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ASTRO-H Space X-ray Observatory
White Paper

Clusters of Galaxies and Related Science
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What is ASTRO-H?

The 6" X-ray satellite to be launched from Japan in fiscal year 2015

ASTRO-H

Launch site Tanegashima Space Center
Launch vehicle JAXA HII-A rocket

Orbit Altitude 550 km

Orbit Type Approximate circular orbit
Orbit Inclination < 31 degrees

Orbit Period 96 minutes

Total Length 14 m

Mass ~ 2.7 metric ton

Mission life > 3 years

Suzaku (6m, 1.7t)
2005-2015
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Capabilities (Schematic)
Spectroscopy
(for diffuse source)

N

ASTRO-H

Energy \ Area for
Coverage . ‘?f. ) SoftX-rays
Chandra \\ [ '
\/ i l Suzaku
Y\
Angular \ Area for

Resolution XMM Hard X-rays




Parameter

Detector
technology

Focal length

Effective area

Energy range

Energy
resolution

(FWHM)

Angular
resolution

Effective
Field of View

ASTRO-H capabilities

Soft y-ray
Detector
(SGD)

Si/CdTe
Compton Camera

>20 cm®@100 keV
Compton Mode

40 - 600 keV

4 keV
(@40 keV)

0.6 x 0.6 deg*

(< 150 keV)

Hard X-ray imaging High-resolution spectroscopy Wide-field CCD
(similar to NuSTAR) (20 -30 times better than CCD) (similar to Suzaku)



What’s new?

1. High resolution (E/AE~1000) X-ray spectroscopy
First time for extended sources at 0.3-12 keV
or point-like sources at 4-12 keV

2. Simultaneous observations with:
- Hard X-ray imager: E=5-80 keV, FOV=9’
(similar to NuSTAR)
- Soft X-ray CCD: E=5-12 keV, FOV=35’

Trade-off:
- Spatial resolution >1’
- Lower effective area than Suzaku, XMM

Galaxy clusters, particularly at low-z, are amongst the key targets.
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Why X-rays for galaxy clusters?

| ©1E0657-56 at z=0.3 by Chandf4**
(Markevitch & Vikhlinin 2007)

Céld front

(contact
discontinuity)

~80% of baryon content is X-ray emitting gas
Emissivity e<n? = higher contrast against background
However, E/AE < 50 by CCD - E/AE~1000 by ASTRO-H
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#RATE  iEE T DR 55

1’=270 kpc

AL E ST
(a—J)LFz7avk)

g'58™42° 36" 30* 24* 18* 12°

Bullet cluster (1E0657-56) @ z=0.3
(Clowe+08)

735—: X-ray (collisional gas)

F 5 #8: weak lensing (collisionless DM)

‘DMEHT RD 7 Bk

o,/m< 1~5cm?/g
RAFETIVICERFLEGUHIR
(Markevitch et al. 2004)

EHEROFE:

Mach number ~ 3.0 (y=5/3)
Vv ~4700 km/s
Vpostshock~ 1600 km/s
(Markevitch & Vikhlinin 2007)

preshock

Kinetic energy ~10% erg

HE? HAYHE?
EW? RFME?
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1. Internal shocks

-~ Internal shock

X ] al15;
BEICmE ST =Hh ADEZE T o B
or AGN FEI(ZXKBT4—F/1\vDy —
o [~ &7 ).
1&7“// \ﬁ(2~4)1 I%?ﬂ"fg ! e /'  od
&y ’ e
0 b4 ¢-U|'1-ei.-;—|- :

t7
2. External shocks external shock

AT=WOIGMASN ISR FE = ____:l_nj_},%

=Y Y/NH(~100), EFE Ll

BAITILRIRH % 1o

5 i /;/ T’*‘@'ﬁf'v

3. &Lk 2 { /I/\If/ =

B - BRI HITTE SR

PFINE EHANDHFE? h-"Mpc

s . i 43 Ryu et al. (2003)

