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Baryon Accounting

the empirical lumpy universe
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luminous matter contains < 10%
of all baryons in the universe
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luminous matter contains < 10%
of all baryons in the universe

Known Baryon Content of the Milky Way

total stellar mass : ~5 x 1010 M,
total neutral gas mass : ~9x10° Mo
total baryonic mass : ~6 x 1010 M,

total dynamic mass : ~ 1012 M,
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Known Baryon Content of the Milky Way
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luminous matter contains < 10%
of all baryons in the universe

Known Baryon Content of the Milky Way

total stellar mass : ~5 x 1010 M,
total neutral gas mass : ~9x10° Mo
total baryonic mass : ~6 x 1010 M,

total dynamic mass : ~ 1012 M,

cf. the cosmic baryon to dark matter ratio f

on-going star formation rate : ~3 Mo yr-!
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Known Baryon Content of the Milky Way

the empirical lumpy universe
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* on-going star formation rate : ~3 Mo yr-1



Baryon Accounting

the empirical lumpy universe
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luminous matter contains < 10%
of all baryons in the universe

Known Baryon Content of the Milky Way

total stellar mass : ~5 x 1010 M,

* total neutral gas mass : ~9x10° Mo

total baryonic mass : ~6 x 1010 Mo

total dynamic mass : ~ 1012 M,

Q
cf. the cosmic baryon to dark matter ratio f;, = ﬁ = 0.17670:9%

on-going star formation rate : ~ 3 Mo yr-!



Extended

" M3 ~
50 kpc
.N(I.-II) > 5x1017 cm2 ThiIker-|;04°.

The .M81 Group

N(HI) > 108 crn?2 *

(N
K, 3.

/

~ Chynoweth+08

Gas Around External Galaxies

5

o 'NGC1023 at z=0.002

m o™
Right Ascension (J2000)

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

Abell 2218 at z = 0.18

N(HI) > 1.2 X 1012 gm-2

Zwaan et al. (2001)



Statistical properties of different QSO
absorption-line systems are well determined...
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What is the correlation between stars and gas?



Statistical properties of different QSO
absorption-line systems are well determined...

What is the correlation between stars and gas?

How can we apply known absorber properties for
constraining the growth of galaxies?



Galactic Environment of QSO Absorption-line Systems

3C273 Sightline

Goloxy

Proboble Goloxy

Strong Lyman Alpho Cloud
Weak Lymon Alphg Cloud

3C273

Morris et al. (1993)



Galactic Environment of QSO Absorption-line Systems

3C273 Sightline

LEPE 4

“.. the absorbers are definitely
not distributed at random with
respect to galaxies,”

Morris et al. (1993)



Luminosity Dependence in Galaxy Clustering

104§

102

0.1

0.01

103¢

M, <—21
~21<M, <-20.5
~20<M,<-19.5
—18<M, <—17.5

Tinker et al. (2006)

1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIIII:

N

0.1

|
r (h' Mpc)

10



Clustering properties of QSO absorbers atz < 1

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

m<40 b1 Mpc

a Absorption galaxies

s Emission galaxies

1000
r, (h~! kpc)

Chen & Mulchaey (2009)



Clustering properties of QSO absorbers atz < 1

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

m<40 b1 Mpc
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Clustering properties of QSO absorbers atz< 1

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

m<40 b1 Mpc
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older/redder galaxies
cluster more strongly than
a Absorption galaxies younger ones

s Emission galaxies

Chen & Mulchaey (2009)



Clustering properties of QSO absorbers atz< 1

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

m<40 h1 Mpc

© Lya absorbers, logN(HI) 2 14

@ OVI absorbers

100 1000
Absorption Galaxies I', (h-! kpc)

Chen & Mulchaey (2009)



Clustering properties of QSO absorbers atz< 1

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

m<40 h1 Mpc

© Lya absorbers, logN(HI) = 14

@ QOVI absorbers

100

Emission Galaxies

Chen & Mulchaey (2009)



Clustering properties of QSO absorbers atz< 1

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

m<40 h1 Mpc

© Lya absorbers, logN(HI) = 14

@ QOVI absorbers

Lya absorbers of
log N(HI) < 13.5

100

Emission Galaxies

Chen & Mulchaey (2009)



Clustering properties of QSO absorbers atz < 1

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

m<40 h1 Mpc

1000
© Lya absorbers, logN(HI) = 14

@ QOVI absorbers

=)}

a ; Lya absorbers of

Weak Lya absorbers appear to be log N(HI) < 13.5
randomly distributed around known
galaxy populations.

