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ASTRO-­‐H	
  (1	
  page)	

  1st	
  satellite	
  use	
  of	
  
microcalorimeters	
  with	
  ΔE	
  ~	
  
5	
  eV	
  

  Key	
  Science	
  
  Measurement	
  of	
  gas	
  moHons	
  
at	
  a	
  few	
  100	
  km	
  s-­‐1	
  accuracy	
  

  Resolving	
  line	
  complexes	
  
(resonance,	
  	
  forbidden,	
  
intercombinaHon	
  ...)	
  	
  
plasma	
  diagnosHcs	
  

  SystemaHc	
  study	
  of	
  non-­‐
thermal	
  processes	
  by	
  
combining	
  gas	
  moHons	
  (SXS)	
  
and	
  hard	
  X-­‐ray	
  image	
  (HXI)	


  Launch:	
  November	
  2015	
  
  Instruments:	
  
SXS	
  (Microcalorimeters)	
  
SXI	
  (CCD)	
  
HXI	
  (Hard-­‐X	
  imager)	
  
SGD	
  (Soh	
  gamma-­‐ray	
  det.)	
  

14	
  m,	
  2.7	
  ton,	
  low-­‐earth	
  orbit	




Athena	

Long	
  history	
  of	
  discussion:	
  XEUS	
  (~2000)	
  –	
  IXO	
  (2008)	
  –	
  Athena	
  (2011)	
  

ESA's	
  Cosmic	
  Vision	
  Program:	
  Large	
  class	
  and	
  Medium	
  class	
  
	
  L1:	
  2022,	
  JUICE	
  (Jupiter	
  Icy	
  moon	
  Explorer)	
  
	
  L2:	
  2028,	
  Hot	
  and	
  energeHc	
  Universe	
  (	
  Athena)	
  [Nov.	
  2013]	
  
	
  L3:	
  2034,	
  GravitaHonal	
  waves	
  

	
  M1:	
  2017,	
  Solar	
  orbiter	
  
	
  M2:	
  2020,	
  Euclid	
  
	
  M3:	
  2024,	
  Exoplanet	
  x	
  2,	
  LOFT,	
  Sample	
  return,	
  Gen.RelaHvity	
  	
  
	
   	
  [selecHon	
  in	
  2014]	
  
	
  M4:	
  [new	
  call	
  in	
  2015?]	
  

Athena:	
  European-­‐led	
  large	
  X-­‐ray	
  observatory	
  with	
  internaHonal	
  
contribuHon	
  around	
  20%	
  level	


Con-­‐X	
  (~2000)	




The	
  Athena+	
  Observatory 	
  

L2 orbit Ariane V 
Mass < 5100 kg 
Power 2500 W 
5 year mission 

X-ray Integral Field Unit: 
ΔE: 2.5 eV 
Field of View: 5 arcmin 
Operating temp: 50 mk 

Wide Field Imager: 
ΔE: 125 eV 
Field of View: 40 arcmin 
High count-rate capability 

Silicon Pore Optics: 
2 m2 at 1 keV 
5 arcsec HEW 
Focal length: 12 m 
Sensitivity: 3 10-17 erg cm-2 

s-1 

Rau et al. 2013 arXiv1307.1709 
Barret et al., 2013 arXiv:1308.6784 

Willingale  et 
al, 2013 
arXiv1308.6785 

12m	




Athena:	
  Key	
  parameters	
!e Hot and Energetic Universe 
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Table 4: Key parameters and requirements of the Athena+ mission. !e enabling technology is indicated 
Parameter  Requirements  Enabling  technology/comments  

Effective  area  
2 m2 @ 1 keV (goal 2.5 m2) 
0.25 m2 @ 6 keV (goal 0.3 m2) 

Silicon Pore Optics developed by ESA. Single 
telescope: 3 m outer diameter, 12 m fixed focal 
length  

Angular  
Resolution 

5” (goal 3”) on-axis 
10” at 25’ radius  

Detailed analysis of error budget confirms that 
a performance of 5’’ HEW is feasible. 

