Class 8 : Weighing the Universe
n

This class…
l
l

Critical density, and the “h-scaling”
Discussion of various density estimates…
§
§
§
§

Density in stars
Preview of BBN constraints on baryonic density
Galactic rotation curves and dark matter
Galaxy clusters

O : Recap and terminology :
Critical density and “h-scaling”
n

As have seen that the geometry/dynamics of the
Universe depend on its density relative to the critical
density…

n

Thus, today’s value of the critical density is uncertain
due to uncertainties in value of “H0”. Nowadays, we
have a fairly good idea of the value of H0…
Freedman & Madore (2010)
Review article in ARA&A
Larson et al. (2010)
WMAP-7
Planck Collaboration
(2013)

More about measurements of Hubble’s constant later!
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n

So, Hubble’s constant is pretty well determined, but
there are still errors of ~1-2% or so. These will
propagate through almost all measured cosmological
quantities. We need a way to keep track of these.

n

For historical reasons, define a scaling parameter
relative to 100 km/s/Mpc…

E.g. Planck parameters give

n

n

Back to critical density… putting in numbers, we get

l

E.g., putting h=0.678±0.009 we get

l

This is a small density!! Corresponds to a little less than 6
hydrogen atoms per cubic meter!

Looked at another way, doesn’t seem so small…

l

This corresponds to a pretty average galaxy each Mpc3. Not
unreasonable…
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I : Stellar mass
n

Stars are the easiest things to see and study in our
Universe…
l
l

Can study nearby stars in detail
Can see the light from stars using “normal” optical telescopes in even
distant galaxies.

n

Of course, what we see is the light, and what we’re
interested in is the mass… need to convert between the
two using the mass-to-light ratio M/L

n

Let’s think about the Sun…
l
l
l
l

Msun=2x1030kg
Lsun=4x1026W
Msun/Lsun=5x103kg/W
Actual number not very instructive… from now on, we will reference
mass-to-light ratios relative to that of the Sun.

n

We want average stellar density…

n

Need to consider that different stars have different M/L
l
l
l
l

n

Massive stars have small M/L (they shine brightly compared with
their mass).
Low-mass stars have large M/L (they are very dim compared with
their mass).
Averaging stars near to the Sun, we get M/L ≈ 3 Msun/Lsun
Question : when we consider galaxies other than the Milky
Way, why might the stellar M/L ratio be different? How
can we try to account for this?

Also need to consider “dead” stellar remnants
l
l
l
l

White dwarfs, neutron stars, black holes…
These have plenty of mass M, but very little light L.
… Very high ratio M/L
Including the remnants, some systems can have mass-to-light
ratio as high as M/L≈10 Msun/Lsun
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n

So, can add up the visible star light that we see in the
Universe, and convert to a mass.
l
l

We get Ωstars≈0.005-0.01
Note – no dependence on h! Conversion from flux (measured) to
luminosity scales as distance2 and hence h2. Thus, ρstar
proportional to h2. Thus cancels with h2 in critical density formula
when dividing to get Ωstars

II : Total density in baryons:
n

n

Definition : Strictly, baryons refer to particles made from 3
quarks (e.g. protons and neutrons). However, cosmologists
use the term “baryonic matter” to mean all “normal” matter
found in the standard model of particle physics.
We can use observed ratio of light elements/isotopes (1H, 2H,
to constrain conditions in the early Universe…
including the density of baryonic matter
3He, 4He, 7Li)

l
l
l

Note h-scaling… measured ρ independent of h; ρcrit~h2
Comparing with Ωstars, see that a large number of baryons are not in
stars or stellar remnants
More about this later, when we talk about Primordial Nucleosynthesis
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III : Mass on a galactic scale…
galaxy rotation curves
n

We want to be able to account for mass that we cannot
see… need to use gravitational dynamics.

n

For disk galaxies, we can use the rotation velocity
l
l

Use spectroscopic measures to trace the rotation velocity V of a
star (or gas cloud) at some radius R around the galaxy.
In the easiest case where the orbit is circular and the gravitational
potential is spherical…

M galaxy (< R) =
l

V 2R
G

We find that V increases with radius in inner part of galaxy (as
expected) but then flattens off… we do not see the decline of
velocity expected if we had enclosed all of the gravitating mass.
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Real measurements
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n

Orbital velocity stays
almost constant as far
out as we can track it
l

l

l

l

Means that enclosed mass
increases linearly with
distance…
Mass continues to increase,
even beyond the radius
where the starlight stops
So, in these outer regions
of galaxies, the mass isn’t
luminous…
This is DARK MATTER.

Substantially higher than the
total baryonic density from
BBN… so a lot of DM must be
non-baryonic!

IV : Galaxy clusters
n

Galaxy clusters are the largest gravitationally bound
objects in the Universe… hence the largest objects for
which V2/R~GM/R2 type arguments can be applied

n

They are also very rare objects… so you need to survey
a very large volume of space to find a representative
sample of clusters.

n

Several ways of using clusters to derive Ω estimates
l
l
l

Measurement of galaxy orbits to determine cluster mass
Measurement of X-ray gas to determine cluster mass
Studies of gravitational lensing
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Virgo cluster
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n

Find a similar situation in
clusters to that in galaxies…
l

l

l
l
l

There is a giant halo of dark
matter enveloping the galaxy
cluster
Probably in addition to the
individual halos that the galaxies
possess
Add up the mass in these cluster
halos…
Ωclus≈0.3
Most of this must be non-baryonic
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The Bullet Cluster - 1E 0657-558
Strong evidence for non-baryonic dark matter

Seems like we have an answer.
We live in a matter dominated
universe with Ω~0.3. So its
hyperbolic, open & will expand
forever.
Are we done?
Not quite…
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