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Shocks (and cold fronts)Shocks (and cold fronts)
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Merger shocks in GCsMerger shocks in GCs**

XMM

Chandra SuzakuBullet
(Markevitch+02)

A520
(Markevitch+05)

A521
(Bourdin+13)

A2443
(Clarke+13)

A3376
(Akamatsu+12,13)

A3667
(Finoguenov+10, 
Akamatsu+12,13)

Sausage
(Akamatsu+13)

RXCJ1314
(Mazzotta+11)

Coma
(Akamatsu+13, 

Ogrean+13)

*a likely incomplete list, 
additions are welcome!

Before 2015

A2034
(Owers+14)

A2744
(Owers+11)

A2146
(Russell+10,12)

A754
(Macario+11)



  

Merger shocks in GCsMerger shocks in GCs**

XMM

Chandra SuzakuBullet
(Markevitch+02, 

Shimwell+15)

1E2215-1E2216
(Akamatsu+16, Gu+19)

Toothbrush
(Itahana+15, vanWeeren+16)

3C438
(Emery+17)

A141
(Caglar18)

A115
(Botteon+16)

El Gordo
(Botteon+16)

A399-A401
(Akamatsu+17)

A520
(Markevitch+05, 

Wang+18)

A521
(Bourdin+13)

A665
(Dasadia+16)

A754
(Macario+11)

A1367
(Ge+19)

A781
(Botteon+19)

A1758
(Botteon+18)

A2146
(Russell+10,12)

A2163
(Tholken+18)

A2219
(Canning+17)

A2256
(Trasatti+15)

A2255
(Akamatsu+17)

A2744
(Owers+11. Ecker+16, 

Hattori+17, Pearce+17)

A2443
(Clarke+13)

A3376
(Akamatsu+12,13, 
Urdampilleta+18)

A3667
(Finoguenov+10, 
Akamatsu+12,13, 

Sarazin+16, Storm+18)

Sausage
(Akamatsu+13,15)

RXCJ1314
(Mazzotta+11, 
Stuardi+19)

ZwCl0008
(DiGennaro+19)

A1914
(Botteon+18)

A2218
(Botteon+18)

AS592
(Botteon+18)

CIZAJ0107
(Randall+16)

Coma
(Akamatusu+13, 

Ogrean+13, Uchida+16, 
Sasaki+16)

MACSJ0553
(Pandge+17, Botteon+18)

RXCJ0334
(Dasadia+16)

RXCJ1053
(Itahana+17)

CIZAJ1358
(Kato+15)

PLCK036
(Zhang+15, Laganà+19)

AS295
(Pascut+19)

*a likely incomplete list, 
additions are welcome!

    Now

A2034
(Owers+14)



  

Radio relicsRadio relics

Röttgering+97

Relic-shock connection:
● Position+morphology
● Spectral steepening
● Polarization

Elongated and arc-shaped polarized sources found 
in the outskirts of some GCs in a merging state

vanWeeren+10

(Finoguenov+10, Bourdin+13, Akamatsu+Kawahara13, 
Shimwell+15, Eckert+16. Botteon+16, Akamatsu+17)

...shocks are also observed!

Botteon+16

A3667



  

Origin of radio relicsOrigin of radio relics

(Krymskii77, Bell78, Drury83, Blandford+Eichler87, 
Jones+Ellison91, Malkov+Drury01)

 Bonafede+14 Credit: NRAO
Radio relic

SNR Direct acceleration

Re-acceleration Bonafede+14

● Diffusive shock acceleration (DSA)
● Similar to supernovae
● Starts from thermal pool
● Low acceleration efficiency
●

● Seed relativistic e- required
● Works better for low Mach numbers
● Still DSA, but different spectra

(Markevitch+05, Kang+12,14,16, Pinzke+13, Caprioli+Spitkovsky14, 
Guo+14 Bonafede+14, Shimwell+15, Botteon+16, vanWeeren+17)



  

Abell 115Abell 115

Dinamically disturbed
Off-axis merger 
(Gutierrez+Krawczynski05, Barrena+07)

Chandra 360 ks

Giant radio relic (Govoni+01)

VLA @ 1.4 GHz
Resolution 15’’ x 14’’
r.m.s. 70 μJy/beam (1σ level)

1.5 Mpc

Botteon et al. 2016, MNRAS, 460, L84-L88



  

The shockThe shock

Excellent agreement between SB and kT jumps
NOT consistent with 

α ∼ 1.1 (Govoni+01)

From Diffusive Shock Acceleration:
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The origin of the radio relicThe origin of the radio relic

The RE-acceleration of seed e- 

provided by cluster radio galaxies 
alleviates the requirement of 
high acceleration efficiencies Too high!!!
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DSA from the thermal pool is readily 
ruled out by the relic spectrum…
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Harwood+15
Harwood+15



  

El Gordo NW radio relicEl Gordo NW radio relic

Discovered by SZ signal (Marriage+11)

Complex merger state (Menanteau+10,12)

Halo and double relics (Lindner+14)

Numerical simulations (Donnert14, Molnar+Broadhurst15, Ng+15, Zhang+15,18)

z=0.87
M

500
 ~ 8.8 x 1014 M⊙

Botteon et al. 2016, MNRAS, 463, 1534-1542



  

Strong shock & DSAStrong shock & DSA

c-stat/dof = 128/115

c-stat/dof = 203/168

Other M > 3 shocks:
Markevitch+02

Dasadia+16

DSA can not be ruled out in this case! 
...entering in a different regime?

(Giacintucci+08, Akamatsu+15)
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Relic spectrum α=1.37±0.20
(from 330 MHz to 610 MHz)

Strong 
shock

Constraints improved by 
the limits on IC emission



  

Efficiency in a sampleEfficiency in a sample
Recent discoveries of shocks co-located 

with radio relics made possible to 
extend the study to a sample! 

Botteon et al., A&A submitted 
(arXiv:1907.00966)

δ
inj

 > 3

η
e
 is computed assuming 

the upper bound on the 
shock Mach number

DSA can not explain the 
origin of the relics in 
case of weak shocks



  

1) M
500 

> 5 x 1014 M⊙

2) K
0 
> 30-50 keV cm2

3) > 40.000 – 50.000 cts @ 0.5-7.0 keV

Botteon et al., 2018, MNRAS, 476, 5591-5620

Search for new shocksSearch for new shocks



  

Edges in the literatureEdges in the literature

A2744

A2142
A2146

Markevitch+00

Russell+10,12

Eckert+16



  

Walk throughWalk through

1) Unrelaxed
cluster 

3) Edge-
detection 

algorithms

4) Surface 
brightness 

profiles

2) Thermo-
dynamical maps

A3667

Sanders+16a,b

Gaussian

Gradient

Magnitude



  

New shocks and cold frontsNew shocks and cold fronts

22 edges: 6 shocks, 8 cold fronts and 8 uncertain

● Statistics of detected shocks and cold fronts in the ICM increased
● General agreement between the Mach numbers derived from kT and SB jumps
● All the shocks found have low Mach number (M < 2)

Literature
Botteon+18



  

SummarySummary
● When clusters collide, shocks happen
● Number of shocks increasing
● Merger shocks are responsible of radio relics

● Relic-shock connection in A115 & El Gordo (Botteon+16a,b)

● First constraints on the acceleration efficiency in a sample 
of radio relics (Botteon+, submitted)

● DSA is not responsible of radio relics

● Detection of new shocks (and cold fronts) (Botteon+18)
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