100 1000

Emission Galaxies I, (h™! kpc)

Chen & Mulchaey (2009)



Circumgalactic Medium atz< 1
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Flux (erg s cm—= A-Y)
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Circumgalactic Medium atz< 1

Lya Absorbers

At W=0.3 A, R/ R-=(L/ L-) 0:39+-0.09;
R-=184 +/- 27 h' kpc

T T

‘ ' ' ' J 1 L |
-\ S 1.5 L‘ 2.5
log p (h~! kpe) log p (A~ kpe) — 0.39 log (L / Lg.)

Chen et al. (1998, 2001a)




Circumgalactic Medium atz< 1
Lya Absorbers

At W=0.3 A, R/ R-=(L/ L-) 0:39+-0.09;
R-=184 +/- 27 ' kpc
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Circumgalactic Medium atz< 1

CIV Absorbers R/R«= (L /L) 05+-01;
R-=95 +/- 7 h'' kpc

log p (h~" kpe) log p (h~' kpe)

Chen et al. (2001b)




Circumgalactic Medium atz< 1

CIV Absorbers R/R«= (L /L) 05+-01;
R-=95 +/- 7 h'' kpc
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Circumgalactic Medium atz< 1

Mgll Absorbers
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Circumgalactic Medium atz< 1

Incidence of Cool Gas in Galactic Halos

Covering Fraction of Mgll Absorbers vs. Radius

1.2 1.4 1.6 : 2
log p (7" kpc) + 0.14 My — My)

Chen et al. (2010); Gauthier et al. (2010), Gauthier & Chen (2011)



Circumgalactic Medium atz< 1

Incidence of Cool Gas in Galactic Halos

Covering Fraction of Mgll Absorbers vs. Radius
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Circumgalactic Medium atz< 1

Incidence of Cool Gas in Galactic Halos

Covering Fraction of Mgll Absorbers vs. Radius

V"

with decreasing W(2796)
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Increasing gaseous extent
with decreasing W(2796)
: : 6 1.8
log p (h~! kpc) + 0.14 (M; — M)

Chen et al. (2010); Gauthier et al. (2010), Gauthier & Chen (2011)



Circumgalactic Medium atz< 1

Incidence of Cool Gas in Galactic Halos

Covering Fraction of Mgll Absorbers vs. Luminosity
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Circumgalactic Medium atz< 1

Incidence of Cool Gas in Galactic Halos

Covering Fraction of Mgll Absorbers vs. Luminosity
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Circumgalactic Medium atz< 1

Total Cool Gas Mass in Galactic Halos

E/SO
disks
Irr/SB

1 :
log p (h~! kpe) + 0.14 My — M)

Chen et al. (2010a)



Circumgalactic Medium atz< 1

Total Cool Gas Mass in Galactic Halos

* Interpreting the scatter as
Poisson noise of the absorbing
clumps leads to nciump ~ 18 &
Nugn ~ 1012 cm-2 per clump

E/SO
disks
Irr/SB

1 :
log p (h~! kpe) + 0.14 My — M)

Chen et al. (2010a)



Circumgalactic Medium atz< 1

Total Cool Gas Mass in Galactic Halos

* Interpreting the scatter as
Poisson noise of the absorbing
clumps leads to nciump ~ 18 &
Nugn ~ 1012 cm-2 per clump

« Assuming ¢~ 2 kpc, 0.05 solar,
& fmg+ ~ 0.1, we estimate a
baryonic mass M, ~ 1.3x10° Mo

per clump and a total of 5x104
clumps within Rgas = 75 kpc/h

E/SO
disks
Irr/SB

1 :
log p (h~! kpe) + 0.14 My — M)

Chen et al. (2010a)



Circumgalactic Medium atz< 1

Total Cool Gas Mass in Galactic Halos

* Interpreting the scatter as
Poisson noise of the absorbing
clumps leads to nciump ~ 18 &
Nugn ~ 1012 cm-2 per clump

« Assuming ¢~ 2 kpc, 0.05 solar,
& fmg+ ~ 0.1, we estimate a
baryonic mass M, ~ 1.3x10° Mo
per clump and a total of 5x104
clumps within Rgas = 75 kpc/h

E/SO -
* The total cool gas mass within

disks i Rgas = 75 kpc/h is ~ 6.5x10° Mo
Irr/SB i

1 :
log p (h~! kpe) + 0.14 My — M)

Chen et al. (2010a)



Origin of Metal Absorbers Around Distant Galaxies




Origin of Metal Absorbers Around Distant Galaxies

self-absorption against star-forming regions

Mgll 2796,2803

N
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,blueshifted abs
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DN/sec/pixel

—1000 1000
rest velocity rel. to Mg Il 2802.7 A, km /sec

Weiner+ '09; Martin & Bouche ’09; Rubin+’10




Origin of Metal Absorbers Around Distant Galaxies

self-absorption against star-forming regions
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Origin of Metal Absorbers Around Distant Galaxies

self-absorption against star-forming regions
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Origin of Metal Absorbers Around Distant Galaxies

outflows

The M81 Group

NGC3077 ’

sdss.org' !

