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 Cosmic Web 

  

Suto et al. astro-ph/0402389

credit:  Suto et al. 2004

- the threads connecting galaxies & the 
large-scale structures of the Cosmic Web

-  Warm-hot Intergalactic Medium (WHIM)
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Fig. 1. Baryon density in the universe, at all redshifts, normalized to the cosmological mass density of baryons 
derived from cosmic microwave background (CMB) anisotropy measurements. 

credit:  Nicastro et al.  Science 2008

 Baryon density in the Universe
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1. The Science Goals 
 

Ordinary matter (baryons) represents .4.6% of the total mass/energy density 
of the Universe but less than 10% of this matter appears in collapsed objects (stars, 

galaxies, groups; Fukugita & Peebles 2004).  Theory predicts that most of the 

baryons reside in vast unvirialized filaments that connect galaxy groups and clusters 

(the “Cosmic Web”; Fig 1b).  After reionization, the dominant heating mechanism is 

through the shocks that develop when large-scale density waves collapse in the dark 

matter.  As large-scale structure becomes more pronounced with cosmological time, 
the gas is increasingly shock-heated, reaching temperatures of 10

5. 5
-10

7
 K for z < 1 

(Fig. 1a).  Additional heating occurs through star-formation driven galactic winds 

and AGN, processes that pollute the surroundings with metals. 

Figure 1. (left panel) The differential gas mass fraction at as a function of temperature at low 

redshift for the ΛCDM cosmological simulation of Cen & Ostriker (2006). This distribution is 

sensitive to the presence of galactic superwinds (solid red line; dashed line is without 

superwinds). The ions with the strongest resonance lines in the 105-107 K range are shown, 

and except for OVI (UV line; 1035 Å), the other lines lie in the X-ray band.  (right panel) 

The density distribution of baryons at low redshift from the same simulations. Most of the 
mass of the WHIM lies within the filaments that connect the higher density regions.  
 

Ly α studies and OVI absorption line studies detect warm baryons, but ~50% 

of the baryons remain unaccounted for (Danforth & Shull 2008).  These “missing 

baryons” can only be observed through X-ray studies.  Therefore, a basic goal is to 

 

CCCC Determine if the missing baryons exist in the predicted hot phase. 

 

In the standard cosmology, chemical enrichment of the IGM occurs through 
galactic superwinds, a powerful feedback mechanism that also heats the gas.  The 

shocks and superwinds leave distinctive features on absorption lines, such as 

double-lines (for a line of sight passing through a galactic superwind shell) and 

turbulent broadening.  This feedback mechanism not only extends the cross section 

of the metal-enhanced regions, its effects are ion-dependent.  An example of this is 

shown below (Figure 2; from Cen and Fang 2005), where there are significant 

differences between the three oxygen ions.  

 

 Measuring “Cosmic Web”

credit:  Cen & Ostriker (2006)
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该项目直接涉足该领域国际科学前沿，是期望可以由国内自主、并在

科学上引领国际前沿。此申请项目符合不久前颁布的《空间科学预先

研究项目指南》中的天体肖像计划。 

 

二、国内外研究情况和发展趋势 

在观测上，对低红移处的星系际介质的绝大多数观测信息是通过

利用哈勃空间望远镜（HST）（如宇宙起源光谱仪（COS）），极紫外探

测器（FUSE），以及一定程度上 X射线空间望远镜（Chandra和 

XMM-Newton） 探测背景源类星体星系（QSOs）的吸收线光谱而得到

的。这些紫外和软 X射线的吸收线光谱主要示踪包括 HI 的莱曼线系

和各种电离态的金属线，这也是重要的气体金属丰度的示踪。O 和

Ne的高电离线可以示踪温热的星系际介质。紫外的谱线比较容易探

测，含有比较广泛的电离态，所含物理信息量大。如下面表格所示：

 

但我们现在对“宇宙网”成分的理解仅仅来自于少于 100个低红移处

的吸收体系（Tripp et al. 2008;  Thom & Chen 2008），两个 Ne VIII

探测（Savage et al. 2005; Naraynan et al.  2009），以及至多几

个 O VII的吸收体系（Fang et al. 2003; Nicastro et al. 2005; 

Yao et al. 208; Fang et al. 2010）。现有的所有这些仪器都难以

 Existing Detections

XMM-Newton

  