Energy range  0.3-12 keV Grazing incidence optics & detectors 
Instrument 

f ie ld  of  v iew 
(diameter)  

Wide-Field Imager: (WWFI): 40’ (goal 50’) Large area DEPFET Active Pixel Sensors  

X-ray Integral Field Unit: (XX-IFU): 5’ (goal 7’) Large array of multiplexed Transition Edge 
Sensors (TES) with 250 micron pixels 

Spectral  
Resolution 

WFI: <150 eV @ 6 keV Large area DEPFET Active Pixel Sensors 

X-IFU: 2.5 eV @ 6 keV (goal 1.5 eV @ 1 keV) Inner array (10”x10”) optimized for goal 
resolution at low energy (50 micron pixels). 

Count Rate  
capabil ity  

> 1 Crab3 (WWFI) Central chip for high count rates without pile-
up and with micro-second time resolution 

10 mCrab, point source (XX-IFU) 
1 Crab (30% throughput) 

Filters and beam diffuser enable higher count 
rate capability with reduced spectral resolution  

TOO response 4 hours (goal 2 hours) for 50% of time Slew times <2 hours feasible; total response 
time dependent on ground system issues  

4 . 1 .  Science payload 
!e strawman Athena+ payload comprises three key elements: 

� A single X-ray telescope with a focal length of 12m and an unprecedented e"ective area (2 m2 at 1 keV). !e X-ray 
telescope employs Silicon Pore Optics (SPO), an innovative technology that has been pioneered in Europe over 
the last decade mostly with ESA support. SPO is a highly modular concept, based on a set of compact individual 
mirror modules, which has an excellent e"ective area-to-mass ratio and can achieve high angular resolution (<5”).  

� !e X-ray Integral Field Unit (X-IFU), an advanced actively shielded X-ray microcalorimeter spectrometer for 
high-resolution imaging, utilizing Transition Edge Sensors  cooled to 50 mK.  

� !e Wide Field Imager (WFI), a Silicon active pixel sensor camera with a large #eld of view, high count-rate 
capability and moderate resolution spectroscopic capability.  

 
!e two instruments (in Figure 10) can be moved in and out of the focal plane by an interchange mechanism, which is 
a simpli#ed version of the IXO one. Key characteristics of the instruments are also listed in Table 3. 

 
Figure 10: !e Athena+ science instruments. Le!: Design drawing of the X-IFU showing the Dewar and a zoom on 
the focal plane assembly. Right: Design drawing of the WFI. 

 

                                                                    
3 1 Crab corresponds to a $ux of 2.4 10-9 ergs/s/cm2 (2-10 keV). 

Only	
  2	
  detectors	
  (DEPFET	
  and	
  TES	
  calorimeters)	
  are	
  used	
  and	
  share	
  the	
  focal	
  plane	




100	
  x	
  ASTRO-­‐H	
  

1000	
  x	
  	
  
XMM-­‐Newton	
  

The	
  first 	
  Deep	
  Universe	
  X-­‐ray 	
  Observatory 	
  

•  Athena+ has vastly improved capabilities compared to current or 
planned facilities, and will provide transformational science on 
virtually all areas of astrophysics 

X-ray spectroscopy at the peak  
of the activity of the Universe 

Deep survey capability into the dark  
ages and epoch of reionization 

Line Sensitivity 

Survey Speed 

∝	
  S/N	




Athena+	
  
The	
  first 	
  Deep	
  Universe	
  X-­‐ray 	
  Observatory 	
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DIOS:	
  Diffuse	
  IntergalacHc	
  
Oxygen	
  Surveyor	


  More	
  than	
  half	
  of	
  baryons	
  in	
  the	
  local	
  universe	
  remain	
  
unidenHfied	
  	
  (Fukugita	
  et	
  al.	
  98)	
  

  Warm-­‐hot	
  intergalacHc	
  medium	
  (WHIM):	
  	
  
–  IntergalacHc	
  gas	
  with	
  T	
  =	
  105-7	
  K	
  occupies	
  a	
  large	
  fracHon	
  
