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The Baryon Content of Cosmic Structures

Stacy McGaugh

\\\'.BSII )
P -

N\
= X, O
) S
&

TRYLA

University of Maryland



http://mcfp.physics.umd.edu/
http://mcfp.physics.umd.edu/
http://www.newsdesk.umd.edu/uniini/release.cfm?ArticleID=2093
http://www.newsdesk.umd.edu/uniini/release.cfm?ArticleID=2093

1

02 04 06 0.8

0

05 055 06 0.65

0.7 075 0.8 085 0.9
HO ~ 72
Age ~ 13

Q= 1/4

Supernova
Discovery |.

* : {as seen from QO < O

telescopes -
on Earth)

Difference



Cosmic Baryon Fraction:

BBN & Qp = 0.042
| } fo= —2 —0.17
matter density Q.. = 0.25
combined give numbers similar to CMB fn‘s
o
oo CBR with/without CDM | | | ' 9
g © Compilation ® % g
o & - 1 6
z ‘He A
N | % L + ++ CZ
i 444 t 0
> ) 7% %3 j‘]‘b %: % 'S T 8
A% % JE 1 g
| R T
o
s £ ; D

0.01



Cosmic Baryon Fraction:

BBN & (), = 0.042 } £, = 017
matter density Q.. = 0.25
combined give numbers similar to CMB fn‘s

This is the cosmic average.

What about individual structures?

oo

o CBR with/without CDM o
g © Compilation ® % g
S A °H - 0a

= *He A
N % "L + ++ CZ
i 444 t 0
N N BRI -
St ' JE R
S b e : ! 3
-

T : 3

0.01



fb = 0.17 is the cosmic average.
What about individual structures?
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fb = 0.17 is the cosmic average.
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fb = 0.17 is the cosmic average.
What about individual structures?

My
fb - M—A M, = T*L
atomic (HI)
My = M, + Mg, molecular (H»)
1onized (HII)
etc...
Ma = 4?TrAIOCTitF{gA

= (A/2)"Y3(GHo) ' Vi = BAV}

for A = 500, Ms00 = Bsoo Vs
B5()() = 2 X 105 km_3 83 M@
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dominant baryonic component
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C I us TCI"S Clusters:
Giodini et al. (2009)
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Mg (MG)) Mb-Vc Relation
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Total mass:
M3s00 = BsooViho
Ve = fuVs00

assume fo=1.1



Measuring M,
Stars:

M, =Y, L

Mass-to-light ratio Y, from
(1) mass discrepancy-acceleration relation
(1) population synthesis models

@ (11)
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Measuring M
(Gas:

Mgas — MHI =+ MH2

HI mass follows directly
from 21 cm luminosity.
Molecular gas trickier;

taken from scaling relation
Young & Knezek (1989); McGaugh & de Blok (1997)
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Measuring M
(Gas:

Mgas — MHI =+ MH2

HI mass follows directly
from 21 cm luminosity.
Molecular gas trickier;

taken from scaling relation
Young & Knezek (1989); McGaugh & de Blok (1997)

M — M Cosmic =L
gas NVtHI Hydrogen S \
_fraction: X
) — 1 My, ‘ S i
X X\_—) MH I
MH LA

2 — 3.7 —0.87 + 0.0437"7
M

Typically, My > My > Mgy,
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It 1s straightforward to derive consistent measures of V¢

from extended HI rotation curves; most have | 51, oV

Olog R

< 0.1
It can also be done with Ha data or single dish ‘
21 cm line-widths, at the expense of greater scatter.
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Having M, and V., need to estimate fv
to relate V¢ to Voo

Milky Way: Oy ~ 230 kms™*
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Estimating fv

Milky Way:

Xue et al. (2008)
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Estimating fv V.

adopt fv = = 1.1
V500
Milky Way:
Moo ~ 1.2 x 10" Mg
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Looking at other galaxies (Sellwood & McGaugh 2005), 1.0 < fyy < 1.5

with fv < 1.3 in most cases. Nonetheless, f is rather uncertain.