W NLEERIELAZSN TR Cosmological mesh simulation

> ASTRO-H Z[XLHETHE R BXERE DL ACDM, L=100 Mpc/h,
(cf. Suzaku [Tk DR Tamura+2010)
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normalized counts s

30

<0

10

CCD spectrum of a galaxy cluster

- Perseus center
: Suzaku 35 ks

- AE ~150 eV

Continuum - T,
+ geometry - n,
Line intensity - Z

Fe(L shell)

Fe24+

1 | J

0.5 1 2 ®

Fnergy (keV)

| Provided by
| 1 K. Matsushita
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normalized counts s

30
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- S T
Fe(L shell) <+ ASTRO-H -
25+
~ ASTRO-H T CcCD I;eo eV
' mock 100 ks ' e af
Mgt 6% 65 66 67 68
o’ st o
| \\\ Fa24+ - ,’/
et G14+,15+ ‘\\ I
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stz Cqle+ 19+ Fez,“ | Provided bY
- K. Matsushita

—_—

0.5

2
Fnergy (keV)



IRIILX—REEDOEN

1. SERD TR NILDIEE)
— Voulk Lobs
Ak =2.2eVv <100kum/s> (678%)
. _ 55 Einstein coeff. for
2. Eﬁwr‘[\b‘ L) 7\//5‘ AL% / He-like Fe @ 6.7keV
natural W,y =031¢ ( ) FWHMs
A VB 1{:}14 =
) 2me, NV E bs |
thermal |y — 49V lon ) ( ion ] ( obs ]
N e - ( 5 keV 56 my 6.7keV
V E |
turbulent _ turb obs
. W ( 100 Lm,h,) 6.7 ke\r’)
instrumental \*ﬁﬁgf# ik

V~100km/s DBIFEIZIL, IR I[P EEE < 7evV HRE
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Impact on ICM properties

Velocity of 100 km/s corresponds to

—-1/2
Voulk  _ 8.7 X 10—2( Vbulk )( M )”2( kT ) ; |
Vsound 100 km s=!/10.6 S keV

for bulk motion, and

—1
Ptlu‘h ~ 13 v 10_2 ( 1![llI'h'1D )2 (i) ( FkT ) |
Ptherm 100 km s~ 0.6/\5 keV

for isotropic turbulence.




Mock observations by ASTRO-H

E

X# TSR

Perseus cluster
@ z=0.018

/

Chandra ic;nage
& ASTRO-H FOV

IDERIZE8LY 3 v .,
\TJIVE, Ul R

EDHEFRAD I

tREp=3"x 3’

R[5 fERE=1.3’



normalized counts s-1 keV-1

Mock spectra for Perseus center (100ks)

. . y ' T . . y T T
o | He-like Fe-K comple (resonance)
M - at Erest=6'7 kev with 4.2 keV thermal broadening 1
" vp, = 0 km/s
(intercombination) ﬂ vp = 100 km/s
(forbidden) y X+ i vp, = 1000 km/s -
z ﬁ Sl P 1 DELFEE SR
™ Pk, et 4 A |y ' -E
HRbH " i Y "
ri N | WP i i
A i
Jf L (.‘lfl" | | I
- == i _’f:':d il '
- e e
SE it E
D S ]
[ CCD FWHM RIS RFRE
1 1 1 | | ] 1 70 km/S (10)
6.4 6.5 6.6 =T R)LX—
Energy (keV) D <1%



He-like “triplet”

/ Resonance line (w)
/7 s 1s2p S=0 L=1 J=1 > 1s?
2
A% ’ I 3p
! |/4 NN Fl 3P0 shell n=2
K NN Intercombination lines (x,y)

1s2p S=1 L=1 J=2,1 > 1s?

Z Forbidden line (z)
1s2s S=1 L=0 J=1 - 1s?