–  Predicted	
  from	
  numerical	
  simulaHon	
  of	
  structure	
  formaHon	
  
–  UV	
  and	
  X-­‐ray	
  absorpHon	
  lines	
  indicate	
  WHIM,	
  but	
  observed	
  fracHon	
  is	
  

small	
  (<	
  10%)	
  

  DIOS：	
  
–  High	
  resoluHon	
  survey	
  of	
  oxygen	
  emission	
  lines	
  from	
  WHIM	
  (ΔE	
  <	
  5	
  eV,	
  

with	
  200-­‐300	
  Hmes	
  the	
  ASTRO-­‐H	
  grasp	
  [SΩ])	
  
–  3-­‐dimensional	
  distribuHon	
  of	
  WHIM	
  will	
  be	
  	
  

observed	
  
–  Constrains	
  thermal	
  evoluHon	
  of	
  the	
  Universe,	
  	
  

by	
  measuring	
  "warm-­‐hot"	
  phase	
  gas	
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Figure 1.1: 宇宙の組成とバリオンの存在形態。

1.1 宇宙のダークバリオンと重元素の熱史
1.1.1 宇宙のダークバリオン
このダークバリオンは、一体どこにどのような形態で存在しているのであろうか？Cen &
Ostriker (1999a,b)は、これらのダークバリオンの大半は、10万度から 1000万度の温度を
もち、銀河団同士を結ぶフィラメント状の宇宙の大構造に沿って分布しているというシミュ
レーション結果を得、Warm/Hot Intergalactic Medium (WHIM)と名付けた。すなわち、
中性水素を含むような冷たい (1万度以下)物質と、X線で強い放射を示す熱い銀河団ガス
(1000万度以上)の中間的存在としての、「温かい」(といっても 10万度から 1000万度) 銀
河間物質という意味である。WHIMは X線観測の重要なターゲットの一つである銀河団ガ
スに比べると、温度が低く、また、密度が希薄であるという特徴がある。そのため、銀河
団ガスでは主な放射機構となっている熱制動放射では十分に X線が放出されず、観測する
ことが非常に難しい。また、一度加熱されると放射冷却時間が長いため、冷えて星になる
ということもない。そのため、WHIM 起源の星を観測することで WHIMの特徴を探ると
いった間接的な方法を用いることもできない。ダークバリオンのほとんどが WHIM であ
るとする理論的モデルはその後多数の計算によっても支持されている。現状での様々な波
長、天体に対する観測的結果を説明するものとしてのバリオンの熱史に対する理解をまと
めたものが図 1.2である。バリオンは宇宙の膨張と共に冷えていくが、すべてのバリオンが
星や銀河にとりこまれるわけではない。銀河間物質となったバリオンは、まず宇宙初期の
星やQSOの放射によって電離され、その後現在まで継続する構造形成によって、ゆっくり
とフィラメント状の構造を形成し、重力エネルギーを熱エネルギーに変換することで温度
を上昇させる。もっとも密度の濃い部分は銀河団を形成し、重力的に束縛される際にショッ
ク加熱によってさらに温度をあげ、1000万度以上になると X線により輝きはじめる。しか
し、大部分のガスは銀河団には属しておらず、WHIM、すなわち 10万度以上の高温の銀河
間物質がダークバリオンとして存在していると考えられる。

WHIM の存在が観測的に確認されてこなかったのは、電離した希薄な銀河間物質であ
るために、これまでの観測では放射を観測し得なかったためである。例外として、背景に
ある明るい QSOのX線連続光には電離した銀河間物質を通過する際に作られるOvi, Ovii
による吸収線が現れると予想し、その検出を試みた観測がある。これは、銀河間物質中に
存在する中性水素が QSOの可視光スペクトルに Lyα吸収線を作る現象の電離重元素版で
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Baryon	
  phases	

