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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.

- 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.
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Galaxy Cluster




’

9
S e .;5‘ leb ("\'{N‘
5 Qi,r "(:; & W’.gﬁ ‘5‘.‘.%
S*.,s% M Yﬁ'\r




Large Scale Structure
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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



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 ~ 6@5

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=14x10"0yr
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.



“Cosmologists are often wrong, but never in doubt”
- Lev Landau

Things we know for sure in cosmology:

pre-1990: Q =1.00
Q, =0.00
Q,h* =0.0125

Ho = 50 km/s/Mpc

Dark Matter = Cold Dark Matter



“Cosmologists are often wrong, but never in doubt”
- Lev Landau

Things we know for sure in cosmology:

2006 Q=024 |
m What did | say?
Q, =076
Q,h* =0.0223

o = 73 km/s/Mpc

Dark Matter = Cold Dark Matter




On Galaxy Scales...

® Measure rotation
velocity; find

® Properties depend
systematically on

® Total Baryonic Mass
® Baryon Distribution

® Acceleration



High Surface Brightness (HSB)
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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
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Tully-Fisher Relation

1*(1I/W) = *w
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Baryonic Tully-Fisher Relation
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Slope and
normalization
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| Small scatte I‘
| poses a fine-
| tuning problem
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Newton says

V2 = GM/R.
Equivalently,
> = M/R?

TF Relation

(o))
=
| U =-25log> +C
° | p, < 21.2
- u, > 23.2 |
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10°
v

Therefore

Different 2
should mean

different TF
normalization.




NGC 2403

. UGC 128

Same global L,V

Very different
mass distributions
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Requires fine balance between dark & baryonic mass

1

0.5

Vb/Vj° ; V,/Vp

0

1

Vo' Vp s Vi/Vp
0.5

0

®
O [ (] . [ )
© o ° %0 0o ce o¢°°
Qg O @)
® ° o
° o 0 ° 00
® S 0O o
. O
| @ K'-band O
- O dark. matter . O
101 10° 108
I (Mg pc'z)
: . : .
° ®
©C o o 08 .0.08’0 °
0 0P 5o @9 8 %o' T A
c0aa®%e D e o %3
o © ® e ° Co o o
° ° o°®o
[ %06 0
. @ baryons ©
- O dark. matter . O O O
10! 10® 10°

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



V (km s~ 1)

Radius measured by disk scale length h

100

Dynamics knows about the distribution of light
as well as the total mass.



Renzo’s Rule:

“When you see a feature in the light, you see a
corresponding feature in the rotation curve.”

(Sancisi 1995, private communication)

The distribution of mass is coupled to the distribution of light.

Quantify by defining the Mass Discrepancy:
V2 V2

D= — —
Vb2 T,v2 + Vg2
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Different choices of Stellar Mass-to-Light Ratio
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Unexplained Correlations

Tully-Fisher relation

Mass discrepancy-
acceleration relation

dark matter/baryon
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o) MOND

S, MOdified Newtonian Dynamics
= 7 introduced by Moti Milgrom in 1983

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

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

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

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



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
2bove. [ have also swdied isotropic and nonisotropic
isothermal spheres, in the modified dynamics, as such
pussible structures. [ found that they have properties

which r@emblefithose
gulachDs'S) Mi

VIII. PREDICTIONS

The main predictions conc
lows.

[ Vglocitv i’!m s calculatgll with the modified dv-
namics on the basis of the observed mass in galaxies

should agree with the observed curves. Elliptical and S0 || ™ore certain.

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 theé s-dynamics in disk galaxies using

the modified dynamics should vield surf] dengiti

whic 1] g ! S o ingt’h
sam i ﬂc@iﬂioﬂa ICs

viel Crepancy wiuch increases witll radius in a

predictable manner.

