MOND



® MON D MOdified Newtonian Dynamics : Milgrom 1983

It changes equation of motion EoM to explain the
galactic dynamics without dark matter

Gravitational sources are only baryonic components
stars and gas

It effectively makes gravitational force stronger at
galactic and extra-galactic scales

EoM is changed if acceleration is lower than critical
value go

—F
Tg ) if g<g,=1x10"cms™
mg /g() — F 0 . constant



Radius where MOND becomes important
M N R
_2290 » r = /I\/l/gO g, =1x10"cms

r ~ 8000 AU solar system M,
~ 10 kpc galaxy 10"M_,

~400 kpc  galaxy cluster 10“M,

MOND-gravity regime outside the above radius



Galactic rotation curves
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Free parameter is only mass-to-light ratio
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Sanders & McGaugh 2003



e Rotation curve

circular motion

- V = const.
flat rotation curve

vocr V2

Kepler motion

eq. of motion
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mg*/g, = F
centrifugal force gravity
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Tully-Fisher relation



O Galaxy Clusters Aguirre et al. 2001; Sanders 2003

MOND can not explain temperature profiles of clusters

hydrostatic equilibrium

dP/dr =—pg  with P=(kT/um,)p 9=[a,GM]"/r forg<g,

dmp+me_ pums

M - mean molecular weight

[gOGI\/I ]1/2
dinr dlinr KT M (r) : mass inside a radius r

If o(r)and T(r)are power law, left hand side is constant

TocM!? “ Isothermal

suggested by observations
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Including dark mass component at center

T (kev)

Sanders 2003

TocM"? <4mmp M =const. outside core
mm) | =const.

0.4

r/r

06 0.8

max

_||||*’T

=

dashed line : only gas component
iIsothermal B model

solid & dotted lines :
including dark halo



Original MOND was modification
of Newtonian dynamics

4

Bekenstein 2004 proposed relativistic MOND.
After his work, we can discuss relativistic
phenomena such as CMB, large scale
structure, gravitational lens.
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relativistic MOND
by Bekenstein 2004



A DIRECT EMPIRICAL PROOF OF THE EXISTENCE OF DARK MATTER!
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merging cluster 1E 0657-558

X-ray
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green contour : surface density detected by weak lensing
baryonic mass peak <= total mass peak

80 spatial offset



ON THE PROOF OF DARK MATTER, THE LAW OF GRAVITY AND THE MASS OF NEUTRINOS

Carry W. ANcus', HUANYUAN SHaAN®', HONGSHENG ZHAO'?, BENOIT FAMAEY®
Draft version November 1§, 2006

including neutrino dark halo m=2eV
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black lines : convergence =surface density map in MOND
red dotted lines : observation
green region : neutrino halo

DM to baryon mass ratio is 2.4



Weak Lensing in Cluster

shear of background
galaxies

¥

gravitational potential
of cluster

cluster A1689



Weak Lensing in MOND

MOND radius Einstein radius
M . g, =1x10°cms™
— =90
r comparable

r, =+ M/g, =400 kpc ~ e ~M/H,

14

MOND-gravity regime
outside this radius

Weak lensing provides important method to
prove which MOND is valid or not



deflection angle
light path |

a:2b_“dl%r) r

lens

g=0y\ for gy>9, M <r :lens mass

inside aradius r
M(<r
— /gOgN for g, <9, gy (r)= iz )

Bekenstein 2004; Zhao et al. 2006



shear Y convergence K

9>g, = 9<g,

lens mass

M(<r)ocrP with P20

\ 4

yoc/(oc@p_z for g > g,

oc 0P forg<g,

0@ anglefrom cluster center

slope in MOND is shallower than that in GR

Because gravitational force in MOND decreases slowly



Cluster A1689

mass profile
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A1689
T
I (kpc)

mass-to-light ratio

8 (M /L)
Zekser et al. 2006

galaxies <=

gas <=  X-ray obs.
Andersson & Madejski 2004

dark halo €= need to fit shear data
Hernquist profile

We calculate shear using above mass profile,
and compare observational data



reduced shear 7/(1-x)

T
AN

T with dark halo
\f

(€)

B (arcmin)

Broadhurst et al. 2005

| solid line : MOND prediction

gravitational sources are
galaxies & gas

It is clearly smaller than data.

dotted line 40x g0

too shallow to fit data

dashed line including dark halo

=) Dark halo is needed in MOND



Other Clusters

CL0024+1654
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gas+galaxies

RN with dark halo

\{\ g0—5><10

8emis®

CL1358+6245

with dark halo
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e Conclusion

MOND cannot explain weak lensing data
iIrrespective of go.

Dark matter halo is needed in MOND.

Above results are consistent with previous studies.
Aguirre, Schaye & Quanaert 2001; Sanders 2003



e CMB

Silk damping
Skordis et al. 2006
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_ Q, =078 Q =0.17 Q,=0.05
Skordis et al. 2006
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