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(arXiv:1812.00730, submitted to MNRAS Letters)
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1. Introduction

21-cm#RIZDULNT

21-cmiRld, PiEKFRRFHIOBHEEEICERET SERIK

thifkE=EF 7 g e e AE = 59%x107% eV,
1s E\1E (n=1, 1=0) v=14GHz, A = 21 cm

21-cmR
il

AEVIRE Tspin (# Tk)

U P kB Tspin

FRAEREBLE21-cmiE D ELE => HID MmO OFEHFMNTES

(matter density field, IGM thermal history, epoch of reionization, ...)




21lcm¥E S O—/N )L T IL

1/2 1/2
O h? 0.15 142 mK
“V 002 )\ aun 10 -
McQuinn & O’Leary, 2012 (arXiv:1204.1345)
I

T, (z)
TSpin(Z)

1 —

5Tb (Z) ~ 27331-11 (Z)

REEIZEHE 50 777X X 777%.
eionization|X-ray heating pumping era
7::]: 2 Tspin 2 Ty g 0 ~
D EZHELR £
D EEMRYRHR = —100
~150 L . |
10 15 20 25

Redshift
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21lcm¥E S O—/N )L T IL
T, (2)

1/2 1/2
Oy, h? 0.15 I+2
X (mK]
Topin(2) 0.02 ) \ Quh? 10

Hl| &= ﬁ N7cIE ey EA | — e
McQuinn & O’Leary, 2012 (arXiv:1204.1345)

1 —

5Tb (Z) ~ 27331-11 (Z)

R#IBIZEDE 50 | 5 | |
Reionization|X-ray heating :JV pumping era
0 PEivaiidnmas s PP =. ......................

|
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|
~100 .
|

. 150 | = | |

) 10 15 =u 20 29

AR Tl ~17 DEBHRAOEIIRICEER ! e
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g2 EF{ Dthermal history

ACDMFEBHH/HEDIE 2~17 DEE Toyp > T (TRULER)

%y P
S ATemp < (1+2) .
~ T
© 102,
b= IRt
S
= .
3
1 ]
3 101 4
TK o (1 +Z)2 ......
forz < 200
109 - . -
10 100 1000
redshift z
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g2 EF{ Dthermal history

ACDM=FH:

f&b‘i z~17 0)&% TCMB > TK ("&”ﬂ"f‘i)

= =
o o
N w

temperature T [K]
S

.
.
.
.
.
.
.
.
.
.
«*
PR

Teme 21 -cm ﬁ? O—/N\)LSTF LM

z~17 TIRILEREL TERBISN S

| = IGMIZHT Bexotich BEE HIIR

F— T3 —%FHiH (1803.03629)
[R50 5w 71—IL (1803.09390)
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[RAghEIs & (Xl 2

FBRRIGRARICHEIS DL TS

(e.g., BRIATREIE ~ 1--100 ¥ /O H I X)
D5

LD EST.EZIPOTTE=DM? |
NPAFETHEONI=TTEE

=J§§’a‘ﬂi§ (inflation, phase transition,

topological defects, Harrison mechanism, ...)

\galaxy B ~105 G|
ST

Q. T DEFEEL(E? BAIBIIKIRIE?  M51 galaxy [visible & radio]
VLA/Effelsberg 20cm, HST
Kandus et al. (1007.3891); Subramanian (1504.02311)  (Fletcher+, 2011, MNRAS, 412)
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R 1545 D PR (C L E T)

CMBD R ERELFIZLLHHIR
(Planck 2015 XIX, arXiv:1502.01594)
SR LIZH WL HEEEZD

SIS DIRIILXF—T2JILTRA
TR AIMVE L TUULEDRE

HEZEDLD

il

100

Primary

Scalar magnetic
Vector magnetic
Tensor magnetic
Scalar helical
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Tensor helical

10°

Mg DEENKENE, BBlSN T
LHCMBD R ERRLTZEATLE
S({R It X distortiont, DK 5B)

(64 1)C/2x [,'IK:“J
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BIFDFEED

