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What gets us into trouble is not
what we don’t know.

It's what we know for sure that just
aint so.

ah,

- Mark Twain



A few things we know for sure...
V20 = 4nGp

F = ma

which basically means

mV?%/R = GMm/R?

VZ = GMIR

ergo...

The universe is filled with nonbaryonic cold dark matter.







Longer arrows
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Galaxy Cluster







Large Scale Structure













Pruning the tree

Baryonic Dark Matter

Many candidates:
brown dwarfs
Jupiters
very faint stars
very cold molecular gas

warm (~IO5 K) ionized gas

Can usually figure out a way to detect
them: most have been ruled out.




Pruning the tree

Hot Dark Matter

Obvious candidate:
neutrinos

neutrinos got mass!...
...but not enough.

Also

- neutrinos suppress structure formation

- can’t crowd together closely enough
(phase space constraint)




Pruning the tree

Cold Dark Matter

Some new particle, usually assumed to be
WIMPs (Weakly Interacting Massive Particle)
don’t interact electromagnetically, so very dark.

Two big motivations:
|) total mass outweighs normal mass from BBN

Qm ~ Gﬂb

2) needed to grow cosmic structure




(2) There isn’t enough time to form the observed
cosmic structures from the smooth initial conditions unless
there is a component of mass independent of photons.

t=1.4x10"yr

t=18x10yr

] ~ 105
very smooth: 60/0 10 very lumpy: SP/P ~ |

6p/p o t2/3

Both (1) and (2) hold only when gravity is normal.




Constraints predating SN, CMB
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ACDM




Pros - Invisible Matter

Apparently required by wide array of data

Provides self-consistent cosmology

Explains large scale structure

ACDM model parameters well constrained




We have direct knowledge of < I% of this stuff.

Known Baryons

“Cosmologists are often wrong, but never in doubt”
- Lev Landau
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On Galaxy Scales...

® Measure rotation
velocity; find

® Properties depend
systematically on

® TJotal Baryonic Mass
® Baryon Distribution

® Acceleration




High Surface Brightness (HSB)

intercept 2
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Z(R)=X_ehh

Azimuthally averaged light distribution
typically exponential for spiral disks.

Low Surface Brightness (LSB



NGC 2403

Fraternali, Oosterloo, Sancisi, & van Moorsel 2001, ApJ, 562, L47




NGC 6822 (Weldrake & de Blok 2003)

Vsini=V +V cosO + V sinf
SysS C r



NGC 6946

Boomsma 2005




NGC 6946: M,/Ly = 1.1 My/Lg

IVJ
i
2
x




Newton says

V2 = GMIR.
Equivalently,

> = M/R?

TF Relation

U =-25log> +C -
B, < 212

u, > 23.2 |

Therefore

Different 2
should mean

different TF
normalization.




NGC 2403

UGC |28

Same global L,V

Very different
mass distributions
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No Residuals from TF rel’n

K'-band light @ ]
B-band light O ]
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Not even where disk contribution is maximal




Requires fine balance between dark & baryonic mass

| @ K'-band
- O dark. matter

10!

| @ baryons
- O dark. matter

101

Phys. Rev. Lett. 95, 171302 (2005)




Cons - Invisible Matter

Serious fine-tuning problems
Halo-by-halo missing baryon problem
Cusp/core problem

Missing satellite problem

Do dark matter particles actually exist?




cusp/core problem
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ACDM predicts too much dark mass at small radi1




Cons - Invisible Matter

Serious fine-tuning problems
Halo-by-halo missing baryon problem
Cusp/core problem

Missing satellite problem

Do dark matter particles actually exist?




M31 (Gendler)
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z=0.0
ACDM satellites

% Local Group dwarfs

luminous satellites
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Cons - Invisible Matter

Serious fine-tuning problems
Halo-by-halo missing baryon problem
Cusp/core problem

Missing satellite problem

Do dark matter particles actually exist?

CDMS, LHC, & GLAST should all see something soon




One begins to worry that | GRA\]\T\{ | \S
PRBITRARY!




