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Baryons

Dark Matter
23%

Dark Energy
73%

ΛCDM

}q0 ≤ 0

H0 ≈ 72
Age ≈ 13

Ωm + ΩΛ = 1

Ωk ≈ 0

Ωm ≈ 1/4



Cosmic Baryon Fraction:
BBN & 
matter density
combined give numbers similar to CMB fits

Ωb = 0.042
Ωm = 0.25 } fb =

Ωb

Ωm
= 0.17± 0.01

Big Bang N
ucleosynthesis



Cosmic Baryon Fraction:
BBN & 
matter density
combined give numbers similar to CMB fits

Ωb = 0.042
Ωm = 0.25 }

This is the cosmic average.  
What about individual structures?

fb =
Ωb

Ωm
= 0.17± 0.01

Big Bang N
ucleosynthesis



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

Mb = M! + Mgas

M∆ =
4π

3
∆ρcritR

3
∆

fb =
Mb

M∆



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

Mb = M! + Mgas

M∆ =
4π

3
∆ρcritR

3
∆

fb =
Mb

M∆ M! = Υ!L



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

Mb = M! + Mgas

M∆ =
4π

3
∆ρcritR

3
∆

fb =
Mb

M∆
atomic (HI)
molecular (H2)
ionized (HII)
etc...
{

M! = Υ!L



= (∆/2)−1/2(GH0)−1 V 3
∆ = B∆V 3

∆

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

Mb = M! + Mgas

M∆ =
4π

3
∆ρcritR

3
∆

fb =
Mb

M∆
atomic (HI)
molecular (H2)
ionized (HII)
etc...
{

M! = Υ!L



= (∆/2)−1/2(GH0)−1 V 3
∆ = B∆V 3

∆

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

Mb = M! + Mgas

M∆ =
4π

3
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∆

fb =
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M∆
atomic (HI)
molecular (H2)
ionized (HII)
etc...
{

M! = Υ!L

∆ = 500for , M500 = B500V
3
500

B500 = 2× 105 km−3 s3 M"
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HII gas

∼ 1012 M!∼ 1014 M!

∼ 1013 M!

∼ 1013 M!

∼ 1010 M!

∼ 108 M!

typical M500

McGaugh et al. (2010)



WMAP

Clusters: 
Giodini et al. (2009)

clusters



Cluster data: Giodini et al. (2009)
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Mb-Vc Relation

Vc = fvV500assume



Spirals

Vc = fvV500

assume fv = 1.1

Rotation curves

Baryonic mass:
stars

atomic gas
molecular gas

Mb = M! + MHI + MH2

M500 = B500V
3
500

Total mass:



Measuring Mb
Stars:

M! = Υ!L

Mass-to-light ratio      from
(i) mass discrepancy-acceleration relation
(ii) population synthesis models

Υ!

(i) (ii) 



Measuring Mb
Gas:

Mgas = MHI + MH2

Mgas = ηMHI

η =
1
X

(
1 +

MH2

MHI

)

HI mass follows directly
from 21 cm luminosity.
Molecular gas trickier;
taken from scaling relation
Young & Knezek (1989); McGaugh & de Blok (1997)

Mgas = ηMHI
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from 21 cm luminosity.
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NGC 2403 (Fraternali et al.)

Hα Hα

HI Vc

Measuring Vc



It is straightforward to derive consistent measures of Vc
from extended HI rotation curves; most have 

It can also be done with Hα data or single dish
21 cm line-widths, at the expense of greater scatter.

Independent estimates
for the UMa sample

Vc

V
c

∣∣∣∣
∂ log V

∂ log R

∣∣∣∣ < 0.1



to relate Vc to V500

Milky Way:

terminal velocities
Luna et al. (2006)

Having Mb and Vc, need to estimate fV
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to relate Vc to V500

Milky Way:
Θ0 ≈ 230 km s−1

Vc ≈ 205 km s−1

terminal velocities
Luna et al. (2006)

Having Mb and Vc, need to estimate fV



Estimating  fV

Milky Way:

SDSS BHB stars

Xue et al. (2008)



Estimating  fV

Milky Way:

V500 ≈ 185 km s−1

R500 ≈ 160 kpc

M500 ≈ 1.2× 1012 M!

