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1. Cosmic magnetic fields

Cosmic magnetic fields on various scales
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1. Cosmic magnetic fields

Cosmic magnetic fields on various scales

pulsars
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® Magnetic fields exist
on various scales

® Origin and evolutions
are open questions

® Particularly large-
scale magnetic fields
(= Mpc) can be
related to cosmology
and astrophysics

(Akahori et al. 2018)




1. Cosmic magnetic fields

Magnetfogenesis

Generation mechanisms and PMF strength

« Inflation ~10-1° G (scale-invariant, helical)

« Phase transition ~10-° G on 50 kpc or 10-1© G on 0.3 kpc,
« Topological defects ~10-7 G on 6 Mpc

« Baryon-photon streaming ~5x10-24 G on 20 Mpc

v' Small strength, but expected as the seed field of galactic,
or intergalactic magnetic fields?

v Conflict with the current cosmological observations?
=> QObservational constraint

(Fujita & Durrer 2019; Kahniashvili et al. 2013; Horiguchi et al. 2015, 2016;
Saga et al. 2015; Subramanian 2016)




1. Cosmic magnetic fields

Previous constraints on PMFs

® Constraint with CMB anisotropy

Cosmic Microwave Background (CMB):

— Nearly isotropic temperature ~2.7 K

— Small anisotropy 6T /T~ 107>

— (due to the inflationary primordial
curvature perturbations) Einstein field equation:

Sl

If PMFs exist, G/W — A T,ul/

Matter (energy)

Magnetic energy tensor also Geometrical

: , curvature
induce the curvature perturbations




1. Cosmic magnetic fields

Previous constraints on PMFs

® Constraint with CMB anisotropy i Prinary

Scalar magnetic

Vector magnetic

— Stl’eSS-energy tensor Of PMFS |nduce A‘x & Tensor magnetic

Scalar helical

curvature fluctuations = S T Vector helical

= Tensor helical

Stronger B-fields conflict with the
observed CMB temperature W Planck TT-+owP:C
. . \ ] N B Planck TT+lowP:C+P
anisotropies (and/or polarization,
spectral distortion)

< 45x107° G

PMF strength smoothed on 1Mpc

(Planck 2015 results. XIX. Constraints on primordial magnetic fields)




1. Cosmic magnetic fields

Model of PMFs

® Assumption: statistical homogeneity and isotropy,
no helicity, no electric fields

® PMF 2-point correlation function

2 3
(B (0B (k) = 72”

Single power-law power spectrum

PB (k) X Blepc k"B

l }

normalizing scale dependence
amplitude

6p(k — k") (6;; — kik;) Pg(k)




1. Cosmic magnetic fields

Recent Update
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1. Cosmic magnetic fields

Recent Update

Planck + SPT

21cm PS (prediction, Cruz et al. 2024)
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(Cruz et al. 2024)




1. Cosmic magnetic fields

2 types of Constraint on PMFs

»Gas heating from MHD dissipation

Ex. 21cm global signal, magnetic reheating,
CMB optical depth

» Density perturbations from Lorentz force
Ex. 21cm power spectrum, galaxy number
count, CMB anisotropy and optical depth

(Minoda et al. 2019; Saga et al. 2018; Cruz et al. 2024; Sanati et al. 2020;
Safarzadeh and Loeb 2019; Galli et al. 2022;)




1. Cosmic magnetic fields

PMFs on the baryon dynamics

Lorentz force on electrically charged particles:

(VxB)xB:(B-V)B

fLorentz — A A

Magnetic fields B
Lorentz force affect the baryon
gas dynamics and structure

formation

& (on)

» To calculate the Lorentz force,

spatial distribution of the PMF

must be known
Magnetic Magnetic
tension pressure




2. Gas Heating from PMFs

Ambipolar diffusion

Neutral particles Magnetic ﬁelds =]
— Only bulk motion

Charged particles
— Bulk + Magnetic fields Relative velocrcy w

> Streaming motion occurs ’/

|Conceptual image}
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Ambipolar diffusion
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2. Gas Heating from PMFs

Ambipolar diffusion

Neutral particles Magnetic fields B

— Only bulk motion
Charged particles T

— Bulk + Magnetic fields Relative velocity W

> Streaming motion occurs

> Electric dipole moment of the
neutral particle is generated

Cross section 0jp,

> Streaming motion is thermalized

due to the Coulomb scattering |C0nceptua| imagﬂ




2. Gas Heating from PMFs

Ambipolar diffusion

‘Heating rate due to ambipolar diffusion ‘
(VxB)xB|? (1-x,) Magnetic fields B

= TergE . f T

pp :baryon density Relative velocity W
x. :free electron fraction

Collision rate:

Cross section 0jp

~ 3.5 x 10" [em? /g /5] .
(Draine+, 1983, ApJ, 270) |Conceptual Imagﬂ

(Sethi & Subramanian 2005)



2. Gas Heating from PMFs

271-cm line global signal

1/2
Observable: |6T;, = 27 xy; (1 Iy ) (11—22) [MK]

Roughly speaking,
Emission:
Absorption:

Tk < Topin < T,

EDGES results:
NO EMISSION at z~17

(Bowman et al. 2018)




2. Gas Heating from PMFs

thermal history in dark ages

ACDM predicts Teyg > Tk (absorption signal) at z~17
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2. Gas Heating from PMFs

thermal history in dark ages

ACDM predicts Teyg > Tk (absorption signal) at z~17

=
o
SV

TCMB X (1 + Z)

=
o
N

If the 21cm EMISSION signal is NOT
detected, one can put an upper limit

on exotic heating sources of IGM

Dark matter annihilation (1803.03629)
Primordial black holes (1803.09390)

— This work focuses on the PMFs
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2. Gas Heating from PMFs

A new constraint on PMFs

Calculate time evolution of Tx with various combinations (B,, ng)

Put an upper limit on PMFs
to satisfy the 21-cm line

absorption condition:
Previously

TK < TCMB (at Z~17) excluded region

Bl Mpc s 0-1 nG Planck'16

Saga+'l8
e This work (z;ps=17.0)

First time to compare with —2
other observational constraints

(Minoda et al. 2019)




3. Density perturbations

Density perturbations from PMFs

Continuity equation and EoM

0
oV (povn) =0

Ovy, | . \% | .fLorentz
ot (’Ub V)’Ub — Oh | Oh Vo
Density contrast: Pb — ﬁb(l = 5b)
(Linear approximation, oy, << 1)

V ) .f Lorentz

. a .
oy, + 2—0y —47‘(’G[ﬁc5c—|—,5b5b] = -
a Pb




3. Density perturbations

Matter power spectrum

Inflationary
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Calculate 21cm signal with PMFs (21cmFAST)

l(l)4 23

(Cruz et al. 2024)




3. Density perturbations

21cm power spectrum (z=6)

Larger B; mpc and ng, earlier reionization ends.
Smaller amplitude 21cm PS
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3. Density perturbations

271-cm power spectrum (z=20)

Larger B; mpc and ng, earlier structure formation starts.

Larger amplitude in the Dark Ages

Too strong PMF cases, reionization ends even at z=20
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3. Density perturbations

Reionization history
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3. Density perturbations

Results

21cm PS (prediction, Cruz et al. 202
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(Cruz et al. 2024)




Summary

v Review recent constraints on the PMFs
v (1) PMF dissipation heat up the IGM gas
v' (2) Lorentz force induce density perturbations

v’ Future prospects:
non-Gaussianity of perturbations?
Halo formation condition?

7@% ey nack!




