Missing baryons atz ~ 0
the latest view from 14 QSO spectra with the
Cosmic Origins Spectrograph onboard HST

Tae-Sun Kim
Osservatorio Astronomico di Trieste

B. D. Savage (UW-Madison)

B. P. Wakker (UW-Madison)
John Stocke + (UC-Boulder)

THE UNIVERSITY

WISCONSIN

MADISON



Outline:

SAR A

Overview on the missing baryons at z~ 0
Tools: Intergalactic medium (IGM)

Latest results from the COS/HST survey

Future prospects

Conclusions



Planck Cosmic Energy Budget
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What are the baryons?
most visible matter in the Universe
a subatomic particle made with 3 quarks
proton, neutrons (stars, galaxies, gas)
predicted from the Big Bang Nucleosynthesis

2, h? (a fraction of the critical density)

predicted: a few % of the critical density

Planck: Q,h? = 0.02205 = 0.00028
(Q, ~ 0.045)



Where are the baryons?
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QSOs/Stars Galaxy forming regions:
UV photons interplay between galaxies and IGM _

% Cen’s webpage
Highly ionized hydrogen, helium

Mabs = Mo (1+2,..), A, =1215.67 A (HI Lya line)



Highly ionised intergalactic medium:
~ 104 K, photoionized by QSOs and galaxies
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Expected: 2, ~ 0.045

Counted: 2, ~ 0.021 (0.007 ~ 0.041)
galaxies: ~ 8%
intercluster medium (X-ray): ~10%
IGM: ~ 6%
Groups: ~ 30%
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~50% of the baryons is Missing!



z ~ 0, IGM temperature

gravitational shock-heated (original)
galactic/AGN feedback (later)

(hot IGM)

<10° K >107 K

(cool IGM)

Photoionized

10°7 K
(Warm-Hot IGM)

Collisionally ionized

R. Cen’s webpage
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ABSTRACT

New high-resolution, large-scale cosmological hydrodynamic galaxy formation simulations of a stan-
dard cold dark matter model (with a cosmological constant) are utilized to predict the distribution of
baryons at the present and at moderate redshift. It is found that the average temperature of baryons is
an increasing function of time, with most of the baryons at the present time having a temperature in the
range of 10°-107 K. Thus not only is the universe dominated by dark matter, but more than one-half of
the normal matter is yet to be detected. Detection of this warm/hot gas poses an observational challenge,
which requires sensitive EUV and X-ray satellites. Signatures include a soft cosmic X-ray background,
apparent warm components 1n hot clusters due to both intrinsic warm intracluster and intercluster gas
projected onto clusters along the line of sight, absorption lines in X-ray and UV quasar spectra [e.g.,
O vi1 (1032, 1038) A lines, O vo 574 eV line], strong emission Lnes (€.g., U VI 053 €V lne), and low-
, low column density Lya absorption lines. We estimate that approximately one-fourth of
actic soft X-ray background (at 0.7 keV) arises from the warm/hot gas, half of it coming from
. d three-quarters coming from z < 1.00, so the source regions should be identifiable on deep
optical #hges.

Doublet!
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Enzo (grid-code) simulations of the
low-redshift IGM structure

O VI Density Temperature

Britton Smith, Sam Skillman, and the
Colorado IGM Theory Group




To derive Q, from low-z OVI absorbers
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How many OVI absorbers?
depends on the quality of spectra

What fraction of OVI to total O?

Olv, OV, OVII, OVIII?
Metallicities of OVI absorbers?
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X-ray: Chandra spectrum of Mrk421
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HST spectrographs: OVI (1031, 1037 A)
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Tripp+ (2008): 16 QSOs with STIS/HST
low-z OVI statistics & ionization mechanism

51 OVI absorbers, 77 OVI components

7128 (25%): 4.8 <log T < 5.6 (2 questionable)
21/28 (75%): 3.5<log T <4.8

~50%: either photoionized or collisionally ionized

Wakker & Savage (2009): HST & FUSE
14 OVI and galaxy connection at z < 0.017

all OVI at closer to galaxies at ~500 kpc

1/3 photoionized, 1/3 collisionally ionized,
1/3 mixed



Next Up!
May 2009

Hubble Servicing
Mission #4

Shull (2009)




How many OVI absorbers at z~0?
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Voigt profile fitting

Normalised Flux
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COS high-S/N (> 30) OVl survey at0<z<0.5

1. OVI absorbers from 14 bright QSOs
2. Blind survey, a typical sightline

log (Ngy, [cm™])

155

15.0 B
14.5 i
14.0 -

13.5[

13.0L

"""""""""""
A O Star-forming galaxies |
i © Passive galaxies
O
D —
iy
¢| gH oo ‘D EF
@ " o ; O h
O
% on B ¢
...................
50 100 150

Impact parameter [kpc]

COS-Halo survey

39 QSO+Galaxy pairs
L ~ L* galaxies
IGM OVl is in the CGM

Tumlinson+ (2011, 2013)



Normalized Flux

HEO238—-1904, z = 0.42430 HEO153—-4520, z = 0.22600
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Normalized Flux

0.31 L*, about solar metallicty
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1. 54 OVI absorbers from 14 bright QSOs
2. 85 OVI| components, 133 HI components
3. 31/45 (69%) photoionized, < 10° K

4. 14/45 (31%) collisionally ionized, > 10° K

N

I l 1 1 1 1 I 1 ] L ] I ] ] 1 1
~ —  Tripp+ (2008):

o
|
U -
~—

Number of components

o N BN (o)} (00
l T T L)
|




Number

40

30}
20|

10}

LI B ' LI I | ' LI ] L I LI |

——— HI components

-------

b)

OVI components .

2

4

6 8 10

Number of components

~50%:

1 OVI + 1 or 2 HI components

8.0

7)) 5

& 6.4 e)

c

o "

Q -

€ 48 :

o s S S

S 32+ ... ..

o -

O P,

E 1.6F: ‘ | | |

-} -

Z - .o :
0.0 L1 l [ . | | L 1

LI | I L I L | l LI B |

Ci
N

o

20 40

60

byr (km s7")




COS blind OVI survey

source Q./Q, (%)
Galaxies 0+3
Hot ICM 4+1.5
Aligned OVI 4.1+1.1
Non-aligned OVI ?
Cool IGM 28+11
Warm IGM 1417
Hot IGM ?
Total observed 65+24
Total expected 100

~30% is still missing!



log N(OVI, total)

log N(HI, total)

Relation between OVI and Galaxies
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Where are collisionally ionized OVI absorbers?

Galaxy survey at z<0.15downto L, <0.1L*

lim

5 collisionally ionized OVI absorbers
a small spiral-rich group at p <2 Mpc



What is the future?

Without any upcoming UV facilities planned
in the next 10-20 years

While COS is working:
1. A few more high S/N spectra

2. QSO0s at larger impact parameters
3. QSOs at higher redshifts

Deep imaging around QSOs
to search for low-L galaxies
to refute the classical WHIM



Conclusions “One thing to take”:
COS blind OVI survey from 14 QSOs

source Q./Q, (%)
Galaxies 8+3
Hot ICM 4+1.5
Aligned OVI 4.1+1.1
Non-aligned OVI ?
Cool IGM 28+11
Warm IGM 1417
Hot IGM ?
Total observed 65+24
Total expected 100

~30% is still missing!