Mg (MG)) Mb-Vc Relation
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19 19 19 19 19 19 19 19 19

5 Cluster data: Giodini et al. (2009)

O assume V. = 1.1V500

Milky Way x Milky Way: McGaugh (2008; unpublished)

M, (MQ)
10° 102 10* 10° 10° 107 10® 10 10'%°10'10%%10831010°

COBE Milky Way




Mg (MG)) Mb-Vc Relation
7 8 9 10 11 12 13 14 15
19 19 19 19 19 19 19 19 19

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)
M+«/L from mass discrepancy-
acceleration relation

M, (MQ)
10° 102 10* 10° 10° 107 10® 10 10'%°10'10%%10831010°




Mg (MG)) Mb-Vc Relation
7 8 9 10 11 12 13 14 15
19 19 19 19 19 19 19 19 19

5 Cluster data: Giodini et al. (2009)

O assume V. = 1.1V500

# {) Spirals: Zakursky et al. (in prep.)
S M+/L from K-band luminosities
{'H' 5 and population synthesis models.

M, (MQ)
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Mg (MG)) Mb-Vc Relation
7 8 9 10 11 12 13 14 15
19 19 19 19 19 19 19 19 19

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)
M+«/L from mass discrepancy-
acceleration relation

Tully-Fisher relation

M, (MQ)
10° 102 10* 10° 10° 107 10® 10 10'%°10'10%%10831010°

also known as the
Baryonic Tully-Fisher relation
when including gas mass as well as stars.
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Bl groups

Stellar mass obvious:
gas hard to detect.
Similar to Ellipticals 1f we 1gnore gas.

% § cllipticals

Most of the baryonic mass 1is 1n stars.
The hard part here 1s V. / Mso.




SR C|usters spirals
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Stellar mass obvious:
x gas hard to detect.
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Mg (MG)) Mb-Vc Relation
7 8 9 10 11 12 13 14 15
19 19 19 19 19 19 19 19 19

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Ellipticals: Cappalleri et al. (2006)
[SAURON]
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Mg (MG)) Mb-Vc Relation
7 8 9 10 11 12 13 14 15
19 19 19 19 19 19 19 19 19

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Ellipticals: Cappalleri et al. (2006)
[SAURON]

M, (MQ)
10° 102 10* 10° 10° 107 10® 10 10'%°10'10%%10831010°

Faber-Jackson relation
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V. typically measured at small radi1 but
V.(r) declines substantially for most
Elliptical galaxy mass models.

Circular velocity overestimated.
[fv large and uncertain. ]

Ve > Vsoo

Romanowsky et al. (2003)
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Cluster data: Giodini et al. (2009)

assume V. = 1.1V500
Spirals: McGaugh (2004; 2005)

Ellipticals: Cappalleri et al. (2006)
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Gravitational Lensing;:
Gavazzi et al. (2007)




Mg (MG)) Mb-Vc Relation
7 8 9 10 11 12 13 14 15
19 19 19 19 19 19 19 19 19

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Ellipticals, Gravitational Lensing:
J Gavazzi et al. (2007)
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M, (MQ)
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Mg (MG)) Mb-Vc Relation

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Ellipticals, Gravitational Lensing:
J Gavazzi et al. (2007)

Ellipticals may have lower baryon fractions,
depending on how Msoo 1s estimated.
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M, (MQ)
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M5oo (M)

? 8 9 10 11 12 13
1.0 1.0 1.0 1(.) 1(.) 19 19 19

14 15
10

10!

10°
~1
V, (km s™7)

103

Myp-V. Relation

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Gas dominated disks:
Stark et al. (2009)
Trachternach et al. (2009)
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M, (M)

10° 107" 10% 1071010t 0t®

Baryonic Tully-Fisher Relation

Stark, McGaugh, & Swaters (2009 AJ, 138, 392)

Bell03 diet Salpeter IMF

o M,>M,
e M, <M,
O Trachternach et al.

log My = 3.931og V¢ + 1.80

Vs
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10° 107" 10% 1071010t 0t®

Baryonic Tully-Fisher Relation

Stark, McGaugh, & Swaters (2009 AJ, 138, 392)

O Trachternach et al.