Chandra X-ray Observatory 

a high resolution mirror
two imaging detectors
two sets of transmission gratings  

Instruments

Important features:
     an order of magnitude in spatial resolution  0.5 arcsec
     good sensitivity from 0.1 – 10keV
     high spectral resolution 
   

HETGs: High Energy Transmission Grating Spectrometer,   0.4 to 10keV

FUSE
COS

1.5-170 Å 7-35 Å930-1180 Å 1140-1800 Å

credit:  Sembach et al. 2010

WHIM has to be detected in UV 
     - Only absorption detections (FUSE, HST/COS)
     - Emission: Directly 3D (x,y,v) mapping
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Fig. 2.—Same as Fig. 1, except that panels a through j now show 20 kpc by 20 kpc boxes, while in (k) the region is 40 kpc by 40 kpc. The galaxies are (a) M82,
(b) NGC 1482, (c) NGC 253, (d) NGC 3628, (e) NGC 3079, ( f ) NGC 4945, (g) NGC 4631, (h) NGC 6503, (i) NGC 891, ( j) NGC 6503, and (k) NGC 3079 again.

836

credit: Strickland et al. 2004

edge-on galaxies with a range of star-
formation rates: (Strickland et al. 2004)
    -  red: 
    -  green:  optical R band
    -  blue: 0.3-2keV (soft X-ray)

- Hot gas extending perpendicular to the 
major axes of the galaxies 

- No emission data for 1e5 K gas !

 Nearby Galaxies

M82 NGC1482 NGC253

NGC3628 NGC3079 NGC4959

NGC4631 NGC6503 NGC891

H↵
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Introduction to the Cosmic Web 

 Except for the small percentage of baryons attributable to galaxies and the intracluster 
medium, all of the baryonic mass in the universe is contained in the intergalactic medium (IGM). 
The IGM traces the large scale structure of cold dark matter and comprises the raw material out 
of which galaxies, stars, planets, and all life as we know it are eventually formed.  The IGM, 
which was smoothly distributed in the early universe, organized into a cosmic web of large-scale 
structures with the passage of time.  As the morphology of the cosmic web evolved, so did its 
physical conditions. Energy released by the gravitational collapse of filamentary structures 
heated the gas to high temperatures (105 - 107 K). The Lyα forest, which dominated the baryon 
budget at high redshift, thinned rapidly, and the warm-hot component of the IGM became more 
important.  The warm-hot IGM now accounts for roughly 30-50% of the IGM at redshift zero, 
with a slightly smaller amount (perhaps 30-40%) remaining in the remnants of the photoionized 
Lyα forest (Cen & Ostriker 1999; Davé et al. 2001).  As a result of this evolution, we know 
considerably less about the IGM in the present-day universe than we do at high redshift.  Despite 
progress in ultraviolet instrumentation over the past three decades, there exists only a handful of 
spectra of the z < 1 IGM of the quality obtained for hundreds of sight lines at z ~ 2. 

The growth of large-scale structures in the cosmic web and the assembly of galaxies continue 
to the present day.  The exchange of mass and energy between the IGM and galaxies is a two-
way conduit. Galaxies accrete intergalactic matter. Shocks and galactic winds driven by 
supernovae modify the structure of 
gas in the surrounding IGM.  These 
outflows inhibit the infall of material 
onto galaxies, thereby regulating the 
formation of new stars (Birrnboim & 
Dekel 2003; Keres et al. 2005). 
Cosmological structure simulations 
that incorporate galactic superwinds 
predict that metal-enriched regions of 
size ~0.1-1 Mpc filled with 105-106 K 
gas should surround starburst galaxies 
(Cen et al. 2005).  Observations of the 
feedback and hot gas production 
mechanisms are needed to specify the treatment of galaxy formation and supernova feedback in 
these simulations in a self-consistent manner.  This is one of many critical inputs for hierarchical 
structure models that form the basis for our view of how the universe evolves, but which have 
yet to undergo substantial observational validation. 
 A primary challenge in the next decade is to advance beyond this general framework and 
determine how the cosmic web is organized, how it has changed with time, and how it is related 
to galaxies.  It is time to rethink what we already know about the cosmic web and recast general 
questions such as “Where are the Baryons?” (Answer: In the intergalactic medium) into more 
scientifically directed questions that will deepen our understanding of how galaxies and the 
universe evolve.  