  Local	
  baryon	
  distribuHon	
  

based	
  on	
  numerical	
  
simulaHon	
  

  This	
  depends	
  on	
  simulaHon	
  
codes	
  and	
  can	
  vary	
  
significantly	
  

  AbsorpHon	
  lines	
  can	
  detect	
  
low-­‐density	
  gas	
  	
  –	
  	
  but,	
  
geometry	
  and	
  thermal	
  
structure	
  difficult	
  to	
  
esHmate	
  

  Emission	
  lines	
  like	
  He-­‐like	
  
triplets	
  are	
  simple,	
  and	
  the	
  
structure	
  can	
  be	
  measured	
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DIOS	
  and	
  its	
  grasp	
  (SΩ)	


13	
  

Orbit:	
  550	
  km	
  alHtude,	
  
	
  	
  InclinaHon	
  30°,	
  period	
  95	
  min	
  

4-­‐reflecHon	
  telescope,	
  TES	
  calorimeter	
  array,	
  E	
  <	
  2	
  keV,	
  	
  
FOV	
  =	
  50	
  arcmin	
  diameter	
  
Coolers	
  are	
  ASTRO-­‐H	
  engineering	
  model	
  refurbished.	
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Figure 4. Top left: contours of constant gas mass fraction in phase-space, i.e., the fraction in unit log ρ and log T intervals. The gas density is normalized to its cosmic
mean (X-axis) and its temperature is in units of K (Y-axis). The plots considers only gas particles in the redshift slice 0.202 < z < 0.274 and with temperature T > 105 K.
Color-coded contours are drawn with respect to different values of the gas mass fraction, indicated in the color scale. Top right: same as the top left panel, but referring
to gas elements characterized by O vii + O viii line systems strong enough to be detected with 1 Ms observation with CRIS. Bottom panel: the probability distribution
function of the gas density obtained by merging the gas mass fraction in the ρ–T plane over its temperature. Black curve: all gas elements. Red dotted curve: gas
elements in which both O vii and O viii are above 5σ detection threshold of 0.07 photons s−1 cm−2 sr−1, corresponding to 1 Ms exposure with CRIS. Blue dashed
curve: same as the red dotted curve but referring to a 100 ks exposure with detection threshold of 0.48 photons s−1 cm−2 sr−1.

Table 1
Emission Line Detections

Model texp fline dNO vii/dz dNO viii/dz dNO vii+O viii/dz NO vii+O viii per deg2

B2 1.0 0.07 4.2 (3.1) 2.6 (1.9) 2.4 (1.6) 639 (426)
B2 0.1 0.48 2.1 (0.6) 1.5 (0.5) 1.1 (0.2) 293 (53)
B1 1.0 0.07 3.3 (1.6) 2.1 (1.0) 1.8 (0.7) 479 (186)
B1 0.1 0.48 1.4 (0.03) 1.1 (0.05) 0.7 (<10−3) 186 (0)

Notes. Column 1: WHIM model; Column 2: exposure time (Ms); Column 3: minimum line surface brightness
required for a 5σ detection (photons s−1 cm−2 sr−1); Column 4: expected number of O vii detections per resolution
element and unit redshift; Column 5: expected number of O viii detections per resolution element and unit redshift;
Column 6: expected number of simultaneous O viii and O viii detections per resolution element and unit redshift;
Column 7: expected number of simultaneous O viii and O viii detections per square degree due to gas within
z = 0.5. All estimates assume an angular resolution of 2.′6 × 2.′6. The numbers in parenthesis indicate lines
contributed by the WHIM.

and the redshift range of 0.202 < z < 0.274. The angular size
of each volume element is 2.′6 × 2.′6 (the angular resolution) in
Section 4.1 and 1.′3 × 1.′3 in Section 4.2. The depth of a volume
element is 3 Mpc (comparable to the energy resolution).