[B 8] 21-cmER DERB I K> CIRIBHEISE DT T ILZHIRE

21-cmiED S O—/NJL S F )L

MERE faps = 78MHz TR 1 i

BELTHEAIN D (RE) s DrMpe B 3ANG
INYFA 2 ADBrownian motion . 0] \\' ........ I-D-r'c-a-\-/;ously
TREDBEICH L THIR 2 "\ excluded region

Tk < TcmB (Zabs = 17) RS N
RRERBOMSEERLTHR 52 —CHISFERERC
DEEEILEHE S I
EIARISDET LSS A—4% ~Z o

HIR T B EMNTES(HER) —43 5 _1

scale dependence ng
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2. 5T B F &

[RIG IS D ZER 7 0

Ar—)UKTFHS

By =0 | Gora<ind smmEEIZAYRAT
1 \~(np+3)/2
B = tfl mpe (1352) (for A = Aeyy) ‘
1MpcTsmoothing LT=H415 D& E NAFETIE, XFDFHE
RTRR(EL DR — LTk
(By mpeng) DA EDHET D3RS HE
BRI D ITEE AR TE l
(WA TERLRES) 1
B2 tree ¢ dt B, e\ 25 +5
20 = —= ~ —4y (L Mpe
Adyt = 47TPCMBO"Tjo " 7.2%x10 ><< TG ) ] [Mpc]

*(Jedamzik+ 1998; Subramanian & Barrow 1998)
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[RIRHEIZE D ETIL

ng+3 i L
A 2 —4 Bl Mpc 2|+
B)l = Bl Mpc (Wp(}) , /1cut = -72X10 X ( 110G ) [MpC]
10°;
np AAKELN | S
=SAT— JULIKRTFHEX. - ~ ng= —2.0
jJ“JI‘7.|_7E:(:Jj( 0) | . ~0.1
(ng = —3isscalefree) —107'r-"zrd-Z<=== 2l
B — B ~ 5 B = 0.1 nG _
o ] 1Mpc n : 21705
|
By Mpc DY RELD | ! -0
S>EERDIREA K. T3 H N O N
HybATELK 1073 102 10! 10° 10! 107

smoothing length A [Mpc]
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IGMDEREEL TDIRIBNIS

> WA T4 B
HigZEES T ER FET MR FDERIZE>TELSEL
GREE
MEEFO—L Y HDOKESIZLEH
Qap  |(VXB)xB|?

> A — LER
KolmogorovAIZEELR D /N A X DB A — LEURIC
Ko TEE
MNEAE IO TR )L —5 E (2 el

Qpr  |B|?




2. 5T B F &

B s DR E
AN REEL
dd% — (FEEE) + (AL TRY) + (IS0
>ﬁ‘xgﬁi'%ﬁ§0)ﬁ1t
dte = (BEER) + (BREE) + (CMBIZ& S EH)
>%%W%@§?w¥—
¢ ( ol ) _ (FHEWE) — SO

RECFAST code (astro-ph/9909275, astro-ph/9912182, 1503.04827)
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3.5t &R

IGM®D;BEE1L

dlgas  Xe  8pcmpOrT
dt 1+x, 3mec

(TCMB o TgaS) — 2HT g4

ComptonBiELIZ &k B3 & T H Rk
' ' 104-
Qap *+ Uprt é —
+ —
1'5anb }_4' 103_5
RicHmIcLHme L K ,,,,,,,
(A R 2 102 er™ o= -2
+T_Aiﬁi&ﬁ) g). ' ng=—2.0
— ;E) 101.; no B
(+EBEERE LR DS RE) & cve
970 100 1000

redshift 1 + z
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IR 45 b5 D # 1= 74 | BR

BRARITHIEDETIL(B, ng)ITxL T Ty OFFFELEZETELT-

21-cmifiR D IR UL ER S 1
TK < TCMB (fOI’ Z~17) \\ .....................
" o _ 0. A \
Zimfi=9 LI G constraint\ Previously
MBSO ERES R, o -1 el
=
Q
~~ _2_
S
=> Bl MpC S 01 nG - _3_ ----- Planck'16
== = Saga+'l8 \
ChETTRLMAL VIR g [T ek amir 0 AN
-3 —2 —1

scale dependence ng
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VIEERROIGMDEEEILICHIEN S A 52E42RELo7-,

Vm

EBEE. S DT RIILF—EREFICF B,

X
'rn'I

VIRF Rz~ 17 DRIER => By mpe < 0.1 nG ELVSHIRE1F7-
(FFlng < 21T L TIEINFETTRLEWVFEIREZFT),
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21cmEEDERBAITHMNSZ &

S F3H1HIZEDGESHA z~17MD21cm IR IR E BRI L - & F F**
IRUAR (FEER ) ERI SN B LS T &I ?