MOND

MOdified Newtonian Dynamics

introduced by Moti Milgrom in 1983 GRANITY 1§
ARBITRARY !

instead of dark matter, suppose the force law changes such that

>>
for a>>a, a= g,

for a<<a, a= \/(gNaO)

o’

where
gy = GMIR?

is the usual Newtonain acceleration.
More generally, these limits are connected by a smooth
interpolation fen (U (a/a ) so that

M(ala) a = INE
MOND can be interpreted as a modification of either
inertia (F = ma) or gravity (the Poisson eqn).




AE'S, 270, 3%\

MODIFICATION OF NEWTONIAN DYNAMICS

No. 2. 1983

A major step in understanding ellipticals can be made
if we can identify them, at least approximately, with
idealized structures such as the FRCL spheres discussed
apove. [ have also swdied isotropic and nonisotropic
isothermal spheres, in the modified dynamics, as such
possible structures. [ found that they have properties

which r@emblefithose
_gulacn“sDS'

Mi
VIIL. PREDICTIONS

The main predictions conc
lows.

[ Vglocity igm’ s calculatgll with the modified dv-
namics on the basis of the observed mass in galaxies 4
should agree with the observed curves. Elliptical and S0 |
galaxies may be the best for this purpose since (a)
practically no uncertainty due to obscuration is involved
and () there is not much uncertainty due to the possi-
ble presence of molecular hydrogen.

2. The relation between the asvmptotic velocity (V)
and the mass of the galaxy (M) (Vi = MGu,) is an
absolute one. E——

3. Analysis of thé z-dynamics in disk

galaxies using

the modified dynamics should vield surf] dengiti

whic 1] g ! S o ingt’h
sam i ﬂ o \ ics sl

viel crepancy wiuch increases witll radius in a

predictable manner.

+. A fecs of 1 ified ies rgi
e ope e _ e 1

i980). For example. those dwarfs believed to be bound
o our Galaxy would have internal accelerations typi-
callv of order @in = 4y /30. Their (modified) accelera-
ton, g, in the field of the Galaxy is larger than the
internal ones but sill much smaller than a,, g=(3
pc/d)ag, based on a valye of V. =220 kms~' for the
Galaxy. and where ¢ is the distance from the dwarf
2alaxy to the center of the Milky Wav (4 ~ 70-220
Xpe). Whichever way the external acceleration turns our
‘o affect the internal dvnamics (see the discussion at the
end of § II. the section on small groups in Paper 11, and
Paper I), we predict that when velocity dispersion data
> available for the dwarfs. a large mass discrepancy will
fesult when the conventional dyvnamics is used to de-
iermine the masses. The dynamically determined mass is
bredicted to be larger by a factor of order 10 or more
‘han that which can be accounted for by stars. In case
the internal dvnamics is determined by the externaj
dceeleration, we predict this factor to increase with
4nd be of order (4 /8 kpc) (as long as A, K g, hgg=1),

Prediction 1 is a very general one. It is worthwhile
listing some of it consequences as separate predictions,
Wumbered 5-7 below (note that, in fact, even prediction
- is already contained in prediction 1).

el 1 982). As. low

1979). where = is th verage surface brigatness. Thi [
implies tjlt | den g sl C, h
elocily. ve a WS rt e ;

MOND predictions

® The Tully-Fisher Relation

381

u—

5. Measuring local ﬁ“ values in disk galaxies (as-
suming conventidn ynamucs) should give the follow-
ing results: I[n regions of the galaxy where Virs ag

the local M/L values should show no indication of
hidden mass. At a certain transition radius, local M/L

salaxies with low surfige brightness

1/L as we are concerned only with

lor in the

sk only while the spheroid can be neglected.
This makes

the determinarriop of mass [T,

Disk
® No Dependence on Surface
Brightness

rovide pdrticularly StFORGL@SLELon borvee

ass and Vﬂat

velocity
more certain.
6. Disk galaxies with low surface bright rovi

mmgslmm 1982 and by Romanishin
surface brightness—means—smalt——
accelerations, the effects of the modification should be

more noticeable in such galaxies. We predict, for exam-
ple. that the proportionality factor in the M o I* rela-

& following datu’existed in-1983.