4.1. Density and Temperature of Detectable WHIM

The thermal state of the gas can be appreciated from the
phase-space diagram shown in the top left panel of Figure 4.
Color contours are drawn in correspondence of the same

gas mass fraction, indicated in the color scale. This plot is
analogous to the one shown in Figure 6 of Branchini et al.
(2009) with some important differences. First of all here we
only consider particles with T > 105 K that are potentially
relevant for the line emission. Second, this plot refers to
redshift slice 0.202 < z < 0.274, considerably narrower than
0 < z < 0.2, the one considered by Branchini et al. (2009).
Finally, and most important, the plot refers to gas density and
temperature averaged in the 2.′6 × 2.′6 × 3 Mpc volumes and
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Figure 1. Emission spectrum in a 2.′6 × 2.′6 area taken in a 1 Ms observation with Xenia CRIS, assuming an energy resolution ∆E = 1 eV. Black: sum of the Galactic
foreground and unresolved extragalactic background. The Galactic O vii triplet and the O viii Kα line at z = 0 are flagged. Red: contribution from the extragalactic
gas. The O vii and O viii lines at z = 0.033 are indicated in the plot.
(A color version of this figure is available in the online journal.)

the CRIS angular resolution (goal). For this purpose, we search
for emission lines in each of the 128×128×7 mock spectra us-
ing a two-step procedure. (1) We identify the O vii (triplet) and
O viii lines by searching for local maxima in the appropriate en-
ergy range of the spectrum. (2) We compute the SB of each line
by summing the flux over energy bins redward and blueward of
the line maximum and stop whenever the surface brightness SBth
in the bin drops below 7 × 10−3 photons s−1 cm−2 sr−1, which
is smaller than the typical line-detection threshold for a 1 Ms
observation with CRIS, as we will show Section 3.2. A simple
example serves to clarify the procedure. To identify O viii lines
produced in the redshift range z = [0, 0.065] we search for
local maxima in the energy range [0.613, 0.653] eV, where the
lower bound is the redshifted energy of an O viii photon emit-
ted at z = 0.065. The centroid of the line is identified with the
maximum and its intensity is obtained by summing over all con-
tiguous energy bins with SB above that of the selected threshold.
This strategy, which minimizes the chance contamination from
gas at different redshifts, cannot be applied to real spectra since
we lack the information of the redshift of the gas responsible
for the line emission. This effect is discussed in Section 6.1.

Detectable WHIM lines are rare and it is unlikely to find two
of them in the same mock spectrum. On the other hand, when
approaching the SB threshold, several weak emission lines start
to appear. They are typically clustered around stronger lines
and are thus likely to be physically associated to the same line-
emitting element. Therefore, all these lines would spoil line
statistics since they would oversample the same line-emitting
regions. To circumvent this problem, we have adopted a simple
criterion: we merge together all lines that are separated by a
number of energy bins smaller than some minimum amount
nbin. In our analysis, we have adopted nbin = 8 (corresponding
to 8 eV) after having checked that the number of lines with
0.1 photons s−1 cm−2 sr−1 (strong enough to be hopefully
detected by next-generation instruments) depends neither on
nbin nor on SBth.

To confirm that our B2 model fulfills the current constraints
on the soft X-ray diffuse background, we have compared the
total SB predicted by the model in the [0.65, 1] keV band
with that measured by Hickox & Markevitch (2007a) after
removing the contribution from all known sources. According
to the model, the WHIM contribution to the SB contributed
is (3.6 ± 0.3) × 10−13 erg cm−2 s−1 deg−1, safely below the
observed value of (1.0 ± 0.2) × 10−12 erg cm−2 s−1 deg−1. The
more conservative B1 model, which predicts a lower SB is also
obviously in agreement with observations.

3.1. Line Statistics

After having identified all O vii and O viii emission lines in
the mock spectra, we can compute their cumulative number
per unit redshift as a function of the line SB. The top panel
of Figure 2 shows the case of the O vii triplet whose SB is
the sum of the three lines. The black continuous curves refer
to model B2 while the red dashed curves refer to model B1.
For each model, the upper curve accounts for the gas emission
from all gas particles along the line of sight and the lower curve
considers only the contribution from the “WHIM phase” (see
Section 2.1). In the B2 model, the lines contributed by the warm-
hot gas constitute a significant fraction of the total. However,
this fraction decreases with the SB of the lines. It ranges from
∼100% for the weakest line to ∼5% for the brightest one. This
result shows that the possibility of detecting the WHIM emission
lines increases when decreasing the line-detection threshold
and clearly illustrates the need for increasing the sensitivity
of next-generation instruments. Model B1 predicts ∼30% less
lines than model B2, as expected. The difference among the
models is almost independent of the line SB. For a reference line
SB of 0.1 photons s−1 cm−2 sr−1 (matching the typical detection
threshold for next-generation X-ray spectrometers as we will
show), the expected number of detected lines is of the order of
unity, indicating that the chance of multiple line detections in a
pixel is rather small.
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GalacHc	
  +	
  BGD	
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  (z	
  =	
  0.033)	