Portinari04 Kroupa IMF
o M, > M, 2
e @ M. < M,

log My = 3.931log V¢ + 1.78

Vs
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10° 107" 10% 1071010t 0t®

Baryonic Tully-Fisher Relation

Stark, McGaugh, & Swaters (2009 AJ, 138, 392)

Bell03 Kroupa IMF

o M,>M,
e M, <M,
O Trachternach et al.

log My, = 4.011log V¢ + 1.61

Vs
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Mg (MG)) Mb-Vc Relation
7 8 9 10 11 12 13 14 15
19 19 19 19 19 19 19 19 19

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Gas dominated disks:
Stark et al. (2009)
Trachternach et al. (2009)

M, (MQ)
10° 102 10* 10° 10° 107 10® 10 10'%°10'10%%10831010°

Location in My-V. plane fixed by M.
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M5OO (MG))
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M, (MQ)
10° 102 10* 10° 10° 107 10® 10 10'%°10'10%%10831010°

Myp-V. Relation

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Gas dominated disks:
Stark et al. (2009)
Trachternach et al. (2009)

Local dwarf data: Walker et al. (2009)
<Ms/L>=1.3 (Mateo et al. 1998)
(Martin et al. 2008)
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M, (MQ)
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Myp-V. Relation

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Gas dominated disks:
Stark et al. (2009)
Trachternach et al. (2009)

Local dwarf data: Walker et al. (2009)
<Ms/L>=1.3 (Mateo et al. 1998)
(Martin et al. 2008)
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Mg (MG)) o Mb-Vc Relation
10

7

8 9 10 11 12 13
1.0 1.0 lp 1(.) 1(.) 19 19 19

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Gas dominated disks:
Stark et al. (2009)
Trachternach et al. (2009)

M, (MQ)
10° 102 10* 10° 10° 107 10® 10 10'%°10'10%%10831010°

Local dwarf data: Walker et al. (2009)
<Ms/L>=1.3 (Mateo et al. 1998)
(Martin et al. 2008)

VC:\/§0

Mb2M5OQ#121




Mg (MG)) Mb-Vc Relation
7 8 9 10 11 12 13 14 15
19 19 19 19 19 19 19 19 19

Trujillo—Gomez et al. (2010)
De Rossi et al. (2010)

Tonini et al. (2010)

Cluster data: Giodini et al. (2009)

assume V. = 1.1V5qg

Spirals: McGaugh (2004; 2005)

Gas dominated disks:
Stark et al. (2009)
Trachternach et al. (2009)

M, (MQ)
10° 102 10* 10° 10° 107 10® 10 10'%°10'10%%10831010°

Local dwarf data: Walker et al. (2009)
<Ms/L>=1.3 (Mateo et al. 1998)
(Martin et al. 2008)

V. = V30
ACDM models differ




Divide out M ~ V3
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detected baryon fraction
declines monotonically
with decreasing mass.
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It is not obvious that giant Ellipticals or groups fill that gap.
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It is not obvious that giant Ellipticals or groups fill that gap.

Or maybe they do...

lensing estimate by

Hoekstra (2005) for two choices of IMF.



107% 1072 107° 107!

Logarithmic scale. Galaxies withV. < 100 km/s
are an order of magnitude shy
of their cosmic share of baryons.
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Galaxies suffer a baryon deficit -

a halo-by-halo missing baryon problem
distinct from the global BBN missing baryon problem.



Where are all these baryons!?
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Galaxies suffer a baryon deficit -
a halo-by-halo missing baryon problem
distinct from the global BBN missing baryon problem.



Halo baryon discrepancy -
possibilities

® The baryons are there but aren’t detected
® [he baryons have been blown out
® The baryons never fell into the halos

® The mass-velocity relation is wrong



® The baryons are there but aren’t detected
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® The baryons are there but aren’t detected

dark matter

warm/hot ionize ith DM halo?



® The baryons are there but aren’t detected

dark matter

molecular
disk!?
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Unseen molecular gas in disk?

Pfenniger & Combes (1994)

456  H. Hoekstra, T. S. van Albada and R. Sancisi Hoekstra et al. (2001)
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Unseen molecular gas in disk?
Pfenniger & Combes (1994)
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Hoekstra et al. (2001)
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surface density is approximately 6.5 times the gas surface density 0.35
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Warm/hot ionized baryons still mixed with DM halo?

hot halo -
(Chandra) *

NGC 5746 (Pedersen et al. 2006)



Warm/hot ionized baryons still mixed with DM halo?

® X-ray detection has proven difficult; most
claimed detection have gone away

® |imits: < 24% of missing baryons
(Anderson & Bregman 2010)

® No positive evidence that a substantial
mass of baryons exist in the halo

® Some restrictive constraints...



