
⻄脇公祐 (D1),  浅野勝晃
Kosuke Nishiwaki,  Katsuaki Asano

⾼エネルギー天体グループ

銀河団電波ハローの統計的性質から探る相対論的電⼦の起源
Master & Doctor Thesis Workshop @ICRR       2/18/ 2022

Summary
Giant Radio Halos in Galaxy Clusters should be driven by cluster mergers, where merger-induced turbulence 

re-accelerates relativistic electrons up to GeV energies. 
In this work, we investigated the origin of seed electrons for the re-acceleration,

1. Fokker-Planck eq. (temporal evolution of spectrum)
solve the spectral evolution due to injection・re-acceleration・cooling・spatial diffusion

model calibration with the Coma cluster
study the lifetime of radio halos

2. Merger Tree  (Monte Carlo simulation of cluster mergers)
cluster evolution through stochastic mergers.
observational statistics ->  study the condition for the onsets of radio halos

• 2 scenarios

2. Merger Tree
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• simulate the evolution of 4,000 clusters with Monte 
Carlo method
•mass ratio 𝝃 :  𝝃 > 𝝃𝑹𝑯 ⟹ onset

model 𝝃𝑹𝑯 (𝜶𝑴 , 𝑨) 𝒕𝑹𝑯
secondary 0.25 (3.5, 4.0) ∞
primary 0.009 (3.5, 4.0) 𝑡$% ≈300 Myr

- Occurrence of RHs and its mass dependence

• Consider the sensitivity of facilities
• peak luminosity correlates with mass

※ shaded … 
observed fraction

- Results
Secondary Electron Scenario… 

because of the long lifetime, onset by rare major mergers
Primary Electron Scenario… 

because of the short lifetime,  onset by frequent minor mergers
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• observed occurrence  𝑓$% ->  constrain  𝜉$%

• consider the lifetime studied with the 
Fokker-Planck eq.

1. Fokker-Planck equation
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cooling re-acceleration spatial diffusion primary 
electron

secondary 
electron

Hard-Sphere  acceleration
acceleration timescale does not depend on 

energy : 𝐷22 ∝ 𝑝+

𝑡'( ≫ 1 Gyr  (𝜈 ≳ 1GHz)

enhanced injection from 
re-accelerated Cosmic-ray protons

Secondary Electron Scenario Primary Electron Scenario
- temporal evolution of the synchrotron spectra -> lifetime (𝒕𝑹𝑯)

𝑡'( ≈ 300Myr

[e.g., Cassano & Brunetti 2005, Zandanel+2013]
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Primary Electron Scenario
• lifetime : cooling time of electrons ( ≈ 100Myr)
• onset : should be driven by minor mergers 

(mass ratio =0.01)

Secondary Electron Scenario
• lifetime :  longer than 1 Gyr !!!  

much longer than the cooling time scale !!
• onset : should be driven by major mergers 

(mass ratio > 0.1)

Emission decays within cooling time of  electrons

Mass – Luminosity relation

• re-acceleration is more efficient in more massive clusters
• duration of the reacceleration does not depend on the mass

(e.g., turbulent decay time in Kraichnan spectrum)
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• Observation …
Correlation between mass and radio luminosity
[e.g., Cassano et al. 2013]
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• Theory (turbulent re-acceleration model) … 
radio power increases with time
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Correlation between
acceleration efficiency (𝑡'/𝜏3&&) and mass (𝑀455) ?

𝜏$%% ≡ 𝑝&/4𝐷'':	timescale of re-acceleration
𝑡(: duration of the re-acceleration

Assumptions

• core radius of the thermal gas 
scales with the virial radius

• CR injection rate same as  the Coma 
cluster (scale with the gas density)

• same spectral index (𝛼 = 2.45) as the 
Coma cluster

• a part of the merger energy 
dissipates as turbulence

• temperature of thermal gas 
scales with mass : 𝑇 ∝ 𝑀
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[e.g., Vikhlinin et al. 2006]

• the maximum size of the turbulent eddy 
corresponds to the size of minor progenitor

• re-acceleration due to transit-time damping
• Kraichnan spectrum  (𝑊 𝑘 𝑑𝑘∝𝑘#

"
!𝑑𝑘)

• magnetic field is constant with mass
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• duration of the re-acceleration do 
not depends on mass (e.g., cascade 
timescale of Kraichnan turbulence)

Extend our model to various clusters !

luminosity - mass relation can be 
explained with our model !!!

Secondary Electron Scenario
𝛼 = 2.85

Primary Electron Scenario
𝛼 = 3.98

dotted (observation)
𝛼0 = 3 − 4

[e.g., Cuciti et al.2021]

•Merger rate given by N-body simulation
[e.g., Fakhouri et al. 2010]

Statistical Properties of Giant Radio Halos in Galaxy Clusters and the Origin of Cosmic-Ray Electrons

Model Calibration : Coma Cluster  [Nishiwaki et al. 2021]

Giant Radio Halo

• Mpc-sized radio synchrotron emission
magnetic field + relativistic electrons

• only in ~30-40% of galaxy clusters (GCs)
• appear in merging clusters 
• not associated with a single radio source (e.g., radio galaxy) 

red: radio(VLA),  white: X-ray (Chandra)

Abel 2744

Coma

Observed Properties

[van Weeren et al, 2019]

[Bonafede et al, 2020]

What is the source of relativistic 
electrons ??? Model

Cosmic-ray 
injection cluster merger

turbulent (Fermi II)
re-acceleration decay

primary or 
secondary ??

no radio halominor or major 
merger ?? observations

radio halo

𝑡'( > 1 Gyr
above 1GHz 

points & stars
(observed RHs)

30 %

CRp-p collision
𝑝 +𝑝 → 𝜋A, 𝜋B, 𝜋C, … ,

𝜋A → 𝛾 +𝛾, 𝜋± → 𝜇±+𝜈E(𝜈E),
𝜇±→ 𝒆±+𝜈9 𝜈9 +𝜈: 𝜈: .
secondary electron
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• 2 methods
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