5	
  Ms	
  (!)	
  with	
  DIOS	


Detectable	
  fracHon	

Takei	
  et	
  al.	
  2011	


  Line-­‐free	
  energy	
  ranges	
  of	
  MW	
  emission	
  give	
  us	
  windows in	
  redshih	
  
space	
  for	
  WHIM	
  detecHon	
  

  5	
  deg	
  x	
  5	
  deg	
  survey	
  (1	
  Ms	
  x	
  30)	
  plus	
  one	
  deep	
  (5	
  Ms)	
  poinHng	
  can	
  be	
  a	
  
plan	




Expected	
  3D	
  map	
  at	
  z	
  =	
  0.2	
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Gas	
  distribuHon	
  at	
  z	
  =	
  0.2	
  
	
  (Takei	
  et	
  al.	
  2011)	
  	


500	
  k	
  –	
  1	
  Msec	
  poinHng	
  per	
  posiHon.	
  About	
  30	
  points	
  mapped	
  
DIOS	
  can	
  pick	
  up	
  filaments	
  and	
  faint	
  galaxy	
  groups	
  
Overdensity ρ/<ρ>	
  ~	
  30	
  is	
  explored	
  revealing	
  30-­‐40%	
  of	
  the	
  
dark	
  baryons	


OVII	
  and	
  OVIII	
  simultaneous	
  5σ	


1	
  Ms	
  per	
  1	
  deg	
  field	
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Wide	
  range	
  of	
  targets	
  for	
  DIOS	
  	


Earth's	
  magnetosphere	


Milky-­‐way	
  hot	
  gas	


SNR:	
  RX	
  J1713-­‐3946	


Cluster:	
  A3667	
  	


  3-­‐dim	
  structure	
  of	
  dark	
  baryons	
  
  Charge	
  exchange	
  lines	
  from	
  low	
  density	
  atmosphere	
  
  Dynamics	
  of	
  hot	
  interstella	
  gas	
  (GalacHc	
  fountain	
  and	
  

galacHc	
  winds)	
  
  Large-­‐scale	
  shocks	
  and	
  parHcle	
  acceleraHon	
  
  Beyond	
  the	
  edge	
  of	
  clusters	
  of	
  galaxies	


IGM	
  (105-­‐107K)	
  

Structure	
  of	
  dark	
  baryons	


DIOS	
  f.o.v.	




Large-­‐scale	
  gas	
  dynamics	
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AGN	
  
jets	


WHIM	
  
Filaments	


Cooling	
  
flows	


Evolved	
  
SNR	


Cluster	
  
merger	


  Important	
  means	
  
to	
  look	
  at	
  the	
  
structural,	
  thermal	
  
and	
  chemical	
  
evoluHon	
  of	
  the	
  
universe.	
  

  Thermal	
  and	
  non-­‐
thermal	
  energy	
  
concentraHon	
  can	
  
be	
  disHnguished.	
  

  Complementary	
  
and	
  extension	
  of	
  
ASTRO-­‐H	
  science	
  

17	




Schedule	
  of	
  DIOS	
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2016	
 2017	
 2018	
 2019	
 2020	
 2021	
 2023	
2022	
2015	
CY	


Spacecrah	


Payload	
  
	
  	
  Coolers	
  
	
  	
  TES	
  
	
  	
  Electronics	
  

	
  	
  Telescope	


WHIM	
  survey	
 GO	
  	
  	
  	


Test	
  of	
  whole	
  payload	




More	
  future?	

