


Sir Isaac Newton

Universal Law of Gravity

Everything happens ... asif




Albert Einstein

General Relativity

Naturally explains “extra”
precession of the perihelion of
Mercury’s orbit.
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However at the galactic scale:
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What you get |
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High Surface Brightness
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Flat rotation curves
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Spiral galaxy

Gas rich, low surface brightness galaxies




Moti Milgrom
(1983)

Modify gravity at an acceleration scale
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Suggested modifying Newton’s Law
below a tiny acceleration scale

ao=1.2x101 m/s/s




M. (M) stars only
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Mass

The Tully-Fisher Relation

More massive galaxies rotate faster
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Brent Tully
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M, (M) stars plus gas
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The Baryonic Tully-Fisher Relation

The mass of both stars and gas matters
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velocity residual dlog(V,)
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Newton predicts residuals that are not observed!
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MOND predictions

® The Tully-Fisher Relation

5 Slope = 4

J Normalization = 1/(a,G)
J Fundamentally a relation between Mass and V.
®

No Dependence on Surface Brightness !
® Dependence of discrepancy on radius and surface brightness
® Rotation Curve Shapes

® Acceleration ~ Surface Brightness

Detailed Rotation Curve Fits

Stellar Population Mass-to-Light Ratios
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MOND predictions
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e T SRR

® The Tully-Fisher Relation

_: V‘ Slope = 4

e Normalization = 1/(a,G)
Vo Fundamentally a relation between Mass and V.
“ No Dependence on Surface Brightness

yDependence of discrepancy on radius and surface brightness
® Rotation Curve Shapes

® Acceleration ~ Surface Brightness

10°

McGaugh (2005)
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1 02 ® Detailed Rotation Curve Fits

e Stellar Population Mass-to-Light Ratios



MOND predictions
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o T8 Tully-Fisher Relation

v

- ope = 4
e Normalization = 1/(a,G)

Vundamentally a relation between Mass and Vg .

® No Dependence on Surface Brightness

%)

1000 | yDependence of discrepancy on radius and surface brightness
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w Rotation Curve Shapes
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Z, (Mg pc

® Acceleration ~ Surface Brightness
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1 02 ® Detailed Rotation Curve Fits

e Stellar Population Mass-to-Light Ratios



MOND predictions
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— o T“Tully-F isher Relation
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C\‘) e Normalization = 1/(a,G)
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rotation speed

NGC 6946
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to map between what you
see and what you get.
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MOND provides a formula 7
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Sanders & Verheijen (1998)



rotation speed

NGC 1560

V (km s 1)
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- This mapping works even -
when the discrepancy is
large.
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UGC 6399
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Residuals of MOND fits
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2128 points in 78 galaxies
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Sanders & McGaugh (2002)
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A new test: the dwarf satellites of Andromeda

PAdnAS

)

I dwa ite galaxy




The Baryonic Tully-Fisher Relation
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No MOND
correction

M, (Mg)
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The Baryonic Tully-Fisher Relation
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MOND
correction
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McGaugh (2005)




New physics at the ¢?/R scale? Known Baryons

Do we need DM?

What is Dark Energy &
the Cosmological Constant?

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



Developed TeVeS:
First combination of

General Relativity
and MOND
,-'J- -

Jacob Bekenstéin
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