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Doppler broadening velocity measurements
with Hitomi
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see talk by M. Markevitch

Viot ~ 300 - 430 km/s or M~0.3-0.4 N> subsonic motions

[Hitomi collaboration: velocity paper, 2017, submitted]



Resonant scattering velocity
measurements with Hitomi



Resonant scattering




Resonant scattering
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¥ RS changes the 3ux of the strongest line
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Resonant scattering

Radiative transfer simulations for the Perseus cluster
mock Hitomi spectrum: 100 ks
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Doppler Broadening and Resonant Scattering

complementary, non-redundant constraints on the V beld
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Did Hitomi see the scattering?
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[Hitomi collaboration: radiative transfer paper+17]
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[Hitomi collaboration: radiative transfer paper+17]

Did Hitomi see the scattering?
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Did Hitomi see the scattering?
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[Hitomi collaboration: radiative transfer paper+17]

| 1) 1) l 1) 1 ] 1 1] 1 l 1) | 0 l 1 ) 1 1 ] l 1] 1 | ] | 1 ) |
Bapec + Negative Gaussian model obs23 cen
C-Stat. = 311.04 / 295 =1.05 I
{
1
thh
{ " ' +
1Y ' #
- bz X W
.l' l 1 | 1 1 1 | 1 1 1 | 1 1y 1 | 1 1 L | 1 1 M | ' 1 : hd l .
48 6.50 6.52 6.54 6.56 6.58 6.60 6.62
A L) I 1) l 1 1] 1 l 1 1) T l 1) | 1 ) l 1) I 1 ] 1 ) 1 ) |
| ™ h
’ b iy A }
N TN WY AN N TN SN SN N SN SN S SN SN SN S SN SN S S S S S S SN S N S
48 6.50 6.52 6.54 6.56 6.58 6.60 6.62

Energy, keV



Hitomi observations of RS in Perseus

line is suppressed
by a factor of ~ 1.3

"#%&'(,-.

line is suppressed by
Consistent with theoretical predictions! a factor of ~ 1.15

[Gilfanov+87; Churazov+04; 1Z+11 & 13]

[Hitomi collaboration: radiative transfer paper+17]



RS velocity measurements with Hitomi

Z W LYyA HeB
I 1 | 1 ] I 1 1 1 1] ] 1 1 1 ] l 1 1 L T_l 1 1 1] 1 ] ] 1 1 ] 1] 1 ] l_
3 Q Q o~ w0 w
QO > (4 Q
S T -~ T r T
4 =S B =S > >
T X % x % %% < X%
- ><x>< >xX X X > >
<
=< Lz & L Le e @
1 b TF E
> B "
g | I
2 - o
1 v
” o
o 2 &
< o e
9 = =z S H =
> ~ >
. 19 x — >
7y C @ @
G = (e L
A | | | "
|
0 | ] | \ 1 | y | \ 1 L 3 |

6.5 7 7.5
E (observed), keV

o
o
o

Bapec model with excluded W, Z, LyA and HeB lines + Gaussians
Measure the ratios of [3uxes in W/Z, W/LyA, W/HeB



RS velocity measurements with Hitomi
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[Hitomi collaboration: radiative transfer paper+17]



RS velocity measurements with Hitomi
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RS velocity measurements with Hitomi
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RS velocity measurements with Hitomi
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DB and RS give consistent results
anisotropy measurements require longer, Hitomi-like observations
and better agreement between optically thin line emissivities

[Hitomi collaboration: radiative transfer paper+17]



Velocity power spectra
measurements with Chandra



High-resolution X-ray Images N> Velocities?

PERSEUS % VIRGC

[INASA/CXC/Stanford/l.Zhuravleva]

Ix ~ N e? [IN soft band]




High-resolution X-ray Images N> Velocities?
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High-resolution X-ray Images N> Velocities?
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High-resolution X-ray Images N> Velocities?
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[Arevalo+2012, Churazov+2012, 1Z+15]

[for other clusters see Walker+13, Arevalo+16, Werner+16, |Z+17]



High-resolution X-ray Images N> Velocities?
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[Arevalo+2012, Churazov+2012, 1Z+15] 0.01 0.1

V=80-150 km/s on scales 10-30 kpc . aresec™ ferh fems

[for other clusters see Walker+13, Arevalo+16, Werner+16, |Z+17]



Velocities from [Suctuations vs Hitomi results
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If 7 <L inj <150 kpc in the 30-60 kpc region there is a
consistency between Hitomi and Chandra results

0.1



High-resolution X-ray Images N> Velocities?

PKS0745-191




Velocity measurements with Chandra
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In the core regions In clusters:
V ~ 100-150 km/s on scales < 50 kpc
up to ~ 300 km/s on scale ~ 100 kpc



WhatOs Next?
XARM (2021+)

N ~ 1 [theory] iz+14a
n ~ 1 + 0.3 [cosmological simualtions] 1z+14a
N ~ 1 [hydro simulation] (caspari+14

Need to calibrate density-velocity relation
using XARM observations

If n~1 —> effective method to measure power spectra in
large sample of clusters nz+14a
If N # 1 —> constrain microphysics [viscosity, conduction] caspari+14



How to measure velocity power spectra from line
broadening and centroid shift?
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[for Coma-like clusters see ZuHone+16]
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How to measure velocity power spectra from line
broadening and centroid shift?
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[for Coma-like clusters see ZuHone+16]



Summary

1. Resonant scattering velocity measurements with Hitomi
¥ prst detection in the cluster core
¥ velocities measured with DB and RS are consistent
¥ anisotropy measurements require longer, Hitomi-like
observations and improvements in atomic data and plasma
models

2. Velocity power spectra measurements with Chandra
¥ currently the only way to measure velocity power spectra
¥ consistent with direct Hitomi measurements in Perseus
¥ can be easily extended on other clusters/regions [but
requires careful checks on large scales]
¥ the main limitation on small scales: Poisson noise - reducible
with deeper Chandra observations
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Doppler broadening velocity measurements

with Hitomi
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From Hitomi observations:
driving scale is less than
few 100 kpc

[Hitomi collaboration: velocity paper, 2017, submitted]



Uncertainties

Oscillator strength:

depends on the upper levelOs oscillator strength N> directly related to the

natural line width

for w line: E nat,APEC:O.BOS eV, E nat, spex=0.301 eV, E nat, lab =0.311 eV (Rudolf et al. 2013)
error on oscillator strength < 5%

error on the total electron impact excitation rate for w line: < 10%

uncertainties in Ruxes of unresolved satellite lines: contribute less than few % to
the line suppression

charge exchange: could account for a suppression of 6 %, but only in the
Innermost region



