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a short discussion on

e acceleration discrepancy
e MOND

e strong lensing

e velocity dispersion



Mass

e dynamical mass
— observe motion then infer mass
— direct (if we know the dynamics)

e [uminous mass
— observe luminosity then infer mass
— Indirect (involve many physics)

— Ideally, calibrate with dynamical mass (if we
believe the dynamics)



what If they don’t agree?

e dynamical mass Is often larger
— excess acceleration unaccounted for
e some matters are not luminous

— what are they? light is not a good tracer of
mass? more physics Is heeded?

e gravitational law Is not what we expected
— modified gravity?

e [aw of motion Is not what we expected
— what to do?



minute discrepancy

e existence of Neptune
— confirmation of dynamical mass by luminous
mass (seeing Is believing?)
— successful story of missing mass
e extrasolar planets
— believing even not seeing

e perihelion of Mercury
— Einstein’s general relativity
— successful story for modified gravity



large discrepancy (O(1) or more)

e Oort (1932): acceleration of stars
perpendicular to Galactic disk

e Zwicky (1933): radial velocity of galaxies
In Coma cluster

e Babcock (1939), Mayall (1951): rotation
curve of M31

e Kahn & Woltjer (1959): M31 approaches
Milky Way against expansion of universe



large discrepancy (O(1) or more)

e Rogstad & Shostak (1972): rotation curve
peyond optical disk of spirals from 21 cm

 Rubin et al. (1980): rotation curve of
optical disk of spirals

e proper motion of stars near galactic centre
(Eckart & Genzel 1997, Ghez et al. 1998)



rotation curve of spirals

HSB galaxy: NGC 1560
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many more rotation curves
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e pboth dark matter and MOdified Newtonian
Dynamics (MOND) can explain the mass
(or acceleration) discrepancy in many
situations

e perhaps MOND Is better than dark better
In galaxy scales while dark matter Is better

at larger scales



acceleration scale?

e |t seems that the mass discrepancy occurs
when acceleration is smaller than a certain
value, and not according to some length
scale or mass scale

» of the order of cH, (a coincidence?)



MOND

 Milgrom (1983): small acceleration regime,
Newton’s law of motion Is modified

B acceleration
i(lal/ag)a = ay

force
acceleration scale

il 3 1 forxz>1
e r forx <1

interpolation function



MOND

e view as modified gravity in gravitational
systems (Bekenstein & Milgrom 1984)

\ [/7 (lgl/ao) g} =V - -gn = —-4nGp
Newtonian gravity

[t(|g|/ao)g —gn =V xh

V xh=0(1/r°) for bound density distribution

= 0 for spherical, cylindrical, planar systems




MOND

e If can be Inverted

) acceleration
g =7 (|gn|/ao) gN

Newtonian gravitational force

Bl ] - 1 for xtn > 1
& 1/\/ N forank1

iInverse interpolation function

1/
V(rN) [ (\/4 /e 'l)] canonical form




deep MOND regime Newtonian regime
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relativistic theory

e Bekenstein (2004): Tensor-Vector-Scalar
e Milgrom (2009): BIMOND
e MOND as the nonrelativistic limit

e capable of addressing problems such as
cosmology and gravitational lensing in the
context of MOND

— cosmology (e.g., Skordis 2006, Skordis et al.
2006, Dodelson & Liguori, 2006)

— gravitational lensing ...



gravitational lensing

e TeVeS or BIMOND
e weak field,
small angle
deflection, S

spherical lens

— same as GR except Newtonian potential is
replaced by MONDian potential (Chiu et al.
2006)




image position

/ source position
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angle of deflection of a point mass lens

MOND Regime

deflection angle
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e CASTLES catalogue (Rusin et al. 2003)

— guasar lensing, elliptical lens, lens resolved,
double images, mass estimated by population
synthesis

— 10 candidates

— Hernquist model for the lens

— choose an interpolation function

— assume &, and A, then solve for mass



mass of lens

mass consistent with population synthesis

ML(TeVCS)/l()mMO ML (GR) M* szl
Lens (V;% Bekenstein Simple Standard Chabrier Salpeter
Q0142 — 100 6.9 11.3 (19.19) 14.2 (24.16) 16.6 (28.29) 19.1 (32.45) 20.97%% 18.3133
HS0818 + 1227 6.8 18.8 (29.38) 24.0 (37.45) 28.6 (44.65) 32.7 (51.05) 16.23)2 20.83%}
FBQO951 + 2635 11.2 1.56 (2.19) 1.93 (2.71) 2.16 (3.02) 2.36 (3.30) 1151 1.559
BRI0952 — 0115 6.6 2.09 (2.58) 2.70 (3.33) 3.28 (4.04) 3.74 (4.61) 3.539 4.43%
Q1017 — 207 6.8 2.63 (6.33) 3.36 (8.09) 4.02 (9.67) 4.60 (11.06) 4.3130 6.43%0
HE1104 — 1805 6.6  48.1(63.47) 62.1 (81.90) 75.3 (99.37) 85.9 (113.41) 22.8312 36.65;7
LBQ1009 — 025 6.7 8.02(11.23)  10.1 (14.15) 11.8 (16.53) 13.5 (18.92) 5.513 7428
B1030 + 071 9.4 10.5 (17.88) 12.9 (22.27) 14.7 (25.06) 16.5 (28.09) 10.6% 14.52'3
SBS1520 + 530 7.6 12.6 (17.64) 16.0 (22.41) 18.8 (26.38) 21.2 (29.67) 18.5303 21.8314
HE2149 — 274 7.1 7.34 (14.17) 9.31 (17.98)  11.0 (21.30) 12.5 (24.24) 4.65] 6.9%0

