [pcl]

gas cloud core radius R

|
= [ ] [ ] [ ] 106
quiescent minihalo

]\G’zz 2&5(5

10°

Mach

1071

107
l | l |

1.0 -1.0 -=0.5 0.0 0.5 1.0
X [pcl]

cloud-

where the ratio of M, ./ Mg reaches its maximum (Hirano +14)

Bonnor-Ebert mass: M

1.18¢

BE = ~] ®
(;'Sf%xt

001 0.1 1 10 100

11 1111 III||‘III

_______________________________________

rad [pc]



resolution dependence
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High resolution case (N; = 256)

— A turbulence-dominated gas cloud core forms.

— | | | | 1 * >
Turbulence transports angular momentum outward 0 oy

— Rotation within the core is reduced enclosed mass [M_]
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— A turbulence-dominated gas cloud core forms.

High resolution case (V; = 256)

— Turbulence transports angular momentum outward

— Rotation within the core is reduced

enclosed mass [M]



resolution convergence

Time Evolution of physical quantities in the central core(R
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with Ny > 256, large-scale turbulence can be resolved,

— yields a realistic, turbulence-dominated gas cloud core.
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guiescent minihalo vs active-merger minihalo

quiescent minihalo
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- Rotation is stronger in active merger halo

- turbulence in central core region becomes subsonic

In both cases



generation of seed B-field @ minihalo
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- @ and B are generated by gas accretion
(baroclinic and Biermann battery terms)
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- When dissipation is negligible,
@ and B evolve under the same equation.
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Simulations suggest that seed B-fields of
at least 1071%-1071° G can be naturally generated
within minihalos.
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summary

_:_;,i"_,;j;;e,performed zoom-in cosmological simulations of DM minihalo

fedshift=27.15
star forming cloud gas cloud core

~ 1000 M,
2
<>
2 pc
- Accretion onto the minihalo naturally generates vorticity (turbulence).
- Turbulence typically dominates over rotation in the gas cloud within the minihalo.
— reducing rotation via enhanced angular momentum transport
* Turbulence in the central core becomes subsonic at the onset of collapse, M., ~ 0.2.

- Mergers can enhance the kinetic energy of gas clouds, particularly in their rotational motion.

- Accretion shocks in minihalos can generate seed B-fields of at least 107!* — 107!° G.



