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Self Introduction

1. Name

- Teppei MINODA, D1, Nagoya University

2. Supervisor
- Naoshi Sugiyama (Tashiro, Ichiki, Hasegawa)

3. Birthplace
- Ishigaki island, OKINAWA prefecture.

4. Curriculum
- Bachelor at Sophia University (Relativ. Fluid)

- Master at Nagoya University (Today’s talk)
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Today’s Contents

1. Introduction
- Primordial Magnetic Fields & Its Constraint

2. Theory

- Gas dynamics with the PMFs (previous work)
- Thermal Sunyaev-Zel’dovich effect

3. Methods

4. Results
- Evolution of the gas density & temperature

- CMB temperature anisotropy
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Cosmic Magnetic Fields
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Cosmic Magnetic Fields

B-fields exist.
What is the origin ?
> Unknown.
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The origin of B-fields

Cosmological origin ? | | Astrophysical origin ?
- Inflation - Shock wave
- Phase transition ~ Turbulent motion
- New physics - Plasma physics
Small strength compared to Too small scale to calculate
the observed value cosmological evolution
Difficult for observational test| |Difficult to explain IGMF?
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The origin of B-fields

Cosmological origin ?

- Inflation

© Phase transition

- New physics

Small strength compared to
the observed value

| Difficult for observational test I

Is there an observational signal for
the Primordial Magnetic Fields (PMFs)?
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The origin of B-fields

|constraint on the PMFs from the CMB anisotropy|




Cosmic recombination

electron
Coulomb

scattering

Thomson
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) )\ ¥
proton photon

In the early universe, protons, electrons, and photons
behave like one-component fluid (= photon-baryon plasma)
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Cosmic recombination
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Cosmic recombination
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Cosmic recombination
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Constraint from CMB

|Cosmic Microwave Background (CMB)]

"""Radiation with T~2.725 K"
A\  Actually there is some fluctuation:

S

> Ny
ARV
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— Metric perturbation
To constrain the stress-energy
tensor of the PMFs

credit: Planck

COLD|  constraint from Planck 2015 Bi mpe S 4 nG
L —
(Planck Collaboration, 2016, A&A, 594)
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Motivation

Can the PMFs affect the universe
_re~ | after the recombination epoch ?
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Motivation

Can the PMFs affect the universe
re~ -~ | after the recombination epoch ?

Focus on the PMFs
and gas dynamics
in the Dark Age

(Tgas and ngas time evolution)
[Reasons]

Little ambiguity of the theory
No astronomical objects




GOAL : To consider the effects of the PMFs
on gas dynamics in the dark age
and CMB temperature anisotropy

[Our work]

(D Calculate evolution Tgas and
Ngas With PMFs In the dark age

@ Estimate CMB anisotropy
generated by tSZ effect
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Model of PMFs

2PCF of PMFs
(B (k)B; (k') =
Power spectrum
Apk™B k :-k:-- 2 R2
Pgk)=4"F ( < B Ay = "B T30E2T) B,
0 (k > k)

cut-off scale of the PMFs
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0 give the
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Model of PMFs

B,, =0.01 [nG],
npgp —=1.0
Power spectrum ‘
Ak (k <)

Ps(k) = { k. ~ 200 [kpc|

0 (k > k)

cut-off scale of the PMFs

3

B L [ dkpy (e — 2
N = W B( ) = E 2 parameters

give the
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Thermal history with PMFs

(Sethi & Subramanian, 2005, MNRAS, 356)
B

[Abstract of SS 2005]
- PMFs could heat the baryon gas
through ambipolar diffusion
- PMFs with B~3 [nG] can heat up
O,
the gas temperature to

T~104 [K] after the recombination.

relative
velocity

lllustration of
ambipolar diffusion
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Thermal history with PMFs

What is ambipolar diffusion 2 B

Neutral bulk motion
Charged bulk motion
+ magnetic effects
> occurrence of
the relative motion .