Chiu et al. (2011)

e no dark matter Is needed, as expected



time delay

e time delay between the two images
formed by a spherical lens

redshift of lens

1 (1+3L)DLDS{1 }
— = - = (0 0_ 0_)— v(0 s(0y) —e(0_
2 T Dis 3 (04 +0_) [x(0-) — x(0+)] +(04) —e(6-)
o Dy, | time delay a relation between mass,
e(l) = M /  d( acceleration scale and
—Dvs Hubble constant

MONDian potential



e time delay systems (Danuta & Jens 2010,
McGreer et al. 2010)

— guasar lensing, elliptical lens, lens resolved,
double images

— 4 candidates

— Hernquist model for the lens

— choose an interpolation function
—assume &, then solve for mass and A,



Hubble constant from time delay

Bekenstein form

.\I{LSS H()
Name GR MOND iR I MOND | z- x4
HE 2149-2745 [23.235% 16.1172| 72.25}-7 57.655-0(11.3 2.3
FBQ J09514263 | 2.952 2.327 |93.219%" 79.325°2 [28.5 4.0
SBS 0909+532 |77.2159 55.8355(84.583%7 70.225-21 8.7 5.9
SDSS J0946+1835[95.350> 64.105 5| 84.951°5 67.0¢5°6] 7.8 2.8

least uncertainty
Tian et al. (2012)

» H, large uncertainty but consistent with
current value



galactic dynamics

e Jeans equation
e spherical, i1sotropic
 [ight traces mass distribution

— deduce mass density distribution from
brightness distribution

— hence gravity distribution



velocity dispersion

e 3D velocity dispersion
. G o
o2 (r) = = | ot

~ DZp(r)
e projected velocity dispersion
1 - (-'ZDS /’x rdr o9 )(]")5(1',) lr,
02 ~ 2D.Dis?(RIR) Jr YVre—m2 J, "V

a relation between mass,

I(R) =2 / p(r) ds acceleration scale and

Hubble constant

R

surface brightness mass-to-light ratio



velocity dispersion

e cumulative projected velocity dispersion

a relation between mass,

1 1 /R 2 / / ’2 / i
_ = — . o?(RNI(R)2rR'*dR acceleration scale and
0 0s(R)S(R) Jo ! Hubble constant
R
S(R) = / I(R27R'2dR’ cumulative surface brightness

0




acceleration scale a,

e g, Is the most important number in MOND

— In the past &, Is obtained from spirals, such as
rotation curves (e.g., Sanders & McGaugh
2002), baryonic Tully-Fisher relation
(McGaugh 2011, 2012)

— &y, ~ 1.2x1019 m/s?

— first attempt to find &, from ellipticals

— Image from gravitational lensing and velocity
dispersion of lens



e SLACS (Auger et al. 2009)

— galaxy-galaxy lensing, elliptical lens, lens
resolved, double images

— 35 candidates (1 with double sources)
— Hernquist model for the lens

— choose an interpolation function

— assume H, then solve for mass and g,
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acceleration scale from ellipticals

simple form oreliminary
108 '
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10" 1012
mass (Mo)

e average &, is around 4.46x10-1° m/s?
(preliminary)



golden opportunity?

Grillo et al. (2010)

e SDSS J1538+5817

— a lensing system with
double sources

— dispersion velocity

— three combinations to get mass and &,
— velocity + pair: & ~ 6.79x101° m/s?

— velocity + ring: & ~ 2.42x101° m/s?

— pair + ring: no positive solution for &,




MOND is in trouble???

— method Is sensitive to measurement error

— better understanding and treatment of error
may do the tricks

— stay tuned



remarks

e excess acceleration in galaxy scale can be
explained by dark matter or MOND

e pboth have their own free parameter or
free function

— MOND'’s free function iIs more constrained and
perhaps Is easier to falsify



e If It turns out that MOND is only an
empirical shortcut to explain observation,
the underlying theory should come up with
a natural explanation of a, (preferentially
close to cH,)






gravitational redshift

e gravitational redshift effect from clusters
of galaxies is embedded In their velocity
dispersion data (Cappi 1995)

e stacking kinematic data of a large number
of clusters (several thousands or more)
can pull out the gravitational redshift
effect (Wojtak et al. 2011)



relative redshift

e 3D relative gravitational redshift

_ GM [T_ , .,
=-(r) =o(r) — P(0) = szﬁ i g(r’)dr
e projected gravitational redshift
i B Ds > p(r)rdr A ) dr
0% ~ 2DLDrsEr(R)I(R) /R TRz J,

a relation between mass,
acceleration scale and
Hubble constant
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e existence of Neptune
— Neptune was proposed to .
explain some irregularity of the
orbit of Uranus (Le Verrier 1945,1946,
Adams 1945, 1946)
— Neptune was then discovered (Galle 1946)

— confirmation of dynamical mass by luminous
mass (seeing is believing?)
— successful story of missing mass

- J—



e extrasolar planets KA e
— wobbling of stars
(radial velocity or astrometry)
— microlensing
— transit timing variations
— believing even not seeing



tally (2012.05.12)

Jean Schneider

exoplanet.eu/catalog.php

method planets | planetary | multi-planet
systems | systems

wobbling (radial velocity 702 560 94

and astrometry)

transit 231 197 30

microlensing 15 14 1

Imaging 31 27

timing 17 12 4

total 765 613 101

note: transit confirmed by wobbling




e perihelion of mercury

— precession of perihelion

— Interaction with known planets
and shape of the sun can account
for most but not all

— unseen planet is proposed, but not found

— Einstein’s general relativity

— successful story for modified gravity