 
How is intergalactic matter assembled into galaxies? 

 
To what degree does galaxy feedback regulate and enrich the IGM? 

 
Where and when do these processes occur as a function of cosmic time? 

Figure 1:  Gas temperature distribution for cosmological models 

with and without supernova feedback (see Cen & Ostriker 2006). 

 

credit:  Cen & Ostriker 2006

 Scientific Examples
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Understand the galactic feedback is essential to the study of the
galaxy formation & evolution
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Fig. 7.—Left, 1! ; 1! map of the O vi k1032 transition with z ¼ 0:001 and !z ¼ 0:16, including only those pixels with " > 7:5 photons cm#2 s#1 sr#1; right,
closeup of a rich section of the larger map. Both maps have !! ¼ 0A24. They are constructed assuming simulation metallicities and the HM01 ionizing background.

Fig. 6.—In all the panels except ( f ), maps of a 36 ; 36 slice with z ¼ 0:15, !z ¼ 0:01, and !! ¼ 0A24. We show only those pixels with " > 7:5 photons cm#2

s#1 sr#1. (a) O vi k1032, uniform metallicity; (b) O vi k1032, simulation metallicity; (c) Ly"; (d) C iv k1548, uniform metallicity; (e) C iv k1548, simulation
metallicity; ( f ) Ly#, with the same observed wavelength range as the C iv k1548 panels.

credit:  Furlanetto et al. 2004

OVI

Ly↵

Ly�

CIV

 Simulations Predicts

z = 0.15
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weak in the model with simulation metallicities, so we would
not expect self-shielded gas to make as much of a difference
in this case.

However, the news is not all positive: a comparison with
Figure 3 shows that most of the emission comes from gas
lying between the cooling and IGM loci, especially in the
simulation metallicity model. The area in which gas emits
strongly is only weakly populated in the simulation, and hence
metal emission is concentrated within rare bright regions.
We also conclude that these transitions are not efficient probes
of gas on the standard IGM nH-T curve or of the shocked
WHIM gas. Finally, comparison of the two different metal-
licity models shows that a larger fraction of emission comes
from gas on the IGM and cooling loci if we assume a uniform
metallicity. This is a simple consequence of the metal distri-
bution illustrated in Figure 4: metals tend to be more con-
centrated inside filaments, which are already relatively bright
emitters. A uniform metallicity thus decreases the contrast
between filaments and voids.

As mentioned above, nearly all the emission in Figure 4
is much less than the background and hence unobservable.
Figure 6 shows an example of what one could see in a mock
(background-limited) observation. Figures 6a–6b show a slice
of the universe with z ¼ 0:15, !z ¼ 0:01, and !! ¼ 0A24
(corresponding to a physical size "25 h#1 kpc). Figures 6a
and 6b show the surface brightness of the O vi k1032 transi-
tion assuming uniform and simulation metallicities, respec-
tively. Figures 6d and 6e show the same for the C iv k1548
transition. We include only those pixels with " > 7:5 photons
cm#2 s#1 sr#1. Table 1 shows that this is a reasonable guess
for the diffuse background for O vi k1032, assuming a spectral
resolution P1 8. It is also compatible with the upper limit

of Murthy et al. (1999). However, it underestimates by at least
an order of magnitude the background redward of Ly"
(Brown et al. 2000). It will therefore be extremely difficult
to pick out the weaker features shown in the C iv k1548 maps.
In all cases, we see that potentially observable emission is
confined to isolated bright regions. The number density of
such regions is small, particularly for C iv k1548, even though
we have chosen a rich region for illustrative purposes. This
slice has about 3 times more bright O vi k1032 regions and
6 times more bright C iv k1548 regions than average (see
x 4.3). As expected, the peak brightness increases if we
use the simulation metallicities because these regions are
much more enriched than average. We find that the typical
sizes of the bright spots are $80–150 h#1 physical kpc for
O vi k1032 and $40–50 h#1 kpc for C iv k1548. Clearly,
O vi k1032 emission reveals much more interesting structure
than C iv k1548 can.

