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Known Baryon Content of the Milky Way

• total stellar mass :  ~ 5 x 1010 M⊙ 

• total neutral gas mass  :  ~ 9 x 109 M⊙ 

• total baryonic mass :  ~ 6 x 1010 M⊙ 

• total dynamic mass :  ~ 1012 M⊙ 

cf. the cosmic baryon to dark matter ratio fb ≡

Ωb

ΩM

= 0.176
+0.008
−0.013

Extended gas is seen in 

the Milky Way Halo (and 

nearby galaxies) in 21cm.

• on-going star formation rate : ~ 3 M⊙ yr-1

• unknown distances
• ambiguous origin



21cm Chynoweth+08

N(HI) > 1018 cm-2

Extended Gas Around External Galaxies

The M81 Group

M31

Thilker+04N(HI) > 5x1017 cm-2

50 kpc

Neutral hydrogen in nearby elliptical and lenticular galaxies 5

NGC 1023 
NGC 2685 NGC 2768 

NGC 3414 NGC 4150 NGC 4278

NGC 5198
NGC 5982

NGC 7332

Figure 1. Total H I intensity images (contours) superimposed onto Digital Sky Survey optical images of the detected galaxies. Grey contours in the figures of
NGC1023 and NGC2685 correspond to the emission detected from lower resolution data. The contour levels are given in Table 1 with the grey contour given
in parenthesis. The 10 kpc linear scale is given in every plot. NGC 7332 is indicated with an arrow. Further information on the H I in NGC2685, can be found
in J´ozsa et al. (2004a) and J´ozsa (2006).

counter-rotates with respect to the outer rotation. The stellar popu-
lation is old.

In NGC5982, a very small blob of H I appears just offset (∼6
kpc) from the galaxy centre with a velocity of∼2830 kms−1, about
200 kms−1 lower than the systemic velocity. The SAURON data
show a small amount of ionised gas and an apparent KDC. The
central gas rotates in the same sense as the KDC. The stellar popu-
lation is old.

For NGC7332, an H I cloud is detected between this galaxy
and the H I-rich companion galaxy NGC7339. The cloud of neu-
tral hydrogen is located about 3′ (∼14 kpc) from the centre of
NGC7332 (see Fig. 1). The velocity of the H I cloud (∼1250
kms−1) is roughly similar to that of the western side of the H I

disc of the companion galaxy NGC7339 but is also similar to the
velocities of the ionised gas measured in the eastern side of the
NGC7332. The velocity of the H I cloud is, however, quite differ-
ent from the anomalous high-velocity (∼300 kms−1 around the
systemic velocity) ionised gas detected on the southern side of the
galaxy centre in NGC7332 (Falcón–Barroso et al. 2004). The neu-
tral hydrogen is likely to be a signature of some interaction between
the two galaxies. This interpretation is consistent with evidence
found from the SAURON data and from Howell (2006). The stellar
kinematics derived by SAURON show regular rotation, with a small
KDC within the central 3 arcseconds. The ionised gas is complex,
with some regularly rotating structure in [O III] within the central
10 arcsec, which seems to lead onto a larger-scale structure rotating

c© 2006 RAS, MNRAS 000, 1–13

N(HI) > 2.5 X 1019 cm-2

20 kpc

Sancisi et al. (1984); Morganti et al. (2006)

NGC1023 at z = 0.002

Abell 2218 at z = 0.18

Zwaan et al. (2001)
N(HI) > 1.2 X 1019 cm-2
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How can we apply known absorber properties for 
constraining the growth of galaxies?

Statistical properties of different QSO 
absorption-line systems are well determined...
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Galactic Environment of QSO Absorption-line Systems

Morris et al. (1993)

“.. the absorbers are definitely 
not distributed at random with 

respect to galaxies,”
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Chen & Mulchaey (2009)

older/redder galaxies 
cluster more strongly than 

younger ones

Wide-field surveys of faint galaxies in QSO fields
-- the galaxy auto-correlation function

em
ission

absorption

Clustering properties of QSO absorbers at z < 1
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All Galaxies
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Absorption GalaxiesEmission Galaxies

rπ < 40 h-1 Mpc

Wide-field surveys of faint galaxies in QSO fields
-- the galaxy-absorber cross-correlation function

Chen & Mulchaey (2009)

The majority of OVI and strong Lyα 
absorbers share common halos with 

emission-line dominated galaxies.

Weak Lyα absorbers appear to be 
randomly distributed around known 

galaxy populations.