Warm/hot ionized baryons still mixed with DM halo?

Milky VVay:

Anderson & Bregman (2010):

Table 1: Constraints on the Milky Way Hot Halo

NFW profile Flattened profile
Method Hot halo mass  n.(50 kpc) frac Hot halo mass  n.(50 kpc) frac Reference
(10° M) (10> em™3) (10°M,) (10—° cm™—?) 1
LMC Pulsar DM < 12 —-15 - 77—-10 < 0.04 -0.05 < 170 < 27 < (.58 §3.lg
Mag. Stream HI < 10 —-11 < 7 < 0.03 - 0.04 < 53 < 8 < (.18 Stanimirovié et al. (2002)
HVCs <bh-9 <3—-6 < 0.02 - 0.03 < 19 -39 <3—-6 < 0.06 —0.13 Fox et al. (2005)
Galactic XRB < 5H9-T78 <4-5 < 0.02 -0.03 < 110 < 17 < (.38 Kuntz & Snowden (2000)

arameters determined from htting profiles to the constraints noted in section 3.2. frac is the ratio of the mass of the hot halo to the mass of the missing baryons
from the Galaxy (3 x 10"1 M ).

6 x 10 Mg

¢

known baryonic mass

2

missing baryonic mass

2 x 10 Mg

plausible baryonic halo masses 5 1010 M®



® [he baryons have been blown out

e.g., feedback from supernovae

M8&2 (Strickland & Heckman 2009)



® [he baryons have been blown out

Feedback from supernovae

Chemical evolution followed by SN-driven blow-out of the remaining gas

(e.g. Hartwick; Wyse) leads to a relation between metallicity and mass of
expelled baryons:

My 1ot = C M,y

C =1+ 0.4 x 10~ Fe/H]




Residuals of dwarf Spheroidals from Baryonic Tully-Fisher Relation
McGaugh & Wolf (2010)

B Classical dwarfs [ ocal dwarf data: Wolf et al. (2010)

B Ultrafaint dwarfs Kalirai et al. (2009; M31)
A M31 dwarfs M=«/L as per Mateo et al. (1998)

% Leo T (contains gas) & Martin et al. (2008)
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depend on intrinsic properties
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Residuals of dwarf Spheroidals from Baryonic Tully-Fisher Relation

McGaugh & Wolf (2010)
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Does [Fe/H] predict the right correction factor?



Residuals of dwarf Spheroidals from Baryonic Tully-Fisher Relation

McGaugh & Wolf (2010)
Q
<
o
O 1
(@) —
O |
— o
- QH@CTZO
@O Ooﬁ
— @ lCD ]
O <
™ - %j = |©
2 O L: O
4 |O PR ST |
101 10 — 101 10
V. (km s_l) V. (km s_l)

C

B Classical dwarfs Local dwarf data: Wolf et al. (2010)
B Ultrafaint dwarfs Kalirai et al. (2009; M31)

A M31 dwarfs M=«/L as per Mateo et al. (1998)

% Leo T (contains gas) & Martin et al. (2008)

Sometimes!



® [he baryons have been blown out

Feedback from supernovae

My 1ot = C M,

C=1+0.4 x 10~ Fe/H]

* Works well for classical dwarfs
* Only partial correction for ultrafaint dwarts
* Not applicable to gas rich disks
(model assumes old population, no further star formation)
e Looks promising; working to extend model to gas disks
e Environmental influences important for ultrataint dwarfs



Mass Deviation from Baryonic Tully-Fisher Relation
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HHHHHHHH

® The baryons never fell into the halos

e.g., prevented from accreting by reionization

HHHHHHHH
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® The baryons never fell into the halos

e.g., prevented from accreting by reionization

* Appears to work for Local Group dwarts, but

* does not simultaneously explain spirals

* does not explain correlation of BTFR residuals with
environmental influences




BARYON DISCREPANCY PROBLEM

® most of the baryons that we expect to
be associated with galaxies are missing

@® this halo-by-halo missing baryon problem
is distinct from the global BBN shortfall
and distinct from the dynamical missing
mass problem (need dark baryons as well
as dark matter in each and every galaxy)

@ galaxy scales interesting - pose a rich
variety of challenges - e.qg., cusp/core
problem, missing satellite problem



