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observations of galaxies provide
an incomplete view of the universe



Motivation
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Motivation

Extended gas is directly observed around local galaxies

outflows

The Milky Way Halo The M81 Group

NGC3077

=
v .
°

.

.......
....

sdss.org

“M31 . MHD>10%cm?

= '/”\“ :

.| tidal streams ' Q

%

. .- < el ; : : l % : §
M(HI) > 5x10'7 cm2 Thilker+04 '2tem -~ Chynoweth+08




Visualization of SDSS DR5

Courtesy of Mark SubbaRao
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Mapping the Dark Universe with Absorption Spectroscopy

Q1100-264 at z=2.14
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the growth of large scale structure in simulations
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Mapping the Dark Universe with Absorption Spectroscopy

An empirical probe of the
intergalactic medium, halo gas, and

.. . ISM in/around distant galaxies
the growth of large scale structure in simulations

Q1100-264 at z=2.14

Lya forest
CIV 1548,1550

Counts

4000 4500

Mgll 2796,2803

5
-
HALO GAs ISM CSM g
. o ©
% . ™,
- 6000 7000 8000
i i Wavelength (A)

~10-100 kpc ~ kpc <100 pc



Absorption-line Analysis

Equation of radiative transfer




Absorption-line Analysis

Equation of radiative transfer




Absorption-line Analysis

Equation of radiative transfer

the net change in
radiation intensity




Absorption-line Analysis

Equation of radiative transfer

—_
I, —
é _)
the net change in .
radiation intensity absorption

o, =N X 0,



Absorption-line Analysis

Equation of radiative transfer

the net change in
radiation intensity

absorption

o, =N X 0,

emission




Absorption-line Analysis

Equation of radiative transfer

I, —
é _)
the net change in . emission
radiation intensity absorption

o, =N X 0,

Defining optical depth  7,(s) = /oz,, ds



Absorption-line Analysis

Equation of radiative transfer
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Relation between absorption line profiles and gas properties

(gas density, ionization state, heavy element abundances, temperature, kinematics, etc.)
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n = particle density
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line profile function : /<I>(AV) dv =1 where Av = v — vy,

the "effectiveness” of photons away
from vk to cause the transition
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Relation between absorption line profiles and gas properties

(gas density, ionization state, heavy element abundances, temperature, kinematics, etc.)

Opaci’ry: T,/:/a,,ds:/na,/ds—/nacb ds

\/

n = particle density = n x ds : gas column density

o2
O':/O'de— fik = 2.654 x 1072 f;;, cm?

meC

line profile function : /<I>(AV) dv =1 where Av = v — vy,

the "effectiveness” of photons away
from vk to cause the transition

Line broadening: ®(Av) # 6(v — v;)

® Doppler motion

® Intrinsic line width
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Line broadening --- Doppler motion

® Maxwellian distribution ®(Av) — %%’f exp
b
Ak
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_ine broadening --- Intrinsic broadening
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Combined profile --- Doppler + Intrinsic
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Combined profile --- Doppler + Intrinsic { an average of J
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Curve of Growth

Absorption equivalent width Wiess = Wops/(1 + 2)
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W & N are linearly correlated, independent of b
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Curve of Growth

Absorption equivalent width Wiess = Wops/(1 + 2)
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When the line is saturated,W depends only weakly on N but strongly on b
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Absorption equivalent width Wiess = Wops/(1 + 2)
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Curve of Growth

Absorption equivalent width Wiess = Wops/(1 + 2)
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Expected line strength I, = Ipe™
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Expected line strength I, = Iye
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The use of curve of growth for measuring N and b

same ions multiple ions
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The use of curve of growth for measuring N and b

same ions multiple ions
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In the real world, the observed transitions are often saturated

and contain multible components
i muttip P see Jenkins (1986)



Probing circumgalactic medium at high redshift

the rate of incidence
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Probing circumgalactic medium at high redshift

the rate of incidence
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Probing circumgalactic medium at high redshift

the rate of incidence
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Probing circumgalactic medium at high redshift

the rate of incidence
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Probing circumgalactic medium at high redshift

the rate of incidence
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Probing circumgalactic medium at high redshift

the rate of incidence
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Probing circumgalactic medium

ionization state
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photo-ionization

collisional ionization
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Probing circumgalactic medium at high redshift
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Probing circumgalactic medium at high redshift
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Probing circumgalactic medium at high redshift
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Caveat: incomplete galaxy survey, diffcult to

establish a physical association
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Kinematic signatures from well resolved lines

Lanzetta & Bowen 1992

2. gas move tangentially (i.e. rotation)

f(r,w) ocr2H(R — r)d(w — wp)8(E cos ' — sin h)

B(v) = (wo cos ™ —>_2 (1 - “—2> o H (:Fv _ %wo) H(wo + v)



Kinematic signatures from well resolved lines

Lanzetta & Bowen 1992
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nematic signatures from well resolved lines

Lanzetta & Bowen 1992
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what is m(0)? The fraction of A covered by absorbers.
dl 5 dl dX
n(z) = m(l)@ =m(0)(1 + 2) = m(O)E

dX: co-moving absorption path length
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At high redshift, n(z) o« (1 4 z)'/2
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Number density : n(z)

n(z) = m(l)
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mean number of objects along a line of sight is n(z)dz

mean column density along a line of sight is Non(z)dz

mean surface mass density along a line of sight is mnNon(z)dz
mean mass density is mnNon(z)dz/dl

proper mass density is 0 (z) = muNon(z)dz/dl

independent of the cloud geometry, the cosmological mass density
contained in Ly absorbers is
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Probing distant ISM

20 -2
Damped Lya absorbers of N(HI)22x10%0 cm~> . gas
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Probing distant ISM

Chemical enrichment history in neutral gas
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Chemical enrichment history in neutral gas
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Absorption line profile :
constraining the thermal history of the IGM

Doppler parameter: b= +20, where o, is the velocity dispersion
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Absorption line profile

constraining the thermal history of the IGM

Doppler parameter: b= +20,

b —

In principle, one can constrain
the thermal history of the IGM
using the observed line width

The caveat is line blending, and
systematic uncertainties in

profile fitting

where o, is the velocity dispersion
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Going beyond discrete lines
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Going beyond discrete lines
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Going beyond discrete lines
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