MW satellites

adopt fV =
Vc

V500
= 1.1

1.0 < fV < 1.5Looking at other galaxies (Sellwood & McGaugh 2005), 

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



Vc = 1.1V500

Cluster data: Giodini et al. (2009)
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Mb-Vc Relation

assume

Milky Way Milky Way: McGaugh (2008; unpublished)

COBE Milky Way



Vc = 1.1V500

Cluster data: Giodini et al. (2009)
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Spirals: McGaugh (2004; 2005)
M*/L from mass discrepancy-

acceleration relation
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Vc = 1.1V500

Cluster data: Giodini et al. (2009)

Clu
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assume
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ira
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Spirals: Zakursky et al. (in prep.)
M*/L from K-band luminosities

and population synthesis models.

Mb-Vc Relation



Vc = 1.1V500

Cluster data: Giodini et al. (2009)

Clu
st

er
s

assume

Spirals: McGaugh (2004; 2005)
M*/L from mass discrepancy-

acceleration relation

Tully-Fisher relation

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

Mb-Vc Relation



clusters

groups

ellipticals

spirals

✓ ✓

Stellar mass obvious;
gas hard to detect.
Similar to Ellipticals if we ignore gas.

Most of the baryonic mass is in stars.
The hard part here is Vc / M500.



clusters

groups

ellipticals

spirals

✓ ✓

✘
Stellar mass obvious;
gas hard to detect.
Similar to Ellipticals if we ignore gas.

Most of the baryonic mass is in stars.
The hard part here is Vc / M500.



Vc = 1.1V500

Cluster data: Giodini et al. (2009)
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Spirals: McGaugh (2004; 2005)

Mb-Vc Relation

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



Vc = 1.1V500

Cluster data: Giodini et al. (2009)

El
lip
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als

assume

Spirals: McGaugh (2004; 2005)

Mb-Vc Relation

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

Faber-Jackson relation



Romanowsky et al. (2003)

Vc =
√

3σlos

Vc > V500

Vc typically measured at small radii but
Vc(r) declines substantially for most
Elliptical galaxy mass models.

Circular velocity overestimated. 
[fv large and uncertain.]

}



Vc = 1.1V500

Cluster data: Giodini et al. (2009)

assume

Spirals: McGaugh (2004; 2005)

Mb-Vc Relation

Ellipticals: Cappalleri et al. (2006)
[SAURON]
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Gravitational Lensing:
Gavazzi et al. (2007)



Vc = 1.1V500

Cluster data: Giodini et al. (2009)

assume

Spirals: McGaugh (2004; 2005)

Mb-Vc Relation
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Ellipticals, Gravitational Lensing:
Gavazzi et al. (2007)



Vc = 1.1V500

Cluster data: Giodini et al. (2009)

assume

Spirals: McGaugh (2004; 2005)

Mb-Vc Relation

El
lip

tic
als

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

Ellipticals may have lower baryon fractions,
depending on how M500 is estimated.



Cluster data: Giodini et al. (2009)

assume

Spirals: McGaugh (2004; 2005)

Mb-Vc Relation

Vc = 1.1V500

Gas dominated disks: 
Stark et al. (2009)
Trachternach et al. (2009)
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Rotation curves of spirals
and low mass dIrrs with M* < Mg.

Rotation curves of 
late type disks 
(Sd, Sm, Irr)

Kuzio de Naray et al.
(2006, 2008, 2009);
Trachternach et al. 
(2009)
Stark et al. (2009)



M! < Mg

Reduce dependence
on stellar M*/L -
select gas dominated
galaxies with 

HI

optical

Trachternach et al.
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log Mb = 3.93 log Vf + 1.80

M∗ > Mg

M∗ < Mg

Trachternach et al.

