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1. first star formation w/o magnetic field

2. magnetic fields in first star forming region
- generation & amplification of B-field

3. Magnetic effects on first star formation
(Sadanari et al. 2024)
- turbulent B-fields effects on disk fragmentation

- magnetic pressure

* magnetic torques
- MHD outflow

4. Summary



first star formation




first (Pop lll) stars

starting points of the formation of astronomical objects
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v/ The properties of first stars determine the evolution of the universe

reionization by stellar radiation, metal enrichment by SNe, seeding BHSs,
metal poor stars, etc.

Final fates of rotating massive Pop IlI stars

Big goal

determining the nature of first stars

= mass, number of stars, spin, multiplicity, e
binary separation, eccentricity, etc. _ t0 BH

weak SN ||

— we need to perform numerical simulations 10 20 35 60 100 160250 500

(Yoon + 12) Mzams [Mgunl




first (Pop lll) stars

startmg points of the formation of astronomlcal objects
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first star formation process

(I) formation of (II) collapse phase (III) accretion phase

gas cloud core

oud core

- guenching of gas accretion
due to ionization feedback
— stellar mass

10"

Mo 3000 au

1 Sugimura + 21 ) .



collapse phase

gas cloud core

proto ation

=)

collapse phase

=)

accretion phase

- evolution of central temperature v/ accretion rate

M ~ My/te ~ c21G ~ T

_, ( Pop Il (T~200 K): 1073 Mq/yr
Pop| (T~10K): 107° M/yr

H, cooling

Dust cooling (solar metalicity) ‘Accretion rate is high in the primordial case.
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accretion phase

gas cloud core

proto ation

=)

collapse phase

high accretion rate

v/ massive star v’ binary/multiple system
N [ Toal|  Hirano+2015 3D hydrodynamic simulations (Susa 2019)
star 5 yr 103yr 400yr A 1100yr
10 | —— 30AU —— 30AaU 34 F—— 90AU % F;l180Altime
—>
1 A . i - High accretion rate easily leads to disk fragmentation.
10 100 1000 M, —multiple systems w/ massive binaries.

e.g., Hirano+2015 -
(.9 ) — can be progenitors of observed BH mergers

typical mass ~100 M,



disk fragmentation

the number of fragmentations
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Hydrodynamics simulations suggest that number of protostars continues to increase in time.
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Susa et al

— first stars tend to form as a higher-order multiple system.
— Low-mass first stars can also form.
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IHow does this change in the presence of B-fields ?|




magnetic fields In the first star-forming regions

- generation of seed magnetic fields
* magnetic amplification



seed magnetic field in the early universe

v Observational constrains
- Gamma rays observation of blazars

B > 107%Y G @ intergalactic voids (Takahashi+2012)

v Theory

Cosmological process

- during electroweak & QCD phase transition:
B~ 10% -10"° G — depend on the model

- Second order fluctuations during recombination era
(Saga+201b5)

B ~107** G@ few Mpc

Attia + 21 “

1Bl [G]

Astronomical process
— Biermann battery mechanism
- Galaxy formation (Kulsrud+1997)
- Reionization (Gnedin+2005)
- SNe explosion (Hanayama+2005)
- Virialization shock during minihalo formation
(Xu+2008)
- Radiation forces (Langer+2003; Doi&Susa2011)
- Streaming of cosmic rays (Ohira 2021)

1Bl [G]

— B ~ 10721 - 1071% G at scale of astronomical object



magnetic field evolution in minihalos

step 1.
Biermann-Batteryi&tgic &k 2 @IS 4E

- Initial Biermann

- Turbulent Biermann

step 2.
LY 1 FE+ENERIC X 2HISIENE

- Kinematic dynamo phase

- Nonlinear dynamo phase
- compression phase

induction equation
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generation of seed magnetic fields

v Initial Biermann
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generation of seed magnetic fields

v Turbulent Biermann
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amplification of seed magnetic fields

v Kinematic dynamo phase
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amplification of seed magnetic fields

v Non-linear dynamo phase
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magnetic amplification

108 cm™ 10'? ¢m™?

initial condition

evolution of magnetic field
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Due to the dynamo amplification,
initially weak B-field can reach the equipartition level before the protostar formation.



ambipolar diffusion effects

evolution of AD heating rates

- Even with a strong magnetic field, AD heating rates
are always smaller than cooling rates.

lﬂAD < Anet

- AD heating cannot change the thermal evolution
in the collapsing primordial gas cloud.