="'V (. for example. Aaronson. Huchra. and Sm#® 4

. ‘galaxies which were widely

1 S
‘e also predict that the lommey the average surface ® ROtatIOIl CUI'VG Shape

[ ]

densitvgopf a galaxy is, the sojiiller i the Sit]

ght not to exist.
; villa ace MM

verv small we may have axy in which V3/r<q, ] Surface DenSity ~ Surface Bl'lghtneSS

evervwhere, and analvsis with conventional dvnamics
should vield log

7. As the studv of model rotation curves shows, we
predict a_correlar i

surtace_densitv (or brighiness) of a 2alaxy and i
steepness with which the romnonal YEIOCIIV 155 (O 1S
asymptotic value (as measured. for example. by the
radius at which ¥ = V.. /2 in units of the scale length of

the disk). Small surface densities imply slow g’i‘“‘ .

Detailed Rotation Curve Fits

Stellar Population Mass-to-Light Ratios

IX. DISCUSSION

The main results of this paper can be summarized by
the statement that the modified dvnamics eliminates the
need 10 assume hidden mass in galaxies. The effects in
2alaxies which [ have considered. and which are com-
monly attributed to such hidden mass. are readily ex-
plained by the modification, More specifically:




MOND predictions

® The Tully-Fisher Relation

Slope =4
Normalization = 1/(a,G)

Fundamentally a relation between
Disk Mass and V.

VO No Dependence on Surface ¢
Brightness °

Dependence of conventional M/L on
radius and surface brightness

Rotation Curve Shapes

M, < 212 |
Rl1.2 < pu, < RR.R2 ; Surface Density ~ Surface Brightness

My, > R3.2 Detailed Rotation Curve Fits

Stellar Population Mass-to-Light Ratios




In MONID limit of low acceleration

a4 — \/gNao

V4 — CLOGM
observed TF!




23.2 < u_

21.2 < p, < 22.2
B, < 21.2

MOND predictions

® The Tully-Fisher Relation

Slope =4
Normalization = 1/(a,G)

Fundamentally a relation between
Disk Mass and V.

No Dependence on Surface
Brightness

VO Dependence of conventional M/L on
radius and surface brightness

Rotation Curve Shapes
Surface Density ~ Surface Brightness
Detailed Rotation Curve Fits

Stellar Population Mass-to-Light Ratios




23.2 < u,

R (kpc)

10!

MOND predictions

® The Tully-Fisher Relation

Slope =4
Normalization = 1/(a0G)

Fundamentally a relation between
Disk Mass and V.

No Dependence on Surface
Brightness

VO Dependence of conventional M/L on
radius and surface brightness

VO Rotation Curve Shapes
® Surface Density ~ Surface Brightness
® Detailed Rotation Curve Fits

e Stellar Population Mass-to-Light Ratios




MOND predictions

® The Tully-Fisher Relation

Slope =4
Normalization = 1/(a,G)

Fundamentally a relation between
Disk Mass and V.

V2/(Gh)

No Dependence on Surface
Brightness

3

Dependence of conventional M/L on
radius and surface brightness

o)
%)
C
v

O
v
O

&
C
-
7]
0
%
S
S

Rotation Curve Shapes
‘/0 Surface Density ~ Surface Brightness

® Detailed Rotation Curve Fits

® Stellar Population Mass-to-Light Ratios
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surface brightness




150 200

UGC 7089

NGC 4157




@ L

20 40 60

01

o
o

10 20 30 40 50 60

NGC 2403

20

=
)
1

oR)
\O
(Q\
c‘\
=
wﬁ
3
~
Nﬂ
-
-
(Q\
=
=3
<
&)
>
3
w2
—
Q
o
-
<
N

./.
¥ ool TN TN N T N TN R S B

4 8 12

NGG

o
kO
-]
N

I}

i
' 3
.

S

—_—

a1
|||/|’|||||||||||||

10 20 30

”.w;;{“.