Teme ( Tems < Tspin  (emission)
5Tb X (1 — ), 4 _
spin LTCMB > Tspin (absorption)

_ TemB +(Veol+¥a) Tgas (Veoll, VolFIEDHREL)

1+Ycoll tVa

Tcmp = Tgas 780 IRINFRBIERR B HZZL
R YRR (BBHR) DERR => Tomp > Tyas (Temp < Tgas) THD

Tspin

*(Bowman et al. 2018, Nature 555, 67)




21ecmIR IR EF B iR
AR RN BRI S LTz => Tomp > Tgas THAIET

BT EAE (L TE D Tomp o (1 + 2), Tyas (1 +2)% for z < 200

IGM D exotic’d Z1i[E HV il BR TZ 4 (PBHs, exotic DM, ...)
oML FFEAHDES (R85 DFIRET S
O [RIRHEI5 EIX 4RI HY ? Motivation[E ?
OECETHM DTS DM
CBRELTDASDEL?




Magnetic reheating

PMFs dissipate due to the radiative viscosity in the early universe

=> increasing the energy density of CMB photons

%_/‘"’" [_ I (1+2)d 2]
oy Js - py(z) 8 dz (Ibz, 2)1) |

v"Observational constraint on baryon-to-photon ratio (1403.5407)

3 A A
MemB _ 1 2 2Py ith =Y « 771 x10~2

NBBN 4 py, Py
Finally they put an upper limit on PMFs as

B
log( frgc) < —11-6ng

Saga et al. (1708.08225)




2. Calculation Methods

Ambipolar Diffusion

For weakly ionized plasma, charged particles feel

__ (VxB)xB
FLorentz —

, and Fdrag = ¢ pppi (Vy — vy)

¢ — olvauil

By assuming total force to be zero, Fyorentz + Farag = 0,
v — V. = FLorentz _ FLorentz 1
N g &0 xe(1—xp)

Heating rate for ambipolar diffusion is
|((VXB)XB|*1 — x,
16m2épt  x,

41T

: drag coefficient [cm3/g/s]

X, : ionization fraction

Qap = Farag* (V; —vy) =

(Shu 1992, “Gas Dynamics”)




Stochastic PMF Formulation

Assumptions
¥ Statistically homogeneous and isotropic field

¥ No helicity, no electric field from induction equation

21)3 ~ -
(B;(k)B;(k")) = ( 72T) 6p(k — k") (85 — kik;) Pg(k)

We define PMF strength smoothed on A with Pz(k) = Agk™B as

PMF power spectrum

B/% =0 (fOI‘ 1< Acut) cut-off
1\ (met3) length

® d>k
B/% = f e_RZAZPB(k)W = Blepc (Wpc) I (fOl"/l > Acut)
0

l normalizinA

Gaussian window function amplitude (Bl Mpc nB) determine the
statistical property of PMFs.

scale dependence




- B - s DR

»Kinetic temperature of IGM gas

dTx Xe  8PcMBOT Qap + Opr
dt il 1+x, 3m,.c (Tems = Tic) + 1.5kgny,
»lonization fraction of IGM gas
dx,
dt = YeNpXe
3E; 1+ KaATLb(l — xe)

+[—a.npx2 + . (1 — x,)ex (— lon)x

eMoe + e e)oTP 4kgTecmp/1 1+ Ko(A+ Be) np(1 — x¢)

»Energy density of the PMFs
‘ (lBl > = —4Hﬂ — (Qap + Qpr)

dt \ 8w 81

RECFAST code (astro-ph/9909275, astro-ph/9912182, 1503.04827)