- Similarly, AD cannot inhibit B-field amplification.

— |deal MHD is valid in the primordial case.

- As a results,

B-fields around the protostar become stronger
compared to the case of present day star formation.

/ primordial gas: B~ 10* 5 G\
\_ presentday: B~ 10°3G /

How does such amplified strong B-field
affect the first star formation ?
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MHD simulations of turbulent gas cloud

Higashi et al. 2024
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magnetic effects on first star formation




magnetic effects on star formation

v magnetic forces v magnetic braking
(tension & pressure) |

B

magnetic
tension

I I
NO magnetic
tension

flux of
angular
momentum (AM)

gas cloud deformation

magnetic
pressure

| (AM)




In first star formation

coherent B-field
(e.qg., present-day)

B-field

MHD outflow & magnetic braking
can transport the angular momentum

- reducing disk size
|=> - suppressing disk fragmentation
- reducing the binary separation

weak B-field
-

» \O\ v

-
150 au (ﬂ = 1000)

Hennebelle & Teyssier 2008

turbulent B-field
(e.g., first star forming region)

- QUESTION 7 semmermmasemessmmnssncnmncy

i How turbulent B-fields affect on !
| disk size, fragmentation, binary separation, ,

| magnetic effects

i {* magnetic pressure

—> disk stabilization
(e.g., Stacy+2022)

i | - magnetic torques —> ?

i { * outflow —> ?



previous works of MHD simulations

Machida & Doi 2013; Sharda + 20, 21; Stacy+2022; Prole+22; Hirano+22;

Saad+22; Sadanari+24; Sharda+2024
Sharda et al. %9020

. TotalSinks=1 .
I .
R,
=N 9
@ 10 F
‘da -
2 VBl Time=729yr |- Time=2079yr -
+ H H - 4 ' H
Al Total Sinks=5  .|. Total Sinks=5 -
| 2
: il L5 g
1.0 ~~ 3 i g
2
3 E
0.8 R e
- Time=1955yr -|- Time=2116yr -
. 0.6F 8l Total Sinks=14 | Total Sinks =11 -
3 10°
0.4
02F /
- Time=1543yr - Time=2002yr -
1 1 ' ' ' ' ' '
0'8.1 1.0 10.0 -600 0 600 -600 0 600
Sink Mass (M) X (au)

INEEE DR R & I
Prole et al. 2022

—  Nydro
k3/2

5
o
]

— niform

O
o))
1

MHD (k/2)

cumulative fraction of mass

0.1 mass [M ]10' SIS () B2 48R F>
© ﬁﬁ 741_0)/'3_"\/ = 79\ lJ

Number of Stars
o —_ ] w IS W =3 N ®
TT TT T l TT1.7T T T T TT T T T I T TT T

number of sinks

Stacy et al. 2022

t = 2000 yr, central 5000 AU

BEE DAz {1

j B Hydro
I MHD
6 -
5 -
[a)
24
1 11 |
0 é 1I0 115 2I0 2I5 30
mass [Mgy]
FI % 5734 % 5 < 1]
Sharda et al. 2024 B
T -}| LI g g[l)ﬂ)_: """""""" _‘]04
_: » RHD _RMHD g
i*t‘: _: 10°
* ] -
* K % e
* H . ke * x|/ : : : .
1 10 100 -600 0 600 -600 0 600
M, Mg) X (au) (au)
BFERDETICKD. AR Z(EE.
i =— — |