.N(Hn > 1018 cm2 . self-absorption against star-forming regions
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ubiquitous presence
of outflows
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rest velocity rel. to Mg Il 2802.7 A, km /sec

Weiner+ '09; Martin & Bouche ’09; Rubin+’10
unknown distances
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Origin of Metal Absorbers Around Distant Galaxies

k

p=73.5 ' kpc
Mr-5log h=-16.0

—

HST/WFPC2 images of seven OVI galaxies chen & muicnaey (2009)

Zga = 0.0908
log N(HI)=14.5
log N(OVI)=13.8

Zga = 0.1668
log N(HI)=16.5
log N(OVI)=14.8

p=80.9 h' kpc
Mg -5 log h=-20.9

Zgal = 0.0914
log N(HI)=14.5
log N(OVI)=13.8

D o

p=927 hkpc
Mr-5 log h =-16.1

Zgal = 0.1670
log N(HI)=16.5
log N(OVI)=14.8

p=67.8 Ir' kpe
Mg -5 log h =-18.1

Zgal - 0.361 2
log N(HI)=15.1
log N(OVI)=14.0

&

p=165.5 h' kpc
Mg -5log h=-21.3

Zgal = 0.4942
log N(HI)=14.4
log N(OVI)=14.3

log N(HI)>15
log N(OVI)=14.8+0.1

z=0.1239
p=64.3 I kpc
Mg -5 log h=-20.0

Most show mildly

disturbed morphology

p =769 h*kpc
Mg -5log H=-18.8




Origin of Metal Absorbers Around Distant Galaxies

> WFC3

(17.5 H1 kpc)

80_5

OVl bearing LLS
at z=0.356

\ 170_9

. .
Tumlinson et al. (2011)

Zga = 0.1668
log N(HI)=16.5
log N(OVI)=14.8
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p=80.9 h' kpc
Mg -5 log h=-20.9

Zgal = 0.0914
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log N(OVI)=13.8
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Mr-5 log h =-16.1

Zgal = 0.1670
log N(HI)=16.5
log N(OVI)=14.8

p=67.8 Ir' kpe
Mg -5 log h =-18.1

Zgal - 0.361 2
log N(HI)=15.1
log N(OVI)=14.0

&

p=165.5 h' kpc
Mg -5log h=-21.3

Zgal = 0.4942
log N(HI)=14.4
log N(OVI)=14.3

P =769 h*kpc

Mg -5 log H'=-18.8

WFPC2 images of seven QVI galaxies chen &muichaey (2009)

log N(HI)>15
log N(OVI)=14.8+0.1

z=0.1239
p=64.3 I kpc
Mg -5 log h=-20.0

Most show mildly

disturbed morphology



GRB Afterglows as Cosmic Probes

QSO sightline

4+ transient phenomenon

does not interfere imaging
follow-up
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GRB Afterglows as Cosmic Probes

QSO sightline

4+ transient phenomenon

does not interfere imaging
follow-up

4+ simple power-law
spectral shape

helps accurate absorption- sin| A GRB 020813

line measurement ; | *, 2002 August 13
: \ 7:23 - 10:38 UT

Keck I + LRISp

5000 6000 7000 8000
Observed Wavelength (A) Barth et al. (2003




GRB Afterglows as Cosmic Probes

QSO sightline

4+ transient phenomenon

does not interfere imaging
follow-up

4+ simple power-law
spectral shape

helps accurate absorption- sinf (MY | ' GRB 020813

line measurement > 0. i 5 2002 August 13
‘ . ‘.‘ 7:23 - 10:38 UT

Keck I + LRISp

5000 6000 7000
Observed Wavelength (A)

c.f. QSO spectra with » QS01422+23
bumps/wiggles ’

Hl

o

Rau h(I998)



GRB Afterglows as Cosmic Probes

4+ Pushing into the epoch of re-ionization

Age of the Universe (billions of years)
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GRB Afterglows as Cosmic Probes

4+ extreme brilliance & rapid decay

4+ Pushing into the epoch of re-ionization GRBO803I9B  %=2264£0010

o, =—0.500 (fixed)
- 0,,=1.279+0.017
at z=0.937 ABy, = 0.006 % 0.020
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Age of the Universe (billions of years)
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Bloom et al. (2009)




GRB Afterglows as Cosmic Probes

4+ Pushing into the epoch of re-ionization

Age of the Universe (billions of years)
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4+ extreme brilliance & rapid decay
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Early-time Afterglow Spectroscopy
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Relative flux (f )
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Relative flux (f )
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Relative flux (f )

Early'-time Af ow Spectroscopy
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Implications for the High-z Universe

Probing the re-ionization epoch: searching for the red damping wing in GRB afterglow spectra
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