ﬁ” 1 S, shell n=1 (ground)
Porquet (2000)

® ASTRO-H | He-like Fe-K D w, x+y, z =5 fiZ ol HE

o w [XEEL SN DT ULDT, itDBEAEHLENEE

® G=(x+y+z)/w, R=z/(x+y) = T.. n, DIEE

e H-like Fe JE#R(7.0keVE)LEDLL = EETFEMSDT I




counts/s/keV
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1 -

' |
Perseus core

Astro—H W
0.5-1.5 aremin, 100ks

M=0, with RS ,H
M=0.35, no RS ++|
M=0.35, with RS }' '
// Yy X ]f
t :i'g' (I

B keV (rest frame)

No turbulence

ELFRAVIELNE,
0B 42 (w) [XEREL
'c"h‘VJTL\

+ i
[ Vturb=360km/s
| AROEROMESE

(e.g., 1s3p at 7.9 keV)
NEE, I§&FIHI%E
IREEDIEEICEH
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26:00.0
25:00.0
24:00.0

-. 23:00.0
22:00.0
21:00.0
12:20:00.0
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A injection

dissipation
E(k) [Lvs>v,

LV ~ Vvis

cascade

oc k-5/3

if Kolmogorov
(steady state)

3’ FOV

Coma at z=0.023
kT=8 keV 200 kpc

>

00 1 k ASTRO-H will probe the injection
/ E(k)dk = 5(772 (x)) scale of turbulence. The dissipation

0 5 scale is difficult to resolve if it is
~ k P3D(k) <100kpc.
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~ Perseus cluster
~ Virgo cluster
~

~
1.5-3 ™~
s

One-component velocity amplitude (km s77)

huravleva et al. 2014 Zhuravleva et al. 2014

0.4 0.78 1.2 15 19 Wavarusibise {kpa)
Perseus @ z=0.018 XERIEE D 5 E MNELRERG S
X#RMEE D SE (Chandra) 8p/p~\V/c, o< [KE(k)]*/2
l, o<fn 2 \(T) dI 10-100kpc TlEKolmogorovEE &

SR r— ILIZR Z TUVELY



Relaxed clusters: & 1 H = & #& FAFME

FH MR (HERR., N\)FAVEE) SRR
Bk BTED. BKELE. EALVX (BLA—E—EH5)
Mk HAROMEER(EREICIIBRELE)

XKEFKEEEHICLLSEERTE (XER/SZHE)

RAr: 2HDOY2T )L, high z
ERT: JEEME. FERRIA S . IEBRRITREE LR

d(Pih + Patn) _ GM(<r)

Pgas

2
dr T I ED
Ptyrp Viurb 2 kT, \~1 3ZEBBIES
= 0.013 ( ) £%LAJL
Pty 100km/s 5keV 0

THRITE



Relaxed clusters: E 1B = & fz F1HF[E]

Challenges: - Ty500=660kpc
*low brightness = A2029 z=0.077 |
* PSF (1.3’) contamination AL [
: 1Ms |
= I total |
= I
—
2 I
s l
] I
= 2 I
= O
S ]
|
|
| | | 1 1 | | | I
o

1 2 3 -4 5
Line: input  reglon#
XMM image O PSF corrected results
+ PSF uncorrected results

AV~100km/s will be achieved out to ~r,;,, ~1/4r,,, at z<0.1
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ASTRO-H #&H3§

1) ARGV 5 FRHEE(SXS)
3’x3’ FOV

2) BEXER (HXI):
9’x9’ FOV

3) IGREF (SXI):
35’x35’ FOV

BRI 1) NEX
. ShB(Fan3FELl L) A,
- 2)3) R FEIRFICT—AEE
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in-situ or secondary?

> Fl—OHEAREET

BEX{RCHaV TR aEL
I:sync oc ne B?
Radio (contours) & X-ray (color) FIC oC N, UCMB
in Coma cluster
(Brown & Rudnik 2011) HIKRIEF. ~DOLER OH
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i.e.,, B>0.1~1uG



Declination {J2000)

ERMNEF (H TR EEL)

A3667 NW relic (3.7Jy@1.4GHz, Johnston-Hollitt et al. 2008)