MHD simulation of first star formation

' Impact of turbulent magnetic fields on disk formation "'
I and fragmentation in first star formation |

{ Keniji Eric SADANARI,"* Kazuyuki OMUKAI (9,2 Kazuyuki SUGIMURA,? Tomoaki MATSUMOTO,* §
¢ and Kengo TOIDA2 | o B e | - |




overview of our studies

3D MHD simulations

A

protosta

o))

collapse phase

gre

turb.
coll

mation

=)

accretion phase

gas accretion
disk formation & fragmentation
multiple system

: 2000 au s

magnetic pressure,
magnetic torques, outflow



set-up of MHD simulation

[simulation code] QeSS S C T
AMR(Adaptive Mesh Refinement ) code | S FUMATO
ideal MHD + self gravity .‘Selfgl‘avitational Eluid-dynamics Ultilizing
. energy eq W/ Coollng/heatlng ‘ '."MeSh Adaptive Tequnique with Oct-tree
i | (Matsumoto 2007, Sugimura+2020)

— 1—> —
Z4v. [<e+p+8—|B|2>§——B <v-B>] +p¥-Vp+A=0

T A

8 radiation cooling
§ - 14 chemical reactions among (:2, _HDI Ime?, g/?]s ctC_>ntlnuum)
iag - + - Yt chemical cooling/heatin

6 species : H, H,, e, H", H™, Hj 9 9

resolution: cell size < Jeans length/64

[initial set up] L — 3.06+00
Bonnor-Ebert sphere (= gas cloud core) rOP G
(central density n,. . = 10° cm™ )

c,init —
- rigid rotation
Eyot/ | By | = 0.01
| - turbulent velocity ( V. o k=172
Equt/ | Eqray | = 0.03
{ - uniform magnetic field
/| E, 2x 1077, 2x 107, 6x 107"

| =0,

rav
rav

Emag rav

unifr B—fileld| lines



overview of our simulations

B field lines t, ~ 3000 [yr]

collapse phase accretion phase

A

= =

colling © =0)
at n,= 10" cm™

adiabatic core formation

nH
itidl [conditiol I
12.9
F — >
' 1.2

gravitational

collapse IW6
10.1

9.50

_7 . formation of adiabatic core @ 10'* cm™
B..=10"G AR S A
B,,=10"°G

nit

=> protostar




overview of our simulations

B field lines t, =0 [yr] t, ~ 3000 [yr]

collapse phase accretion phase

A

= =

colling =0)
at n,= 10" cm™

adiabatic core formation

nH

13.5

I12.9

12.4

11.2

nitidllconditioi

gravitational .
collapse 10
9.50 <€ >
1000 au " ;
i 07 G - formation of adiabatic core @ 10" cm™
Blmt _ 108G => protostar

1nit

- disk formation and fragmentation
—> multiple protostar




turbulent B-fields @ protostar formation
&

lution
the collapse

We generate different turbulent fields in terms of

strength,
spatial distribution, | @ protostar formation
configuration

mag X

by varying the initial field strength Binit

In larger area

in small area

- large scale-field

+ coherent field
by comp.

- small scale-field - large scale-field

wave number k






B-field evolution within the disk

tp=0yr prefix =no step = 6900

M density [cm ™3]

maghetic energy density within the disk
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- Disk rotation slowly amplifies B-field in the disk region.
- Diffusion by turbulent reconnection reduces the magnetic amplification rate.



disk fragmentation

t,=0yr

1500 au

—
red point :protostar

disk region:V,(R) > 3V 4(R) = Ry,

- size of disk region
— almost the same across the all magnetized cases.

- multiplicity
— Regardless of B-field strength within the disk, multiple systems are formed.



disk fragmentation

tp =3056 yr t, =3067 yr

1500 au

€
red point :protostar

disk region:V,(R) > 3V 4(R) = Ry,

- size of disk region * magnetic pressure
— almost the same across the all magnetized cases. * magnetic torques
* multiplicity * MHD outflow

— Regardless of B-field strength within the disk, multiple systems are formed.