relative
velocity

lllustration of
12/20 ambipolar diffusion




Thermal history with PMFs

What is ambipolar diffusion 2

Neutral bulk motion
Charged bulk motion
+ magnetic effects
> occurrence of
the relative motion
> Induce electric dipole
moment to the neutrals

relative
velocity

electric dipole moment

lllustration of
12/20 ambipolar diffusion




Thermal history with PMFs

What is ambipolar diffusion 2 B

Neutral bulk motion
Charged bulk motion
+ magnetic effects

> occurrence of

the relative motion
> Induce electric dipole ‘

moment to the neutrals Crsc)csitgeerg;%n
> thermalize the relative motion llustration of

from B-fields 12/20 ambipolar diffusion

relative
velocity

in




Thermal history with PMFs

(Sethi & Subramanian, 2005, MNRAS, 356)

B

‘Heating rate with ambipolar diffusion‘
(V x B) x B|? (1 — a;)

16m2¢ pi T;
baryon mass density : Pb

I' =

relative

baryon ionization fraction : Zj .
velocity

collisional coefficient :

§ _ ('wain) .

m;i T Mo scattering .
~ 3.5 x 10*3 [cm®/g/s]  cross section I

(Draine+, 1983, ApJ, 270) lllustration of
12/20 ambipolar diffusion




Thermal history with PMFs

(Sethi & Subramanian, 2005, MNRAS, 356)
AT gas —  OH(t)Tpae adiabatic cooling from

dt the cosmic expansion
T SP’Y"T(T _T,,) Compton scattering
! 1 . 3 Y gas :
T Zi oMeC with CMB photons
- I'(2) Ambipolar diffusion
" 1.5kgnp from PMFs

Teas : gas temperature P~y : CMB energy density
T, : CMB temperature 0T : cross-section of
H : Hubble parameter Thomson scattering
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Thermal history with PMFs

(Sethi & Subramanian, 2005, MNRAS, 356)

. T -,

Temperature | K1

CMB "/ gas w/o PMFs

" Redshift
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Thermal history with PMFs

(Sethl & Subramanian, 2005, I\/INRAS 356)
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Thermal history with PMFs

- [Assumptions] =}
PMFs are almost scale-invariant. §
Gas density is homogeneous. §
— We change !!
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Sunyaev-Zel’dovich effect

Cedit: Planck
the recombination

>-1100 time
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Sunyaev-Zel’dovich effect

[ Increase of CMB temperature due to |
3 ' the pressure of free electrons inside gas |




Sunyaev-Zel’dovich effect
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Sunyaev-Zel’dovich effect

[ Increase of CMB temperature due to |
'1 the pressure of free electrons inside gas |
| = Sunyaev-Zel'dovich effect (SZ effect) |

direction of sight 7

A/

GAS

y-parameter of Compton scattering

k [
7, 0) = B‘Zg /0 ne (i, U)Tu(, 1) dif

Density Temperature

Fluctuats of gas
create fluctuations
of CMB temperature




Sunyaev-Zel’dovich effect

The fluctuations
of Tgas, Ngas, B
IS significant !!

y-parameter of Compton scattering

A kpor l A 7/ T, /
) = 275 [ (i, T3, 1)
0 Density Temperature

Fluctuats of gas
create fluctuations
of CMB temperature




Our work

@D Numerical realization of the 3D PMFs

Vector potential A 643
Bfields B=V x A grids
Lorentz force (VxB)xB

Am Box Size 2 Mpc
X Assumption: B-fields adiabatically evolve.  (CoO-moving coordinate)

Source terms:

@ Calculate Tgas & Ngas e (V x B) x B|? (1 — ;)

at each time & place )

() = 16m2¢ pi T;
V. (V x By) x B
1000 > z > 10 s(t) = -V X Bo) xBo
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Our work

Basic equations of baryon fluid

5 V- (ppup) =0 Lorentz force of PMFs
ou \Y V xBg) xB
bl(ub-V)ub=— pg( 0) 0 vo
ot Pb 4mpy, gravity
pressure

density fluctuation from the background value

3 b = Pu(1 + dp)
@ linear approximation (0p < 1) + cosmic expansion

baryon plensity evolution
. a .
op + 2551) — ATG|pcdc + prob| =
17/20

V- (V X Bo) X Bg
47 pp,0a°




Our work

|baryon density fluctuation due to the PMFs]|

= t/trec
. 2 V. (V X Bo) X Bo 2 Q
op(t) = T T 0a3 () (3n+2n~2 — 151n7n) Q—+ 151n77
(-2 (oot
| Tgas time evolution|
= —2HT,,s 1 Iy —1, |
dit _ 8% T 14z 3mec ( gas) - 1.5anb
% ., effect of local density fluctuations
! gas
1+ 9y
Lilp

bremsstrahl.
" Lok o YT E e (= a een

Cooling due to atomic state-trans. |coliis.ioniz.