10 20 30 40

_—
i1

NGC 7793

—_
[\S]

0 &=
0 10 20 30 40 5

200
160
120

80

50

0

o

[AV I S o> B o o]
o O © ©

o
O

NGC 6946

\!
(

e — —

~

—
=y Ly sy |

—_

.—’"
i M R R R R R SRR B

0 10 20

NGC 300

o —

1 ./."'I/.'/.'. | IR

4 8 12

ol
v
.

o
a

. ~--—...~)"-4'-""‘"--~—-.
GRS L v L

2 4 6 8




oR)
\O
(Q\
c‘\
=
wﬁ
3
~
Nﬂ
-
-
(Q\
=
=3
<
&)
>
3
w2
—
Q
o
-
<
N

NGC 3726

-

o

5 10

15

NGC 3953

o

5 10 15 20 25 30 3

NGC 3917

%
= — "

0 e T
0 5 10

o

NGC 3972

;

IIIJJ/;I/I

o

NGC 4013

4 —— ————

10 20

(=]
(]
o

NGE 4088 *

o«

_IA/I 'rr ;—I—I' I—T'I_I—I'I’T'ITI' I~I I_

0 5 10 15 20




oR)
\O
(Q\
c‘\
=
wﬁ
3
~
Nﬂ
-
-
(Q\
=
=3
<
Q
>
3
w2
—
Q
o
-
<
N

1z
)
S9)
I~
-
Ko

g

o

UGC 6446

—
B I | I | I I - I | I I -

o

5 10

UGC ?9'17|

UGC 6973 ¢

@

IIIIIJ'IIIIII

~ :
|4/||-|’|||||||||||||||||||||

5 10 15 20 25

NGC 4389 * (B)

o

o

IUIGpI 6|9|8|3

—
LA L by

o

5

—_
(o

_./~
J/IIIIIIIIIIIIIIIII

—_

5 15

UGC 6399

o

@

o

—O

it ERTETET N BT AR

o

5 10 15

UGC 7089




Residuals of MOND fits
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All data |
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MOND predictions

® The Tully-Fisher Relation

Slope =4
Normalization = 1/(a,G)

Fundamentally a relation between
Disk Mass and V.

No Dependence on Surface
Brightness

Dependence of conventional M/L on
radius and surface brightness

Rotation Curve Shapes
Surface Density ~ Surface Brightness
Detailed Rotation Curve Fits

Stellar Population Mass-to-Light Ratios




Line: stellar population model

(mean expectation)
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All data

MOND predictions

® The Tully-Fisher Relation

Slope =4
Normalization = 1/(a,G)

Fundamentally a relation between
Disk Mass and V.

No Dependence on Surface
Brightness

Dependence of conventional M/L on
radius and surface brightness

Rotation Curve Shapes
Surface Density ~ Surface Brightness
Detailed Rotation Curve Fits

Stellar Population Mass-to-Light Ratios




Those are the pros.

What are the cons?

You don’t know the
Power of the Dark Side

Can MOND explain large
scale structure!?

Can it provide a
satisfactory cosmology?

Can it be reconciled with
General Relativity? TeVeS

Does it survive other
tests? .
Clusters problematic



1E 0657-56 - “bullet” cluster (Clowe et al. 2006)

direct proof of dark matter?
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bullet cluster shows same
baryon discrepancy in MOND
as other galaxy clusters
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MOND suffers a missing mass problem!
unseen baryons! heavy neutrinos!?




bullet cluster collision velocity

0.10 1.00 10.00
Time [Gyr]

Angus & McGaugh (2007) arXiv:0704.0381




bullet cluster collision velocity

observed shock velocity

0.10 1.00
Time [Gyr]

Angus & McGaugh (2007) arXiv:0704.0381




MOND works too well in
galaxies to be a coincidence.

Either

MOND is correct, or

Dark Matter mimics MOND

Either way,
new physics is implicated:

- gravity!
: CLOYN CH() ~ CA1/2

"T thinlk you should be more
explicit here in step two."

- new properties of dark
matter?




BBN: wp = Qph? x m1g

o CBR with/without CDM
Compilation
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WMAP (3 yr) e -
Boomerang =

WMAP fit (yr 1)
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