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T'he Missing Baryon Problem

Baryon mass expected: 17% of total mass
Baryon mass estimated: 3%-7% of total baryon mass (stars, dust, and gas in galaxies and clusters)
Other baryonic contents:

e Lyaforest ~ 40%

. @rcumgalaotic medium (CGM) ~ 25%)

e warm-hot intergalactic medium (WHIM) ~ 25%
The halo missing baryon problem: (M o/ Mpy)/(€2,/2Q,)
e stars ~ 0.02-0.05
* add cold ISM ~ 0.07
e add X-ray halo gas ~ 0.08

e missing ~ 60%



The Circumgalactic Medium (CGM)
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The Circumgalactic Medium (CGM)

« CGM is a diffuse baryonic component within the
dark matter halo that extends far from the inner
regions to the virial radius and beyond.

« CGM gas is too diffuse to be studied in emission.



The COS-Halos Survey .

Absorption Spectrum QSO
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COS-Halos Sample
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COS-Halos Sample
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QSO Absorption Line Spectrum
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Fitting Absorption Lines

* Voigt profile fits
* Absorption lines highlighted
* good
* saturated
* pblended
* bad (saturated + blended)

* +:velocity range
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Fitting Absorption Lines

* Voigt profile fits
* Absorption lines highlighted
* good
* saturated
* pblended
* bad (saturated + blended)

* +:velocity range
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Metal-Line Sample

+ All COS-Halos
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lonization Parameter Scaling
Relations
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log U

lonization Parameter and
Volume Density Profiles

l v L v L v v L l v v A Al A ¥ A v ] OOOO . A r v v v LA
- 00 d B -
=
o 4 -
e | -

1000 ¢

ny/<ng>

100 ¢

oL, . .

Werk+2014



Gas Surface Density Profiles
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Photoionization Modeling

Photoionization Simulations for the Discriminating Astrophysicist Since 1978

CLOUDY needs to know:

° extragalactic ultra-violet "95 " Mgl Sl CI NNSII CHl CIV OV
background (EUVB) radiation 5

e galaxy background radiation

C o
e gas metallicity E;
* gas density
* jonization parameter E i eor2)
-26E . . . ! .
1 10
 geometry: 10 - 160 kpc Energy (Ryd)

to calculate column densities Werk+2014



Photoionization Modeling

Photoionization Simulations for the Discriminating Astrophysicist Since 1978

CLOUDY needs to know: 10 10 10 10
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* gas density

e |onization parameter 11

 geometry: 10 - 160 kpc

to calculate column densities
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Total Mass of the Photoionized CGM

* Integrate gas surface density profile to get mass.
e Strict Lower Limit: 2 1x%10Y M,
 AODM (Apparent Optical Depth Method) H | column density
e The lowest ionization parameter
e 160 kpc cut off
e Include the 11 non-detections
e Preferred Lower Limit: 6.5%10" M,
» Preferred values for log N_HI and log U

e Exclude the 11 non-detections
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ABSTRACT

We develop a new method to constrain the physical conditions in the cool (~ 10* K) circumgalactic
medium (CGM) from measurements of ionic columns densities, under two main assumptions: that the
cool CGM spans a large range of gas densities, and that small high-density clouds are hierarchically
embedded in large low-density clouds. The new method combines (or ‘stacks’) the information avail-
able from different sightlines during the photoionization modeling, thus yielding significantly tighter
constraints on the CGM properties compared to traditional methods which model each sightline indi-
vidually. Applying this new technique to the COS-Halos survey of low-redshift ~ L* galaxies, we find
that we can reproduce all observed ion columns in all 44 galaxies in the sample, from the low-ions to
O vi, with a single universal density structure for the cool CGM. The gas densities span the range
50 < p/pp < 5 x 10° (pp is the cosmic mean), while the physical size of individual clouds scales as
~p- = from ~ 35 kpc of the low den81ty O VI clouds to ~ 6pc of the highest densnty low-lon clouds
Thccloudsxzesa.rctoosma.ll or this densi 0 he ¢ n by self-gravit: -
source is unclear. We find a(total cool CGM mass w1th1n the virial radius of (1 3 :t 0 4) x 10
(~1% of the halo mass), distributed Tz miformiy ov = four decades i d Themeancoc
gas density profile scales as R~1:0%0:3 where R is the dlstance from the galaxy center. We construct
a 3D model of the cool CGM based on our results, which we argue are a benchmark for the CGM
structure in hydrodynamic simulations. Our results can be tested by measuring the coherence scales
of different ions, using absorption line measurements along multiple sightlines towards lensed quasars.

arXiv:1604.02168
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COS-Halos CGM
(covering factors)

ion P/Pp N
Mgl 5-10° 10'83
Mgl 5-10% 10173
NII 5-103 10165
SilV. 500 10%53
OVl 50 1040



arxXiv:1604.02168

COS-Halos CGM
(filling factors)

ion p/Py  Nui
Mgl 5-10° 1083
Mgll 5-10* 10'73
NII 5-10%10'63
SilV 500 10'5
OVl 50 1040



summary

 CGM could explain some of the ‘missing baryons’.

e CGM is still mysterious.