- size of spiral arms(SAs) & gas distribution
— SAs Iin Binit = bx107-7 G case are shorter than other weaker case.
— The gas within the disk concentrate to the center.



B-field effects : magnetic pressure

plasma beta f, = py,/py

1n1t — 10 G 1n1t — 10_7 G ,gBini',[ : ng 10_7G

‘tp=0yr 7

maghnetic pressure stabilizes the disk — fragmentation |



B-field effects : magnetic pressure

plasma beta f, = py,/py

1n1t — 10 G 1n1t — 10_7 G ,gBini',[ : ng 10_7G

't =O r _
P y .circumstella

maghnetic pressure stabilizes the disk — fragmentation |



B-field effects : magnetic torques

equation of AM conservation

[ B 7 B g
,(prv¢) T ( m 87TG)8¢ 47rB . 47rGg] .

Flux
ady S 107 G Flux,,,, Fluxg,,

1500

R [au]
=
o
o
=

500

|GR, mag or grav|/|GR, advl

0. 1000 2000 3000 O A 1000 2000 3000
tp [yr]

* Magnetic torques transport AM along
the direction of the disk.

- Effect of magnetic torque is dominant

UOnaIdOR SB3

in the outer region of the disk.




B-field effects : MHD outflow

magnetic pressure wind

¢/ generation of
toroidal fields by
protostellar rotation

N\

magnetic pressure 75
ST

-

protostar
(adiabatic core)

2"

——,



B-field effects : MHD outflow

Binit — 5 X 10_7 G

maghnetic pressure wind prefix=no step = 159000 tp=10yr prefix=no  step=7200

B density [cm™]

Pmag

rotation

v generation of
toroidal fields by
protostellar rotation

v Pram > Pmag
— extinction of the jets

The impact of mass
& AM ejection is minor

o

proté’s}tar from the SA primary protostar




WKMR: 7O 70— L BBEENH

magnetic pressure wind t, = 3956 yr prefix = no step = 220000 t, =840 yr prefix =no step = 138000

B density [cm™]

Pmag

rotation

v generation of
toroidal fields by
protostellar rotation

v Pram > Pmag
— extinction of the jets

The impact of mass
& AM ejection is minor

protostar from the SA primary protostar



magnetic effects on disc fragmentation

cumulative number of fragments number of fragments (protostar)
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- Magnetic pressure & AM transport by magnetic torques stabilize circum-stellar/binary disks.

— The cumulative number of fragments decreases with stronger B-field in the disc.

- However, most of the protostars merger each other.

— we can see clear reduction of number of protostar only in the case of Binit = 5x107-7 G.



We have performed 3D ideal MHD simulations of first star formation
from collapse phase to accretion phase.
— investigating whether turbulent B-fields affect the disk fragmentation.

[our findings]
magnetic amplification by rotational motion is slow due to the
magnetic reconnection diffusion.

N frag f
40F

{ magnetic pressure

1 stabilizes the circum-stellar/binay disk.

{ magnetic torques 30}

transport the angular momentum in radial direction, .t
§ leading to stabilize the disk. :

1 MHD outflow
§ Magnetic pressure winds are occasionally driven,
{ but their impact on stellar mass is minor.

[conclusion]

If B-fields can be amplified to about equipartition fields during collapse phase,
the magnetic effects can reduce the number of protostar
— top heavy IMF

10}




future work

(D Consistently calculating the dynamo growth

from the seed magnetic field generation process
through Biermann mechanism.

e QCCrEtioN PhASE memmmemmermmmenmen
ionization
fecdback

24

collapse phase ——

protostar
. #

gravita
collaps

t, > 10% yr
protostar formation disc formation guench of accretion
& fragmentation due to ionization

binary/multiple system feedback

our studies @performing MHD simulation
w/ radiation feedback