=
2 g
- 3
= o=
2
2 &
g
S . [ Data: Extrapolation of
S 1
8~ XMM data assuming
5]
E o[ photon index of 2.0
-. “ Tt Line: thermal (5 keV) spectrum
20M18™ 14™ 12" g™
Right Ascensian (J2000) T
. o B 0] . . T R .
color: X-ray, contours: radio = . 5 5 10 20
(Feretti et al. 2004) Energy (keV)

- ASTRO-H DPSF (1.7’HPD) [XNuSTAR (1') kY E B H3, FOVA ML D
KFRBAZEM < pre-collimatorf& &k > off-center relics [ZH F|
-Suzaku DBEFED RS> KRIRHDIFETH B>4uG
(EBEDREEIL. in-orbit T background [ZX5)
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Very hot (kT>>10keV) gas

f"|'”'|""P"'I";;""I”"I""P"'l'”: __'SIMﬂJy/bGGWT
of . 100”, 580 kpe _-l

2.0mJy/beam

EUZ IV RED2~31E,
| Bind ., avIER(<Gyr)
- 1.0mJy/beam @i@;&ﬂqqﬁ%o

~ 0.0mJy/beam

45k

A3667 (Nakazawa+09)
~1.omy/beam  A2163 (Ota+14)
Bullet cluster (Wik+14)

—2.0mJy/beam —
T T TEMHY,

—3.0mJy/beam

60 45/30 15 0-15-30-45-60

ARC SECONDS JEBVRI R 53 & D 7 B
150GHz SZ image of RXJ1347-1145 AINEE

*SZE & Chandra X-ray (TK+04)
l;; °<[n, T .dl & I, o<fn2A(T)dI
- kT =28.5%7.3 keV

excess

*Suzaku 0.4-60 keV & Chandra (Ota+08)
> kT, ...= 25.3*61, _ keV

excess



Extra success:
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Warm Hot Intergalactic Medium

1. MESASNS/A\)XY
DT << q,
> KE D Missing Baryon
(Fukugita et al. 1998)

2. BT E:
kT=105~107K. 6=10~1000
D FFERAMBAH R WHIM

(e.g., Cen & Ostriker 1999)

= EIX#R (E<keV) TOLIBIERE blue: 5575
OVII, OVIlI, NeIX,,, green: 6>10
(UVEYE 5B Slmulated distribution of WHIM

N Lo «\d)ﬁkﬁﬁd\) 11 70Mpc=5.5F @ z=0.2
(Takei et al. 2011)



Mock WHIM spectrum (DIOS)
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Expected limits by ASTRO-H
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1. ZRFEER. yEULVITNEFRED,

2. Robust bounds:
a) If fermion,

(IHE 22 % (dSph) <{E@:B73f > my,, > 0.4 keV

(Tremine & Gunn 79; Boyarsky+09)

b) If velocity ~ thermal,
free-streaming < galaxy scale > m,, > O(keV), WDM
BENKETTESHLCOMDEERITE (substructure’E &) ~D A1) wk7EL

=W ht, ZRLEVDMIERFHOEE [IXRESEIS,
Fon> >FEHFETRLUY,

~ 14 > r o MERY \ (D 2
Fx 3x10 erg/s/cm ((102Oyr)—1) (m02/2> (1010]\/[@ (MDC)

Decay rate = 1/lifetime DM Surface density
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ASTRO-H Operation Schedule

Phase 0: 3 Months : Satellite/Instruments Check out (including Calibration))
Phase 1: 6 Months : SWG 90 % (PV Phase) Observatory 10 %

Phase 2: 12 Months : SWG Carry Over 15 %, GO 75 %, Observatory 10 %

Phase 3: Rest of the mission : KeyProject 15 % (TBD) , GO 75 %, Observatory 10 %

Observatory 10 % = Calibration + TOO + Director’s Time

Observatory Observatory

A Sci. WG Key Project?

2| 2

Z | =

= g GO 75%

>¢ 1 day=37 ksec X 0.75
1 month =1 Msec X 0.75
0 ) month

Data policy among J/Europe/US in the GO time, would be similar to the
Suzaku case. But we are planning to introduce key-project type and/or
early-data-released type observations from early phase of the mission.
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