Figure 7 shows another example of a mock observation. The
left panel shows a 1% ; 1% map of the O vi k1032 transition with
!! ¼ 0A24 and simulation metallicities. We show a full light
cone from z ¼ 0:001 to 0.16, illustrating what one could ob-
serve with a wide-field integral field spectrometer, and we again
include only those pixels with "> 7:5 photons cm#2 s#1 sr#1.
The right panel shows a closeup of a rich section of the larger
map. A typical pointing of such an instrument would detect a
large number of emission regions. It is also obvious that bright
regions are rarely spherical: many features have complex sub-
structure that reflects their internal dynamics.

4.2. Contaminants

As discussed in x 2, emission from neutral hydrogen is a
potential contaminant in searches for these lines. Figure 6c

Fig. 5.—Distribution of simulation particles in the box at z ¼ 0. Each panel shows the relative number density of particles in the nH-T plane, with a particular
weighting. Note that the contours are logarithmic. The top row weights the number density by O vi k1032 emissivity for uniform (top left) and simulation (top right)
metallicities. The bottom row does the same for the C iv k1548 transition. We have excluded star-forming and self-shielded particles.

ULTRAVIOLET LINE EMISSION IN IGM 229No. 1, 2004

Uniform Metallicities Simulation Metallicities
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 Scientific Objectives

-  How WIHM distributed in Cosmic Web? filament? halo?
- How does the outflow/inflow of hot gas affect the evolution of 
galaxies?
-  How does gas cool?

Goal: 
first time 3D(x,y, v)-Mapping the vicinities of nearby galaxies in 1e5 K 
          - connections with cosmic web
          - feedback and accretions between galaxies & IGM
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 Other Possible Science Objectives 
-  Atmospheres of (exo)planets e.g. Habitable exo-planets  (Tian et al. 2013)

2014.2.26 CAS-ESA Joint Science Space Mission 1st Workshop

 Credit: Gudel, M. 
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ALMA   

(Energy) 

(Year) 2008 2010 2012 2014 

Herschel JWST 

Fermi 

High-resolution 
interferometer 
in the millimeter band. 

Radio 

Optical & 
infrared 

X-ray 

Gamma-ray All-sky survey Gamma-ray satellite 

Chandra, XMM-Newton 

Suzaku 

HESS/VERITAS/Cangaroo3 P0<Q<RG=&

'($)*&L,--,./-&,/&L"5N&8)7%5%/M#3&4$.M$)L-&

ASTRO-H/NuStar/ 
e-ROSITA/GEMS 
ASTRO-H is the observatory 

��

HXMT
DAMPE

 Credit: Ohashi, T 2010, in Netherlands

UV in multi wavelength programs

2016 2020
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－ PMO： Key Laboratory of Dark Matter & Space Astronomy 
                 DAMPE ( Launch in 2015)

－ NAO:   Long Slit Spectrograph (  prototype, 3M USD, PI Sen Wang）

－ Team：
   －CAS: PMO，NAO，Xi’an Institute of Optics & Precision Mechanics
   －Universities: USTC、NJU、XMU、Tsinghua Univ. ...

－International Collaborations  
    we anticipate collaborations from  ( e.g. University of Leicester, UK ; De 
Paris Observatory, France  etc.)

 What do we have in China
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人年 

课题中的分工 工作单位 

高煜 50 研究员 博士 0.1 科学目标 紫金山天文台 

冯珑珑 50 研究员 博士 0.1 
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紫金山天文台 

蔡明生 47 研究员 博士 0.2 探测器 紫金山天文台 

单文磊 41 研究员 博士 0.2 探测器 紫金山天文台 
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宋谦 48 研究员 博士 0.2 探测器 国家天文台 

刘继峰 40 研究员 博士 0.2 科学目标 国家天文台 

阮萍 48 研究员 博士 0.1 光学工程 
中国科学院西安光学精密机

械研究所 

程福臻 71 教授 博士 0.1 科学目标 中国科技大学 
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姜冰 33 讲师 博士 0.3 科学目标 南京大学 

方陶陶 43 教授 博士 0.2 
科学目标 
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厦门大学 
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     S. Wang (NAO), J. Cheng (PMO), P. Ruan (XIOPM)

－Detector design 
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 Welcome you to join us !

UV Emission Mapping for IGM & 
Nearby Galaxies

First look at accretion, feedback & WHIM

Li  Ji (纪  丽)   ji@pmo.ac.cn
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