Baryonic Tully-Fisher Relation
Stark, McGaugh, & Swaters (2009 AJ, 138, 392)

Bell03 diet Salpeter IMF



log Mb = 3.93 log Vf + 1.78

M∗ > Mg

M∗ < Mg

Trachternach et al.

Baryonic Tully-Fisher Relation
Stark, McGaugh, & Swaters (2009 AJ, 138, 392)

Portinari04 Kroupa IMF



log Mb = 4.01 log Vf + 1.61

M∗ > Mg

M∗ < Mg

Trachternach et al.

Baryonic Tully-Fisher Relation
Stark, McGaugh, & Swaters (2009 AJ, 138, 392)

Bell03 Kroupa IMF



Cluster data: Giodini et al. (2009)

assume

Spirals: McGaugh (2004; 2005)

Mb-Vc Relation

Vc = 1.1V500

Gas dominated disks: 
Stark et al. (2009)
Trachternach et al. (2009)
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Location in Mb-Vc plane fixed by Mg.



Cluster data: Giodini et al. (2009)

assume

Spirals: McGaugh (2004; 2005)

Mb-Vc Relation

Vc = 1.1V500

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

Local dwarf data: Walker et al. (2009)
<M*/L> = 1.3  (Mateo et al. 1998)

   (Martin et al. 2008)
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Cluster data: Giodini et al. (2009)

assume

Spirals: McGaugh (2004; 2005)

Mb-Vc Relation

Vc = 1.1V500

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

Local dwarf data: Walker et al. (2009)
<M*/L> = 1.3  (Mateo et al. 1998)

   (Martin et al. 2008)
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Cluster data: Giodini et al. (2009)

assume

Spirals: McGaugh (2004; 2005)

Mb-Vc Relation

Vc = 1.1V500

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

Local dwarf data: Walker et al. (2009)
<M*/L> = 1.3  (Mateo et al. 1998)

   (Martin et al. 2008)

Vc =
√

3σ

ΛCDM models differ



fd =
Mb

fbM500
f! =

M!

fbM500

detected baryon fraction stellar fraction

Local
dwarfs

gas
disks

Clu
ste

rs

Sp
ira

ls

Divide out M ~ V3



detected baryon fraction
declines monotonically
with decreasing mass.

stellar fraction
peaks between

1012 < M500 < 1013M!



It is not obvious that giant Ellipticals or groups fill that gap.



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.



Logarithmic scale.  Galaxies with Vc < 100 km/s
are an order of magnitude shy

of their cosmic share of baryons.

Lo
ca

l d
wa

rf
s

gas
 disk

s

Clusters

Spir
als



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?

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

• The 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



• The baryons are there but aren’t detected

warm/hot ionized baryons still mixed with DM halo?



• The baryons are there but aren’t detected

warm/hot ionized baryons still mixed with DM halo?

very cold molecular
gas in disk?



Unseen molecular gas in disk?

Hoekstra et al. (2001)

HI scaling:
treat η as free 
parameter;
scale to obtain fit.
Essentially and M/L 
for gas.

Mgas = ηMHI

Pfenniger & Combes (1994)



Unseen molecular gas in disk?

Hoekstra et al. (2001)

HI scaling:
treat η as free 
parameter;
scale to obtain fit.
Essentially and M/L 
for gas.

