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1. Einstei néos Gravity Theor )

Aln 1916, Einstein published his new theory of gravity
called General Relativity. It generalized his Special Theory
of Relativity which did not include gravity.
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Intellectual achievement?
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ASince thel970s and earl§980s, a growing amount of
observational data has been accumulating that shows that
Newtonian and Einstein gravity cannot describe the motion
of the outermost stars and gas in galaxtesrectly,if only

their visible mass is accounted for in the gravitational field
equations.
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AGalaxy data that show that Newtonian and
Einstein gravity do not fit the observed speed of
stars in orbits inside a galaxy such as NGC 6503.
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A2 Al BS 9AYAUSAYQa YR bSgi
and astronomers have postulated that there must exist a

f F NHS FY2dzyd 2F aRINJ Yl adaST
galaxies that could strengthen the pull of gravity and lead to
an agreement of the theories with the data.

Thisinvisible and undetected mattéemovesany need to
YZRAFE bSgi2yQa YR 9AYaUSA)
Invoking dark matter is a less radical, less scary alternative fol
most physicists than inventing a new theory of gravity.
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Photo of Dark Matter
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Matter and Energy in the
Universe: A Strange Recipe
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A Exotic dark matter is invisible (no visible protons |
and electrons)

ADar k Matter 1 s nAcol do
matter particlesareheavy, or 1t cam
meaning dark matter particles are light

A Dark Matter does not interact with visible matter
through electricity (photons)

A Preferred model of dark matter is WIMPS (weakly
Interacting massive particles), although warm dark
matter has recently become more popular

A Dark matter particles have never been detected in
spite of years searching for them in underground
experiments and in astronomical experiments
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Alf dark matter is not detected and does not exist,
t hhen EIl nstel nds ahedaleskhastiieo n 0
modified.

ACan this be done successfully?

AYes! My modified gravity (MOG) can explain the
astrophysical, astronomical and cosmological data
without dark matter.
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2. Cosmology

Ingredients of the standard cosmology:

AGeneral Relativity

ALarge-scale homogeneity and isotropy

A5% ordinary matter (baryons and electrons)

A25% dark matter

A70% dark energy

AUniform CMB radiation, T ~ 2.73 degrees
AScale-free adiabatic fluctuations i /T ~ 10-5in CMB[

CMB is the cosmic microwave background radiation discovered serendipitously
by Arno Penzias and Robert Wilson in 1964 (Nobel Prize 1978). It is the afterglow
of the big bang.
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Evolution of the universe in standard cosmology model.
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The dark matter and dark energy are the most puzzling parts of the
standard cosmology.

Dark Energy ~ 70 % is smooth
and appears about 9 billion years
after the Big Bang (supernovae
_ . measurements). It is claimed that
25 % Dark matter is collisionless the Dark Energy accelerates the

expansion of the universe.
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3. Dark Matter and Modified Gravity (MOG)

ADark matter is inferred from the motions of visible matter in a
gravitational field. It is possible that dark matter d o e semi<i and
that Einsteindos Gener al Rel ati vity

Aln my MOG | add new fields to Eins
make gravity stronger at the distance scales of galaxies, clusters of
galaxies and the large distance scales of the universe.

AThe new fields are dynamically sourced by ordinary matter
(baryonic matter) such as protons and electrons i in the absence
of visible matter the gravitational field and the new fields vanish.
For dark matter theories the gravitational field does not vanish in
the presence of dark matter and in the absence visible matter. This
Is a significant difference between dark matter theories and MOG.
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AThe fully relativistic modified gravity (MOG) called Scalar-Tensor-Vector-
Gravity (STVG) (JWM, JCAP 2006, 004 (2006), arXiv:gr-qc/0506021),
leads to a gravity theory that can describe solar system, astrophysical and
cosmological data.

AThe STVG theory has an extra degree of freedom, a vector field called a

fphiono  f (U gwhdsec ur | Il s a skew field that ¢
forceo). The gravitational field iIs d
tensor.

ATheclassicalt heory all ows the gr aviGtoaary on al

as a scalar field with space and time. The effective mass (1) of the phion
field also varies with space and time as a scalar field.



AThe MOG must explain the following:
AMOG must fit the accurate solar system experiments;

AThe CMB data including the power spectrum data. Essentially, the
power spectrum is a measure of the fluctuation of temperature or
density against the angular size;

AThe formation of proto-galaxies in the early universe and the
growth of galaxies;

AGravitational lensing data for galaxies and clusters of galaxies.
The lensing is the bending of light by massive bodies such as a star
or a galaxy;

AThe merging Bullet Clusters 1E0-657-588 and Abell 520;

AThe accelerating expansion of the universe (Dark Energy?).