Science	
  with	
  E/ΔE	
  >	
  104,	
  if	
  it	
  becomes	
  possible	
  in	
  a	
  long	
  future:	
  

  Gas	
  dynamics:	
  resolving	
  low-­‐velocity	
  components	
  (~	
  10	
  km	
  s-­‐1)	
  
  Search	
  for	
  dark-­‐maZer	
  blobs	
  

  Line	
  width:	
  detecHon	
  of	
  natural	
  width	
  
  SeparaHon	
  of	
  resonance,	
  forbidden,	
  inter-­‐comb	
  lines	
  by	
  line	
  width	
  only	
  

  GravitaHonal	
  redshih:	
  
  MaZer	
  at	
  1016	
  cm	
  from	
  a	
  107	
  M	
  black	
  hole	
  

  Clusters	
  of	
  galaxies:	
  ΔE/E	
  ~	
  5	
  ×	
  10-­‐5	
  is	
  expected	
  everywhere,	
  which	
  will	
  
be	
  an	
  independent	
  measurement	
  of	
  dark	
  maZer	
  potenHal	
  

  DetecHon	
  of	
  very	
  weak	
  features:	
  
  Low	
  abundance	
  metals	
  

  High	
  –z	
  universe	
  probed	
  with	
  emission/absorpHon	
  lines	
  	
  



Missing	
  satellites	

CDM	
  predicts	
  many	
  subhalos	
  
around	
  galaxies:	
  10-­‐100	
  Hmes	
  
more	
  than	
  observed	
  

 Dark	
  subhalos	
  	
  
  Star	
  formaHon	
  inefficient	
  in	
  low	
  
mass	
  clumps	
  

  Only	
  detectable	
  with	
  gravitaHonal	
  
lens	
  or	
  with	
  swing-­‐by	
  gas	
  moHons	


Fig. 2— Comparison of two = 0 halos of masses 3 ⇥ 1014 M
�

and 3 ⇥ 1012 M
�

formed in flat ⇤CDM cosmology
(⌦m = 1 � ⌦⇤ = 0.3, h = 0.7, �8 = 0.9). In each case the mass distribution around the center of the halo is shown
to approximately two virial radii from the center of each halo. Both objects were resolved with similar number of
particles and similar spatial resolution relative to the virial radius of the halo in their respective simulations. I leave it
as an exercise to the reader to guess the mass of the halo shown in each panel.

Way and Andromeda galaxies, the discrepancy
between the predicted abundance of small-mass
dark matter clumps and the number of observed
luminous satellites as a function of circular ve-
locity (see § 2) has been also referred to as the
“missing satellites problem.”1 The main goal
of this paper is to review theoretical and ob-
servational progress in quantifying and under-
standing the problem over the last decade.

2 Quantifying the substructure and luminous

satellite populations

In order to connect theoretical predictions and
observations on a quantitative level, we need
descriptive statistics to characterize population
of theoretical dark matter subhalos and ob-
served luminous satellites. Ideally, one would
like theoretical models to be able to predict
properties of stellar populations hosted by dark

1 The name derived from the title “Where are the miss-
ing galactic satellites?” of one of the papers originally
pointing out the discrepancy [20].

matter halos and subhalos and make compar-
isons using statistics involving directly observ-
able quantities, such as galaxy luminosities. In
practice, however, this is di�cult as such pre-
dictions require modeling of still rather uncer-
tain processes shaping properties of galaxies
during their formation. In addition, the simu-
lations can reach the highest resolution in the
regime when complicated and computationally
costly galaxy formation processes are not in-
cluded and all of the matter in the universe is
modeled as a uniform collisionless and dissi-
pationless2 component. Such simulations thus
give the most accurate knowledge of the dark
matter subhalo populations, but can only pre-
dict dynamical subhalo properties such as the
depth of their potential well or the total mass

2 That is the component that cannot dissipate the kinetic
energy it acquires during gravitational collapse and ac-
companying gravitational interaction and relaxation pro-
cesses.

3

Fig. 8— The mass function of dwarf satellites of the
Milky Way, where masses of subhalos and observed
satellites are measured within a fixed physical radius of
0.6 kpc. Adopted from [85].

estimates of Vmax of their host subhalos in the
range ⇠ 10 � 25 km/s, smaller than would be
suggested if correction factor was ⌘ ⇡ 2 � 3.

