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Thank Alvina for an excellent talk!
I can skip some background. 



1. Prediction of Inter-Galactic 
Magnetic Field (IGMF)
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1. Prediction of IGMF
Magnetic Field (B) is Ubiquitous

üMake diversity and universality of the Universe

2021/2/10 YITP Int'l Molecule-type Workshop: FRBsNASA & http://kajipon.sakura.ne.jp/kt/kt81b.html
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TA+ (2018a) What is the origin of B?
When did B emerge in our Universe?
How does B evolve in redshift?
How does B work in matter evolution?



nThere are various possibilities of field generation & 
amplification à the Warm-Hot Intergalactic Medium 
(WHIM) most likely magnetized

nIf μG in clusters of galaxies à 1-100 nG in filaments
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1. Prediction of IGMF
The IGMF in the WHIM
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Simulation images by 
Dubois & Tessier (2008)
Ryu et al. (2008)
Donnert et al. (2009)
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Reviews – Ryu+12; Widrow+12 & Recent works - Vazza+17; Gheller & Vazza 19



IGM temperature
≒ Spin temperature

1. Prediction of IGMF
Importance of the IGMF

nEpoch of Reionization?
• B can heat the IGM through 

ambipolar diffusion and 
turbulent dissipation (e.g., 
Minoda+18, MNRAS)

nAxion Dark Metter?
• Axion dark matter in B 

induces λ-independent 
rotation of the polarization 
angle by the effect of 
vacuum birefringence (e.g., 
Fujita+2019, PRL)
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Bowman+18, Nature 

Minoda+18

Rincon+20
(yet 3.5σ)

Wikipedia: birefringence
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Redshift
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THE COSMIC RM BACKGROUND 
Akahori & Ryu 2010, ApJ, 723, 476
Akahori & Ryu 2011, ApJ, 738, 134
(Around the dawn of the FRB era…)



1. Prediction of IGMF
DM and DM fraction
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The average (mark) and standard deviation (error bar) for simulated FRBs
ー ALL IGM  ー ICM (Tx > 107 K)   ー WHIM (105 K < Tx < 107 K) 

ー Sheet gas (104 K < Tx < 105 K)  ー Void gas (Tx < 104 K)  ー Selected FRBs

nWHIM (z<1) and the void gas (z>1) dominate DM
• Note: Voids dominate >90% of the path length

nDM fraction fDM,WHIM ~ 0.5 in z < 1 for the std. cosmology
Akahori, Ryu, Gaensler (2016)



1. Prediction of IGMF
RM and Cluster Subtraction

nICM dominates RM
nReferring Sx & Tx, we can 

safely remove clusters. 
Then, WHIM dominates RM
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Use this

Akahori, Ryu, Gaensler (2016)
See also a similar work by Hackstein et al. (2020)
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The average (mark) and standard deviation (error bar) for simulated FRBs
ー ALL IGM  ー ICM (Tx > 107 K)   ー WHIM (105 K < Tx < 107 K) 

ー Sheet gas (104 K < Tx < 105 K)  ー Void gas (Tx < 104 K)  ー Selected FRBs



1. Prediction of IGMF
Estimation of the IGMF

nGalactic context

nCosmological context
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+ Remember DM à fDM,WHIM * DM

Akahori, Ryu, Gaensler (2016)



2. Observing Strategy
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Pol. Int. P(λ2)=Q(λ2)+iU(λ2) Faraday Spectrum F(φ) 

RM 
Measurement:

Faraday
Tomography

Ionosphere
(ERR)

Milky Way
(ISM)

Clusters

Galaxies
(DIG)

Intrinsic
(INT)

We have to distinguish 
these components
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2. Observing Strategy
INT Cut: Use high-z sources
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● 317 NVSS RMs (|b|>75°)
ー average
(Noise level 0, 10, 15 rad/m2)

DIG
(depolarizing 
intervening 
galaxies) 
~unknown
ISM 
~ 9 rad/m2

IGMF
~1-7 rad/m2

INT
~10 (1+z)-2
rad/m2

Akahori, Gaensler, Ryu (2014a), ApJ, 790, 123

Need more works 
for the case of FRBs 



2021/2/10 YITP Int'l Molecule-type Workshop: FRBs

2. Observing Strategy
ISM Cut: Use spatial filter
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n-th order
structure function (SF)

ßSouth Galactic Pole
●：Mao+ (2010), ー：Stil+ (2011)

ßNorth Galactic Pole
○：Mao+ (2010), ー：Stil+ (2011)

ß IGMF
ー：flat S2 at >0.2° with ~100 [rad2/m4]
ß ISM is small & steep!
ー：steep S2 with < 50 [rad2/m4]

Akahori, Ryu, Kim, Gaensler 2013, ApJ, 767, 150

Green: ISM
Red: IGM

Chop!



