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Importance of IMF of the first stars
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Disk fragmentation after protostar formation
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Magnetic field in the early universe
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v Driven on a small scale and diffused to a large scale ;!
v The initially weak field is amplified until the
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Earlier analytic/theoretical studies for the

magnetic field growth

Flux-freezing

/ Kinematic stage
(ep < &wurp ON Viscous scale)

3
Bxin = 3052/3 exp <§jrv dt);

/'

§$ =p/po

(flux conservation)

Exponential growth due to rapid
turnover of the eddy on v scale

where [ T,dt = (3/32)Y?Re? (M) ] (1/te)dt

/

/ Non-linear stage \
(e ~ &pyrp ON Viscous scale)

E (1+a)/2
By = B{A{| =
! o (51) Flux-freezing is

\violated by

reconnection diffusion

all 2
where cﬂ% =1+ 0013% ) % |1 = (i) 2> Vturb

Dynamo growth term is dominant when 1/2v¢,,/eg1 > 1

a=4/57
¢ ratio between the collapse time and free-fall time

The quantities with the subscript ‘1’ denote
the values at the onset of the non-linear stage.

v' However, these studies assumed isothermal EoS (y.¢ = 1.0) and vy, =
Const in the non-linear phase, and Kolmogorov («x k=>/3) spectrum.



Aim of this study

» Generalizing the analytic/theoretical estimates expressing
the evolution of the magnetic field in the collapsing gas
clouds.

« Comparing the estimates with the results of humerical
simulations with various conditions.



Generalize analytic/theoretical estimate
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Bkin = B0€2/3 exp (CF JFV dt) )
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where [T, dt = (3/32)Y2Ret+9 (M) | (1/te)dt
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Non-linear stage
(e ~ &pyep ON Viscous scale)
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Estimate for the transition between 2 stages

At the onset of the non-linear stage, the energies on the viscous scale are the same (g,).

Assuming the characteristic spectra for the magnetic and turbulent energies, we can obtain

3
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Normalizing the wavenumber by kj,

k,/k; = N; (N;: Jeans parameter)

For Ny = 128, Ry ; =~ 0.011
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Numerical setup

« Using Athena++ 2" order in time and space

HLLD Riemann solver, CT method for divB, multigrid method for
Poisson’s equation

» Base grid 5123, Resolve L; by 128 cells + reso. study
« Barotropic EoS withy =1.1,1.2,1.0
« Bonnor-Ebert Sphere with
Ppeako = 4.65 X 10720 g/cc, 200 K, Mgquq = 1700 Mg
e Initial turbulence M, = 0.5, Ey(k) o« k™2
e Initial B-field B, = 107° G, uniform along z-axis
« Box size: b x initial core radius with periodic boundary




Comparison with the estimates (1/2)
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The magnetic field strengths increase by v Overall growth can be well-reproduced by the

1012 -- 101> orders of magnitude (3% --
100% equipartition).

analytic estimate within a factor of a few.




Comparison with the estimates (2/2)
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v' The growth in both stages can be well-
reproduced in all resolutions.



Higher Reynolds number cases
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v Magnetic field strengths are converged even
in higher Reynolds numbers.

v' The strong magnetic field is a general
property in the first-star formation.



Summary

« The initially weak magnetic field in the early universe can be amplitied
101%--10""orders of magnitude during the collapse phase.

 We generalize the earlier anagtic/theoretica_l estimates expressing the
evolution of the magnetic field in the collapsing gas clouds and
compare them with the simulation results.

« Our generalized estimates can well-reproduce simulation results for
various conditions and indicate a strong magnetic field is a general
property in the first-star formation.

 The magnetic effects should be considered in the first-star formation.



Overall evolutions of the fields

log[Brms(G)]

6.5

6.0

55

log[Viurp(cm/s)]

5.0

4.5

— Ye=1.2

T Yeff=
— Yerr=1.0

1.1

Amplified up

L~ Yeff =
— Yer=1.1
— Yeff =

- Vsat (Higashi+22)

1.2

1.0

—15 ~10
Iog[pmean(glcmB)]

-5

D 1
_2—
to 103~10°G
o 4y
.
.C_D. L
s o
[ 3 — VYeif=1.2
\f:'/ — VYeff = 1.0
10k, L T BBl
—20 ~15 ~10 -5
109[ Pmean(g/cm?)]
n = 0.42: energy dissipation 5 — 3y 27C
coefficient Veat = = -
a(0): coefficient of collapse 3N \Ja(0)
speed, depending on Y Beq = \/4ATTPpVturp

(SH+22)



11
S t voluti
peECilra €voliutio Lok
2 9r
=
),
> [ TS e,
O 8F— pmen=107e20gcm= S el
Pmean = 2.02e-17 g cm 3
—— Pmean = 2.41le-13 g cm~3
T —— prean = 3.32€-09 g cm~3 <)
—— Omean = 2.29e-05 g cm™3
- k2
6'.... k573
1 1 1 1 1 1
—_— 312
1or \
8k
w o
(@)]
o
4+
2k
1 1

2025 0.00 025 050 075 1.00
loglk/k]



	スライド 1: Amplification and saturation of turbulent magnetic field in collapsing primordial clouds  2023.11.20
	スライド 2: Importance of IMF of the first stars
	スライド 3
	スライド 4
	スライド 5: Earlier analytic/theoretical studies for the magnetic field growth 
	スライド 6: Aim of this study
	スライド 7: Generalize analytic/theoretical estimate
	スライド 8: Estimate for the transition between 2 stages
	スライド 9: Numerical setup
	スライド 10: Comparison with the estimates (1/2)
	スライド 11: Comparison with the estimates (2/2)
	スライド 12: Higher Reynolds number cases
	スライド 13: Summary
	スライド 14: Overall evolutions of the fields
	スライド 15: Spectra evolution