17/20



Our work

Tn = Teas [K] x 107"

bremsstrahlung
© =1.42 x 1072772 lerg cm? s~ 1]

gas

collisional excitation 1.18
U =7.5x 10710 (1+ T95) " exp ( T ) lerg cm” 7]
5
recombination . Tg(;)a;g’ s 1
=6.50 x 10~ erg cm” s
77 T3(1 == T6) [ . ]
collisional ionization 0.5
T 1.98
B —21 ~gas 3 o1
¢ =1.27 x 10 It 705 exp T lerg cm® s ]

(Fukugita & Kawasaki, 1994, MNRAS, 269)
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Our work

| xion time evolution|

collisional
T - recombination 5 . ionization
dtl = | —aenpz? + Be(l — ;) exp (— kB?fy) D + veny (1 — xp) x

photoionization (CMB)

4.309 T, 0-6166
1+ 0.6703 772300

2mmekgT. 2 Eo, 1
ﬂe=ae( ") eXP( ) 7]
h%l kBT’Y

_ —U) _
. =0.291 x 107 x /%39 exp( 3,—1
Ye = 0.291 x 10~ " X 02391 U lcm®s™ 7|
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Our work

3 Estimate the Tcms anisotropy
from the 3D y-parameter map.

y-parameter of Compton scattering 643

kBUT [ grids
y(n, l) = 5 / Te (n, l’)Te(n, l,) dl’ Box size 2 Mpc
( mec” Jo . :

density temperature

A

W redit: Planck

_ e+ 1) (guTv)Q/

Py (cos 0)(y(n)y(n)) d*n d°n’

K 1 x |
5 CMB <5T2 > (Legendre polynomials)
. angular : 2(3MB %/dlogél)g ——
; pbower 1Evp multipole £ ~ ]
:spectrum:

................ 17/20



Results

Evolution from z=1000to 10

Lorentz force gas # density gas temperature
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Results

Evolution from z=1000to 10

Lorentz force gas # density gas temperature
[x10°nG2 Mpc—-] [ cm™3] [ x104K]
2=10.471285 2=10.471285 2=10.471285
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Results

Evolution from z=1000to 10

Lorentz force gas # density gas temperature

[x10°nG2 Mpc—~] [ cm3] x104K
2=10.471285 . ; ;

0 0.5 1 1.5 2
X [Mpc]
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Results

Evolution from z=1000to 10

Lorentz force gas # density gas temperature

[x10°NnG? Mpc4] [ cm-3] x104 K
2=10.471285 2= ' ;

NouE - AN

~

Aticorrelation b/w ngs an gs
v characteristic length ~100 kpc

X [Mpc] X [MpcC] X [MpcC ]
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CMB anisotropies
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CMB anisotropies
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CMB anisotropies

great effect on the small-scale CMB
temperature anisotropy

l
(about the observational possibility)

discussion in the future work.
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Summary

. Focus on the PMFs and observables

- The effect of Bimpc~0.5 NG PMFs on structure
formation in the cosmic Dark Age.

. calculated Density and Temperature of
baryon gas, and found their anti-correlation

. estimate the CMB temperature anisotropy
from thermal Sunyaev-Zel'dovich effect

20/20



75 HYFHREES
N\ DER T — 5

(Riatinz Z e

f L7 W)
- ACDMTH#EIdLDTE

2 ‘ 10° ‘ ‘ 10* 10751_ ‘ ‘ 10° ‘ 10
IfE < )LFIR—)L (~ - - I\
19/20

Mt




