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First high-resolution X-ray spectra of a galaxy cluster
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To measure gas velocities, need a microcalorimeter

v=100 km/s ! Doppler shift 2 eV at E = 6.5 keV

X-ray microcalorimeter rst proposed 30 years ago: AXAF-S

1st attempt: 2000, Astro-E

2nd attempt: 2005, Astro-E2 (Suzaku) — obtained spectrum of internal background,

3rd attempt: 2016, Astro-H (Hitomi) — obtained spectra of Perseus cluster and a
couple of cal. sources

planned 4th attempt: 2021, XARM — Hitomi without the hard X-ray instruments



Hitomi (Astro-H)




Soft X-Ray Spectrometer (SXS)

X-ray Calorimeter
Spectrometer

SXS D energy resolution
better than 7 eV at
system level

6 x 6 array of 300 x 300
Soft X-Ray Telescope pixels (3 arcmin FOV)

5.6 m focal length D fixed

optical bench

203 concentric shells (1624
individual reflectors)

Outer Diameter: 45 cm
Mass: CBE = 46 kg.

Half-Power Diameter of
better than 1.7 arcmin




Hitomi SXS Perseus pointings

gy,

Four 3° 3°%regions in the cool core, including central AGN

central pointings 275 ks total, offset pointing 45 ks

0.5 Mpc Perseus XMM image




What do we expect to see?

motions induced by AGN ... ... and core sloshing

v turb, km/s

simulations (ZuHone 11, 13)

Chandra X-ray image

50 kpc
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Turbulence from the width of the Fe line

Fe XXV He complex
z=0.0176
wb =164 10kms ' (LOS dispersion)

Doppler broadening
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Suzaku CCD spectrum

Region excluding main bubbles Hitomi collab. (2016a)




Velocity and velocity dispersion maps

1' (21 kpc) 1' (21 kpc)

compare to vg 1000 km/s

the gas is surprisingly quiescent! E ., /Eem 5%

— turbulence dif cult to generate and / or easy to damp?

velocity dispersion is relatively uniform

Hitomi collab. 2017, submitted



Unexpected ICM physics from Hitomi



Charge exchange with neutral gas?

when a highly-ionized ion collides with an atom or a molecule,
It can capture an electron on a high-n level

emits a very high-n transition line (and forbidden lines)

X-ray emission mechanism of comets

soft variable X-ray background from the heliosphere



Charge exchange with neutral gas?

H emission (Concelise 01)

molecular gas dominates total gas mass within central r=15 kpc



Hitomi spectrum of the Perseus core, 3—4 keV interval
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Excess Ca XX emission




Excess Ca XX emission




Excess Fe XXV emission




Anomalously high ux in high- n transitions, as expected for charge exchange

Individual features have low stat. signi cance, but seen fo r several elements
(S, Ca, Fe), so probably real

a future tool to study the interface between hot and cold gas in cores

Ca excess doesn't t current CX models



Mergers, shocks and relics with Chandra (the latest)



A 520

Chandra X-ray image

See Wang et al. 16, 17 for details

500 kpc

z=0.2



A520 shock front
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Wang 17 subm.



A520 shock front

brightness pro le in sector N1 + N2

Shock position

Sector N1+N2 _ +0:4
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Can test electron-proton equilibration timescale in cluster plasma (asin MM 05):

predict temperature jump from density jump for (a) adiabatic compression
and Coulomb equilibration or (b) instant equilibration



A520 shock front: electron-proton equilibration

deprojected T prole projected T prole

Instant equilibration preferred at 95% con dence (wang 17 subm.)




Similar test on other shocks

Bullet main shock A2146 bow shock A3667 relic shock
(Markevitch 05) (Russell 12) (Sarazin 16)

instant

Coulomb

-20 0
x, arcsec

M=3.0 M=2.3 M=25
iInstant equilibration (95%) neither model ts

systematic uncertainties: 3D geometry and projection — need a sample of
simple shocks. For now, 2:1 for instant equilibration



A520 shock and radio halo

All archival VLA 1.4 GHz C, D datasets (Govoni 01,
Vacca 14) combined (by Simona)

edge of radio halo traces shock front
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X-ray / radio

Wang 17 subm.



A520 radio halo edge

radio brightness pro le across the shock

Can the radio edge be due to adiabatic compression by the shock? (mm 05)

For observed radio spectrum and shock density jump, the radio emissivity
jump (in 3D) for compression model is factor 26.



A curious new phenomenon in ICM



X-ray “channel” in A520

500 kpc




X-ray “channel” in A520
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likely a sheet in projection
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X-ray “channel” in A520

Magnetic eld strength in sloshing core _
Pressure pro le across high- B lament

Thermal Pressure
Thermal + Magnetic Pressure
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simulations ZuHone 11

channel is a “plasma depletion layer” with high B ( < 10)?



X-ray channel in A2142



X-ray channel in A2142



X-ray channel in A2142



X-ray channel in A2142

X-ray brightness pro le across channel

Magnetic eld draping around a subcluster

simulations Dursi & Pfrommer 08

Wang 17 in prep.

another plasma depletion layer?

How do they look in the radio?



Is there a shock at the Sausage relic?

GMRT 610 MHz, van Weeren et al. (2010)



Sausage relic — X-ray

Q

WSRT, van Weeren 10




Sausage: X-ray pro le across relic

M = 2.7 model +

O
N

N
|
O
O
n
O
-
O
|
0
0

-
O

SX

—200 —100 0

X, arcsec

shock at the relic position with M implied by Suzaku T jump is excluded by Chandra



Sausage: X-ray pro le across relic
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a much weaker shock is preferred (with 2 =23) ... but tis poor



Shocks at peripheral relics

Bullet Eastern relic
(Shimwell 15)

DY

A521
(Giacintucci 08)
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(Finoguenov 10)
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Sausage: X-ray pro le across relic
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IC signhal? B=1.4 G-—comparetol.2or5 G from radio width (van Weeren 10)



The Sausage relic — X-ray

Chandra, 0.5-4 keV



The Sausage relic — X-ray

Q

WSRT, van Weeren 10




Detect inverse Compton emission using X-ray imaging?

Cosmic ray electrons with 103 4 emit synchrotron at 0.1-1 GHz
(radio halos and relics):
Ssyn NCRe Bz

Same electrons should produce inverse Compton (IC) at E ~ 1-20 keV:

SIC NCRe ECMB

Cross-correlate ne structure in relics with high-resolut lon X-ray images?

If bright radio spots due to Ncge then positive correlation — IC detection!

If due to B2 then correlation (plasma depletion)



A3667 NW relic

ATCA 1.4 GHz, Johnston-Hollitt 2004



A3667 NW relic

ATCA 1.4 GHz, Johnston-Hollitt 2004



A3667 NW relic

Chandra 0.5 — 4 keV, 200 ks



A3667 NW relic

Chandra 0.5 — 4 keV, 200 ks, point sources and large-scale emission removed



A3667 NW relic: radio / X-ray correlation
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Positive cross-correlation, signi cant at 90% for whole relic, 97% for brightest spots

nondetection, but an interesting hint of IC signal (Markevitch 17 in prep.)
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