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Back to observations

Dark Matter has always been
driven by data - specifically,
astronomical observations of
large structures like galaxies,
clusters of galaxies, and the
universe as a whole.



Coma cluster
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See Virial Theorem in notes

Coma cluster velocity dispersion

Colless & Dunn 1996
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FIG. S—Dnstnbution of radial velocities for galaxies in the Coma duster.
The curve is a Gaussian with mean 6917 km s ' and standard deviation 1038
km s~ '. The velocitics of the three dominant cluster galaxics are indicated.

Distribution of radial velocities for galaxies in Coma

Cluster observations are usually
interpreted with the

Virial Theorem.

This assumes the system is “virialized,”
which is to say, relaxed to an equilibrium
configuration.

Galaxy clusters form late by the merger of
smaller groups; it is not obvious that they
have achieved this state.

See also the “Technical literature” course web page
https://astroweb.case.edu/ssm/ASTR333/revlit.html
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An alternative visualization of the subclustering is provided NGC 4874 and NGC 4889, it is no surprise to see that these
by Figure 10, which shows the smoothed density of galaxies as two dominant galaxies are projected in the spatial dimension
a function of velocity and distance from the cluster center onto the primary and secondary peaks, respectively, in the core
along the NE-SW diagonal [ie, (X 4 Y)2"% with NE galaxy distribution. Contrary to naive expectation, however,
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Coma
(smoothed)

Clusters often exhibit §
substructure in phase space -
(lumps in both configuration % £
and velocity). Kinda violates eg

virial assumption. But the
discrepancy is too large to be
explained entirely by non-
equilibrium effects.
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FiG. 10.—Galaxy density distribution projected onto the plane of radial velocity versus projected distance from the cluster center along the NE-SW diagonal (NE
positive). The density is smoothed with a Gaussian of dispersion 8’ in the spatial dimension and 300 km s ' in the velocity dimension. The positions of the three
dominant galaxies are marked by crosses (left to right: NGC 4389, NGC 4874, NGC 4839). The gray scale is lincar with density and runs from zero to the maximum.



Milky Way i S informed by Spitzer data

(artisist’s rendition)
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Basic Picture:
Dark Matter Halo

Galaxies are embedded in extended,
quasi-spherical halos of dark matter

Luminous Galaxy
stars, gas, dust, etc.

There is no hard edge: there are some halo stars and
warm/hot coronal gas mixed in with the dark matter

RViI" >> R>X<

The virial radius of the dark
matter halo is much larger than
the luminous galaxy



Milky Way in the optical (Gaia data)




Milky Way in the near-infrared (COBE data)




Baryonic Content of Galaxies

® Stars
® Majority of baryonic mass in bright galaxies
® Gas
® Atomic gas- H I
® traced by 21 cm line Majority of baryonic mass in faint field galaxies

® Molecular gas - H-

® traced b)’ CO Mass usually a distant third to stars and atomic gas

® Jonized gas - H 11

® traced b)’ Hot Large volume but little mass where stars are; there might
be a lot out to the virial radius.

® Dust

® Jittle mass, but it does get in the way.



Multi-wavelength Milky Way

e radio continuum (408 MHz)

relativistic electrons

atomic hydrogen

<L

atomic gas

radio con'l'muum (2.5 GHz)

u.‘

¥ . WPCAY s, N R R R . b s Y | molecular hydr'ogeg.
m Olecu1 ar gas ) > - \'1 W a3 e . : ; ‘,4‘.‘.-‘ . i ’ . IR e 7 S o '.' Ao ey T - e B oF '; 1. e }_q)\ "\‘..: :' r%': : " % J

infrared

warm dust | R e o T L

mid-infrared

PAH dust

near infrared
. ¥

stars

stars & dust

hot ionized gas

-

—

& T I W | - B TS AP TP REReY RS 80 on o " e IR AT V.. FeRGE
SRR T DT U ST T R S . S e B 4

oV‘A » f " o

coSn liC I a! 'S e oh Sl B e ) e BGANIDAL EAY,
R} o N - - - "~'A Ty T . b a2 K
_ g ¥ 4. i K ¢ 5, P b4 E
% . W w & ) <
YAt 5 Y- & .
— -—% e w._k : o S dBNe o * : Lo ¢
—_— *ﬁ—‘ 4 @ & ’ P L ¥ : : ,/—vé/ ATy i WL, Ay ’}a.: . ¢
u“\!‘v ‘0 & .‘} "‘ b =) ¥ E { Pl f T 3 5 . . -~ < I £ o L ~— ‘)t L ?,1"{_! ‘\ = a5 Pt o ¥ P o
e WRAT 4e T\ T ﬁ.‘ é*c y' ea . Ve ST T RSN ER IR S SR o WAy < 7. I v o l“ww“.: T Y b ai‘b(" "‘“‘% o .,““a ARIRBSIRS.

m— ——ali




Cylindrical coordinates

Let's define a coordinate system:

Position : (R,0,z) Velocity : (II, 0, Z)

° R = galaCtOCCntriC distance ° Pi = velocity in/out from center
o theta = azimuthal coordinate . Theta = tangential velocity
. z = height above/below the plane  * Z = velocity up and down

OR (X,Y,Z) centered on either the sun or the G.C.



Oort limit - 1magine the disk as a plane parallel slab

First, think of balancing KE with PE for a small mass m orbitingabig 1 , GMm

—Tv° ~
mass M: 9 r

. 2GM

So we can solve for the big mass M: ¢~ ~

r
Now, instead of a big mass M, think of a circular patch of radius r and

M ~ Y2
surface density Sigma (in My,y/pe?). It has a total mass: ~ ~ ~0™’

So plug that in and get v* ~ 277G Y

Or, now thinking about a group of stars:

S

~ ZF(;S()L()

So if we measure velocity dispersions and scale heights for groups of stars, we can measure the mass
density of the Galaxy's disk. This was first done in the early 1960s by Jan Oort and is called the Oort

limit. A recent (and more sophisticated) analysis gives ~ 70 M, ./pc?.

Now let's just add up all the mass we see:

Stars 25 Mgy/pc?
Stellar remnants 0
(mostly WDs) 20 Mun/pe
Gas (HI+H2 5 Mgyq/pc? Are we ha
From Sparke & Gallagher R4 sun’P¢ . PPY
Total 50 M.,./pc>2 | Wwith these sums?