Mgas = ηMHI

Pfenniger & Combes (1994)



= η

= η

Pfenniger & Revaz (2005)

Hoekstra et al. (2001)

fits rotation curves

minimizes scatter in BTFR (2000)

η ≈ 7
η ≈ 3

η ≈ 7
η ≈ 3
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Pfenniger & Revaz (2005)

Hoekstra et al. (2001)

fits rotation curves

minimizes scatter in BTFR (2000)

BTFR (2009) already consistent with zero
intrinsic scatter for 

η ≈ 1.4 ≈ 1
X

η ≈ 7
η ≈ 3

η ≈ 7
η ≈ 3



= η

= η

Pfenniger & Revaz (2005)

Hoekstra et al. (2001)

fits rotation curves

minimizes scatter in BTFR (2000)

BTFR (2009) already consistent with zero
intrinsic scatter for 

η ≈ 1.4 ≈ 1
X

η(Vc)

η > 10

Need

for late types

;

η ≈ 7
η ≈ 3

η ≈ 7
η ≈ 3



Warm/hot ionized baryons still mixed with DM halo?

(Pedersen et al. 2006)NGC 5746

disk
NGC 5746

hot halo
(Chandra)



Warm/hot ionized baryons still mixed with DM halo?

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

• Limits: < 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 Way:
Anderson & Bregman (2010):

plausible baryonic halo masses ! 1010 M!

missing baryonic mass

known baryonic mass ≈ 6× 1010 M!

≈ 2× 1011 M!



• The baryons have been blown out

(Strickland & Heckman 2009)M82

e.g., feedback from supernovae



• The 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:

Mb,tot = CMb

C = 1 + 0.4× 10−[Fe/H]



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

Classical dwarfs
Ultrafaint dwarfs
M31 dwarfs
Leo T (contains gas)Leo T (contains gas)Leo T (contains gas)

Ultrafaint dwarfs
Local dwarf data: Wolf et al. (2010)

Kalirai et al. (2009; M31)
M*/L as per Mateo et al. (1998)

& Martin et al. (2008)
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Residuals of dwarf Spheroidals from Baryonic Tully-Fisher Relation
McGaugh & Wolf (2010)

Classical dwarfs
Ultrafaint dwarfs
M31 dwarfs
Leo T (contains gas)Leo T (contains gas)Leo T (contains gas)

Ultrafaint dwarfs
Local dwarf data: Wolf et al. (2010)

Kalirai et al. (2009; M31)
M*/L as per Mateo et al. (1998)

& Martin et al. (2008)
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BTFR
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Residuals of dwarf Spheroidals from Baryonic Tully-Fisher Relation
McGaugh & Wolf (2010)

Classical dwarfs
Ultrafaint dwarfs
M31 dwarfs
Leo T (contains gas)Leo T (contains gas)Leo T (contains gas)

Ultrafaint dwarfs
Local dwarf data: Wolf et al. (2010)

Kalirai et al. (2009; M31)
M*/L as per Mateo et al. (1998)

& Martin et al. (2008)

Does [Fe/H] predict the right correction factor?



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

Classical dwarfs
Ultrafaint dwarfs
M31 dwarfs
Leo T (contains gas)Leo T (contains gas)Leo T (contains gas)

Ultrafaint dwarfs
Local dwarf data: Wolf et al. (2010)

Kalirai et al. (2009; M31)
M*/L as per Mateo et al. (1998)

& Martin et al. (2008)

Sometimes!



• The baryons have been blown out

Feedback from supernovae

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

Mb,tot = CMb

C = 1 + 0.4× 10−[Fe/H]



M
as

s D
ev

ia
tio

n 
fr

om
 B

ar
yo

ni
c 

Tu
lly

-F
is

he
r R

el
at

io
n

Distance

Tidal Susceptibility

Ellipticity

Bellazzini

depend on environm
ental influences



• The baryons never fell into the halos
e.g., prevented from accreting by reionization



Crain et al. (2007)

Reinoization



Reinoization



• The baryons never fell into the halos
e.g., prevented from accreting by reionization

• Appears to work for Local Group dwarfs, but
• does not simultaneously explain spirals
• does not explain correlation of BTFR residuals with  
environmental influences



•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.g., cusp/core 
problem, missing satellite problem

Baryon Discrepancy problem