Lya absorbers of 
log N(HI) < 13.5

Clustering properties of QSO absorbers at z < 1
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Lyα Absorbers

Chen et al. (1998, 2001a)

At W = 0.3 A, R / R* = (L / L*) 0.39+/- 0.09; 
R* = 184 +/- 27 h-1 kpc

Steidel et al. (2010)

z ~ 2-3



Circumgalactic Medium at z < 1

CIV Absorbers

Chen et al. (2001b)

R / R* = (L / L*) 0.5+/- 0.1; 
R* = 95 +/- 7 h-1 kpc



Circumgalactic Medium at z < 1

CIV Absorbers

Chen et al. (2001b)

R / R* = (L / L*) 0.5+/- 0.1; 
R* = 95 +/- 7 h-1 kpc

Steidel et al. (2010)

z ~ 2-3
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Circumgalactic Medium at z < 1

MgII Absorbers

Chen et al. (2010a,b)
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Kereš et al. 
(2009)

Maller & Bullock (2004)

1013 h-1 M⊙10121011

Circumgalactic Medium at z < 1



E/S0
disks
Irr/SB

Total Cool Gas Mass in Galactic Halos

Chen et al. (2010a)

Circumgalactic Medium at z < 1



E/S0
disks
Irr/SB

Total Cool Gas Mass in Galactic Halos

Chen et al. (2010a)

• Interpreting the scatter as 
Poisson noise of the absorbing 
clumps leads to nclump ~ 18 & 
NMgII ~ 1012 cm-2 per clump

Circumgalactic Medium at z < 1



E/S0
disks
Irr/SB

Total Cool Gas Mass in Galactic Halos

Chen et al. (2010a)

• Interpreting the scatter as 
Poisson noise of the absorbing 
clumps leads to nclump ~ 18 & 
NMgII ~ 1012 cm-2 per clump

• Assuming l ~ 2 kpc, 0.05 solar, 
& fmg+ ~ 0.1, we estimate a 
baryonic mass Mb ~ 1.3x105 M⊙ 
per clump and a total of 5x104 
clumps within Rgas = 75 kpc/h

Circumgalactic Medium at z < 1



E/S0
disks
Irr/SB

Total Cool Gas Mass in Galactic Halos

Chen et al. (2010a)

• Interpreting the scatter as 
Poisson noise of the absorbing 
clumps leads to nclump ~ 18 & 
NMgII ~ 1012 cm-2 per clump

• Assuming l ~ 2 kpc, 0.05 solar, 
& fmg+ ~ 0.1, we estimate a 
baryonic mass Mb ~ 1.3x105 M⊙ 
per clump and a total of 5x104 
clumps within Rgas = 75 kpc/h

• The total cool gas mass within 
Rgas = 75 kpc/h is ~ 6.5x109 M⊙

Circumgalactic Medium at z < 1
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self-absorption against star-forming regions

Weiner+ ʼ09; Martin & Bouche ʼ09; Rubin+ʼ10

MgII 2796,2803

ubiquitous presence 
of outflows

unknown distances

Origin of Metal Absorbers Around Distant Galaxies

20ʼ

M81

M82

NGC3077

sdss.org

21cm Chynoweth+08

NGC2976

N(HI) > 1018 cm-2

50 kpc

3x

The M81 Group

tidal streams 

outflows



z = 0.1239

log N(OVI)=14.8±0.1
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HST/WFPC2 images of seven OVI galaxies Chen & Mulchaey (2009)

Most show mildly 
disturbed morphology
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Tumlinson et al. (2011)

5”

OVI bearing LLS 
at z=0.356

(17.5 h-1 kpc)

Origin of Metal Absorbers Around Distant Galaxies
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GRB Afterglows as Cosmic Probes

Barth et al. (2003)
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GRB Afterglows as Cosmic Probes

c.f. QSO spectra with 
bumps/wiggles

QSO1422+23

Rauch (1998)
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Early-time Afterglow Spectroscopy

Chen et al. (2005)

1.5 hr echelle spectroscopy 
on Magellan, starting t0+4hr

N(HI)~1022 cm -2
OI OI* OI** CII CII*

Al ll

excited FeII
MgII at 

z = 1.773

FeIICIV

CIV at z=3.514

FeIISiIV

GRB host HI Lyα at z=3.968 
SII SiII SiII*

Classical DLA at 
z=3.564 HI Lyβ HI at 

z=3.022



GRB 050730 @ z = 3.968

Chen et al. (2005)

Early-time Afterglow Spectroscopy
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GRB 050730 @ z = 3.968

Chen et al. (2005)

Early-time Afterglow Spectroscopy

[S/H] = -2.0 ± 0.1

diminishing strength as 
the afterglow fades, 
allowing distance 

constraints  
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