2. Observing Strategy
DIG Cut: Use un-DP sources

n~1/2 of SDSS galaxies exhibit MgII
absorber systems (DIG)

• 40429/107194 QSOs (Zhu&Merald13)
• Foreground galaxies (Adam’s talk: Simha+20)

nMonte-Carlo simulation of DIG 
(Omae, TA+ in prep.)

• 1″ (Core) |RMDIG| < 2 rad/m2 if zDING > 1
• 10″ (Lobe) |RMDIG| < 2 rad/m2 if zDING > 0.4
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Farnes+14b
Lobe-type
232 sources

Farnes+14b
Core-type
143 sources

6.9±1.7
rad/m2/Mg 
at observer 
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v Our selection 
criteria discard 
~86% of sources

v 100 RM/deg2    

à we can study 
σRM,WHIM

v 1000 RM/deg2

àwe can study 
S2,RM,WHIM

v Need to select 
ideal sources 
from a large 
population
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2. Observing Strategy
Can we find the IGMF?
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SKA2
1000 RM/deg2

~100 nJy level

SKA1
100 RM/deg2

~μJy level

Precursor
10 RM/deg2
~10 μJy level

900 deg2 FOV, South Galactic Pole, z>2, θ=2°
ー IGM ー COM(ALL) ー RRM

Alvana’s talk
(Mpc)

0.1    1.0   10

Akahori, Gaensler, Ryu (2014a)



3. Observations
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3. Observations
Constraints on IGMF
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○ NVSS
● theirs

redshift

σ(RM)nRM < 2-15 rad/m2 à B < 4-100 nG
• Superclusters (Xu+06); cluster 

outskirts (Govoni+10, Bonafede+10); 
Galactic poles (Mao+10, Stil+11)

ü RM fluctuation analysis (On+19)
• All-sky RM grids (Oppermann, TA+15)
• RM(latitude) (Schnitzeler 10)
• RM(z) (Hammond+12; Xu & Han 14)
• RM(MgII) (Farnes+ 14ab)
• The differential RM ~2.5 rad/m2 for 

radio lobes, 10-50 nG (O’Sullivan+18); 
< 4 nG (<1.9 rad/m2, O’Sullivan+20)

• The differential RM ~ 10 rad/m2 for 
physical/random pairs, 40 nG
(Vernstrom+19)

nSynchrotron emission
• <30nG?? (Vernstrom+17; Brown+17)
• <200 nG (LOFAR, Locatelli+21)
• 30-60 nG (Vernstrom+21)

σRM (exg) ~ 10 [rad/m2]
(Xu & Han 2014)

O’Sullivan+19

Vernstrom+19



3. Observations
Linearly-Polarized FRBs

nUpper limit of extragalactic magnetic field:
• B < 21 nG (Ravi+16), B < 30 nG (Bannistar+19)
• Faraday tomography is a key to derive the RMs
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ID Facility P (%) RM (rad/m2) Reference

1 110523 Parkes 44±3 -186.1±1.4 Masui+15

2 150807 Parkes 80±1 12.0±7 Ravi+16

3 150215 Parkes 43±5 1.6±10 Petroff+17

4 150418 Parkes 9±2 36±52 Keane+16

5 151230 Parkes 35±13 0 Caleb+18

6 160102 Parkes 84±15 -221±6 Caleb+18

7 121102 Arecibo/GBT ~100 1x105 Michilli+18

8 180924 ASKAP 80 14±1 Bannistar+19

9 181226 CHIME ~100 -114.6±0.6 CHIME/FRB+19



3. Observations
Optimum Frequency for FT
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Lines for 10% error 
detection (3σ)

thick

thin

Typical
MW thickness

Case toward the 
north galactic pole

nGiven the data at
• 1.4 GHz (20MHz BW),
• 1.6 GHz (100MHz BW),

we explored the optimum frequency at P band
nIs there the optimum frequency at P band?

• Yes. It depends on the thickness of MW foreground
• To detect RMIGMF,  try to observe linearly-polarized FRB at    

0.7 GHz + 1.4 GHz + 1.6 GHz simultaneously

IGMF
BG

MW

Akahori+14b; 18d



Summary

nExploring magnetized cosmic web
• Various possibilities of field generation/amplification
• 1-100 nG for the IGMF in filaments of galaxies
• Not RM/DM, but <1+z>RM/ fDM,WHIM*DM

nHow can we explore the IGMF?
• Source selection (w/ redshift, broadband, MgII)
• Sufficient statistics available in the SKA era
• The differential RM grids
• Linearly-polarized FRBs with Faraday tomography

üWhere 0.7/1.4/1.6 GHz simultaneous observation is a key
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Not only FRB Cosmology with DM
but also FRB Magnetism with RM