Regardless of the actual conversion factor
value, however, it is clear that it cannot change
the main di↵erence between the observed and
predicted VFs – the large di↵erence in their
slope – unless ⌘ strongly depends on Vmax (there
is no observational evidence for this so far).

Another promising approach is to abandon
attempts to derive Vmax altogether and to mea-
sure instead the observed mass within the ra-
dius where the uncertainty of the measured
mass profile is minimal. Such radius is close to
the stellar extent of observed galaxies [85, 83,
72, 74]. Figure 8, adopted from [85], shows
comparison of the mass functions of subha-
los in the Via Lactea I simulation [89] and
observed satellites of the Milky Way, where
masses are measured within a fixed physical
radius of 600 pc (see also discussion in § 4.3
and Fig. 12). The figure shows that the simu-
lated and observed mass functions are di↵erent,
the conclusion similar to that derived from the

comparison of the circular velocity functions.
Thus, the discrepancy that is clearly seen

in the comparison of circular velocity func-
tions, measured with more uncertainty in ob-
servations, persists if the comparison is done
using a much better measured quantity. Un-
fortunately, the stellar distribution in most of
the newly discovered ultra-faint dwarf galax-
ies does not extend out to 600 pc radius and
m(r < 0.6 kpc) ⌘ m0.6 therefore cannot be mea-
sured as reliably for these faint systems as for
the classical dwarfs. Similar comparisons have
to be carried out using masses within smaller
radii. This puts stringent requirements on the
resolution of the simulations, as they need to
reliably predict mass distribution of subhalos
within a few hundred parsec radius. Such high-
resolution simulations are now available, how-
ever [28, 29, 30].

We can draw two main conclusions from the
comparisons of the circular velocity functions
and the more reliable m0.6 mass functions of
subhalos and observed satellites presented in
the previous sections, even taking into account
existing uncertainties in deriving circular veloc-
ities and the total dynamical masses for the ob-
served satellites. First, the predicted abundance
of the most luminous satellites is in reasonable
agreement with the data, even though the statis-
tics are small. Most MW-sized halos simulated
in the concordance ⇤CDM cosmology have 1-
2 LMC sized (Vmax ⇡ 60 � 70 km/s) subhalos
within their virial radius.

This is not a trivial fact because the abun-
dance of the most massive satellites is deter-
mined by a subtle interplay between the accre-
tion rate of systems of corresponding circular
velocity and their disruption by the combined
e↵ects of the dynamical friction and tidal strip-
ping [90]. Dynamical friction causes satellites
to sink to the center at a rate which depends
on the mass and orbital parameters of satellite
orbit. Orbital parameters, in turn, depend on
the cosmological environment of the accreting
host halo and are mediated by the tidal strip-
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Summary	

  X-­‐ray	
  astronomy	
  is	
  a	
  rich	
  field	
  regarding	
  spectroscopy	
  (atomic,	
  

gravitaHonal,	
  dynamical)	
  

  High	
  resoluHon	
  spectroscopy	
  is	
  the	
  major	
  driver	
  for	
  past	
  and	
  
future	
  X-­‐ray	
  astronomy	
  

  A	
  lot	
  of	
  new	
  science	
  will	
  emerge,	
  giving	
  clear	
  views	
  of	
  
dynamical	
  and	
  	
  non-­‐thermal	
  universe;	
  to	
  be	
  opened	
  by	
  
ASTRO-­‐H	
  

  Advances	
  with	
  DIOS	
  (wide	
  field)	
  and	
  then	
  with	
  Athena	
  (large	
  
area	
  and	
  good	
  angular	
  resoluHon)	
  will	
  show	
  	
  us	
  further	
  
possibility	
  of	
  X-­‐ray	
  spectroscopy	
  

  InternaHonal	
  collaboraHon	
  has	
  kept	
  and	
  will	
  keep	
  Japanese	
  
posiHon	
  strong	
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