+ A fecs of 1 ified ies rgli
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. =220km s~' for the
Galaxy. and where ¢ is the distance from the dwarf
2alaxy to the center of the Milky Wav (d ~ 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 [II, and
Paper I), we predict that when velocity dispersion data
> available for the dwarfs. a large mass discrepancy will
fesult when the conventional dvnamics 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, hg=1),

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

MODIFICATION OF NEWTONIAN DYNAMICS

381

5. Measuring local ML values in disk galaxies (as-
suming conventin ynamucs) should give the follow-
ing results: In 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

should start to increase rapidyy. Themransitiof radius
cgls Mld o oo @, re l‘/Ar s u’fﬂw
ol ﬁ) a V&S(zz) es,l il an b e
Lot ol s

1/L as we are concerned only with

variations of this quantity; (b) Effects of the dified
PY dvnamics ifest themselv. i‘m
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lor in the

sk only while the spheroid can be neglected.
This makes

el 1 982). As low

the determinario_n ©of mass [rom velocity

6. Disk galaxies with low surface bright rovi

8anicularlv SLON2_Lests (2 stay of 2 samp!e of such
g 15 described by Strom 1982 and by Romanishin

surface- brightness—means—smait——

datua’

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*

tion for these 2alaxies is the same ac or the nig

- g e ) q
Lo on il o NGl I 18

="'V (le. for example. Aaronson. H

rela-

t

uchra. and d

ion 5 ensity galaxies,
‘e also predict that the lomey the average surface
density

very small we may have
evervwhere, and analvsis wit
should vield log

axy in which V3/r<q,
h_conventional dvnamics

. As the study of model rotation curves shows, we
predict a correlati /
surface densitv (or brightness) of a zalaxy an

s

1979). where = is th verage surface brigatness. Thi
implies tjlt | den e sl C, 24\
eelzocily. ve a S rig e ;

the value of the averase

steepness with which the romnonal YEIOCIIV [15es (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‘m‘ .

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
g2alaxies which [ have considered. and which are com-
monly attributed to such hidden mass. are readily ex-
plained by the modification, More specifically:
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MOND predictions

® The Tully-Fisher Relation

surférce

4bnggg)ness

e Normalization D

r ’ y S tr Qlﬂgqet@;mmon between

Disk Mass and V.

e No Dependence on Surface
Brightness
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es which were widely

® Rotation Curve Shapes

tHh aughtﬁbt to exist.

Surface Density ~ Surface Brightness
Detailed Rotation Curve Fits

Stellar Population Mass-to-Light Ratios
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MOND predictions

® The Tully-Fisher Relation

Ve
Ve
Ve

Ve

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

e Surface Density ~ Surface Brightness

® Detailed Rotation Curve Fits

e Stellar Population Mass-to-Light Ratios



In MONID limit of low acceleration

a4 — \/gNao

V4 — CL()GM
observed TF!



"M'tot/ "M'l'u,m

10

23.2 < u_

21.2 < p, < 22.2
B, < 21.2 _

MOND predictions

The Tully-Fisher Relation

VO Slope = 4

¢/ Normalization = 1/(a,G)

‘/0 Fundamentally a relation between

Disk Mass and Vﬂat

‘/0 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
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MOND predictions

® The Tully-Fisher Relation

VO Slope = 4

¢/ Normalization = 1/(a,G)

V’ Fundamentally a relation between
Disk Mass and V.

Ve No Dependence on Surface
Brightness

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

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

e Stellar Population Mass-to-Light Ratios



mass surface density*

V2/(Gh)

£ =

24 2R
Mo

surface brightness
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MOND predictions

® The Tully-Fisher Relation

VO Slope = 4

Vo Normalization = 1/(a,G)

‘/0 Fundamentally a relation between
Disk Mass and V.

‘/0 No Dependence on Surface
Brightness

‘/0 Dependence of conventional M/L on
radius and surface brightness

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

e Stellar Population Mass-to-Light Ratios



V (km s~ %)

150 200

100

50

NGC 4157

MOND

UGC 7089




Sanders & McGaugh 2002, ARA&A, 40, 263
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Sanders & McGaugh 2002, ARA&A, 40, 263
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Sanders & McGaugh 2002, ARA&A, 40, 263
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MOND predictions
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® The Tully-Fisher Relation
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MOND works. Either

MOND is correct, or

Dark Matter mimics MOND

Either way,
new physics is implicated:

- gravity!?
: aoyrv cHy ~ cAl/?

. "T thinlk you should be more
- NEW proper’tles Of dark explicit here in step two."

matter?



No CDM prediction (McGaugh 1999): Ai.0 = 2.4

WMAP (Page et al. 2003): Peaks O |
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No CDM fit to WMAP data
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AND YOUR
SCIENTIFIC CDM
CONCLUSIONS ? (S A FIB.
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