4. Modified Gravity (MOG)

AThe Scalar-Tensor-Vector-Gravity (STVG) action takes the form
(JWM, JCAP 2006, 004 (2006), arXiv:gr-qc/0506021) :

S=&%+ S+ S+ S
SG_-lif'E(R+2L)Fdx
S, = n/l/848 -—n%f,,f +V, (F |r/ gd*x,
1é1 m,,aD GDG . P®,m V() V (njz
=TMg G 7 8 G - gd'x

Aln addition to the metric g, (X), we have a massive vector field G_(x), and
two scalar fields G(x) and €(x). B, = Qi Q. and V,({), Vg(G) and V,(g)
denote self-interaction potentials. ¥ is a dimensionless coupling constant.
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The spherically symmetric MOG solution is given by

dr* = Bdt* — Adr® — r*(d6* + sin® 8d¢?).
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The constants of integration are

B
| G

K= v‘ —,
D ~ 6250 _-“lf,%}*’xzkpc_l.
E =~ 25000 MY/?,

l(_?rfm =~ 20(}3{,

The modified Newtonian acceleration is given by

GnM

r=— [1 +a—all+ ,f,.r-r}fz_*‘”'] 5

1

Go — Gn ((;m 1) M
fy = ——— — - — .
G G N (VM + E)?

The rotation velocity of a star in a galaxy is

: GnM
v = V'! 1+ a—a(l 4 pr)e=wr] ‘: :

At r ="' and p= D/VM we get the Tully-Fisher law: v* % M.

v = y‘f[l + a(l = 2¢~ 1) DG N VM.
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Fitting Galaxy Rotation Curves and Clusters

AGalaxy rotation curves (101 galaxies) are fitted to photometric data (J. R.
Brownstein and JWM, Astrophys. J. 636, 721 (2006), arXiv.astro-ph/0506370).
Only one parameter, the mass-to-light ratio M/L, is used for the fitting once two
parameters Uand aare universally fixed for galaxies and dwarf galaxies. No
dark matter is needed to fit the data.

AA large sample of X-ray mass profile cluster data (106 clusters) has also
been well fitted (J. R. Brownstein and JWM, 2005; JWM and V. T. Toth,
2007,2008; J. R. Brownstein, 2008).

AThe strength of gravity increases as we go from the center of a galaxy to its
edge. The rotational velocity curves become the Kepler-Newtonian curves at
large distances from the galaxies . The strength of gravity diminishes in MOG
as we go to large distances from massive bodies such as galaxies.

AThe modified acceleration law is consistent with the solar system data (JWM
& V. T. Toth, Int. J. Mod. Phys. D21, 1250084 (2012), arXiv:1001.1564). The
strength of gravity in MOG decreases as we go to small distance scales such
as the solar system.
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NGC 2403 NGC 4157
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Photometric fits to galaxy rotation curves. There are 4 benchmark galaxies presented here; each is a best fit
via the single parameter (M/L),,s based on the photometric data of the gaseous (HI plus He) and luminous
stellar disks. The radial coordinate (horizontal axis) is given in kpc and the rotational velocity (vertical axis) in
km/s. The red points with error bars are the observations, the solid black line is the rotation curve
determined from MOG, and the dash-dotted cyan line is the rotation curve determined from MOND. The
other curves are the Newtonian rotation curves of the various separate components: the long-dashed green
line is the rotation curve of the gaseous disk (HI plus He) and the dotted magenta curve is that of the
luminous stellar disk.

MOND is an alternative non-relativistic modified Newtonian dynamics (M. Milgrom,
1983).
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NGC 598 using r0 = 13.96 kpc
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5. Gravitational Lensing: Einstein Rings, the Bullet Cluster and Abell 520

The deflection angle of light passing a massive body is given in MOG (JWM
2006, JWM and V. T. Toth, MNRAS 397, 1885 (2009), arXiv:0805.4774
[astro-ph]) by

AGM 41+ a)GyM

LY o
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The effective lensing mass is M = (1 + «)A. U=EUM) is a function of
the baryon mass M=M, we have

G — Gn ]
My = (1+ e —Gn M _)_.-u,
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E ~ 25000 M/*.
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GRAVITATIONAL

Gravitational Lensing

-
CLUSTER OF
@ GALAXIES

LENSING:
3 SN Light =
A Distant Source ,,j,} by
Light leaves a young, : ¢ gravity
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star-ferming blue galaxy near
the edge of the visible universe.

A Lens
Of ‘Dark Matter’
Some of the light
passes through a large
cluster of galaxies and sur-
rounding dark matter, directly in the
line of sight between Earth and the
distant galaxy. The dark matter's gravity
acts like a lens, bending the incoming light.

Focal Point:
Earth

Most of this light is
scattered, but some is
focused and directed toward
Earth. Observers see multiple,
distorted images of the background
galaxy,

Tony Tyscn, Greg Kochanski and
Ian Dell"Anionii

Erank 0'Connell and Jim MeManus!

The New York Times
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TABLE I: Data for 21 strong lensing objects. Lensing mass
and stellar luminosity estimates are from [16]. The value of
the baryonic mass-to-light ratio under MOG, Tyoc. is pre-
dicted, as described in the text.

My Ly | Tuoc
Lens (10" Mz) [(10"Le)|  (km/s)
Q0047 33271305 2301057 [250(30) [17]]0.9710 3,
Q0142 45817238 |4.5012:22 — 0.651555
MG0414  |102.7611555 | 3.5412:01 — 174792
B0712 16.13725° 11677070 — 0.711532
HS0818 36.8812% |1.7at0 Y] — 1407033
RXJ0911 | 73.04711% |4.85%2:27 — 0.93105]
BRI0052 | 14.767%50 |1.707557 — 0.6170-2%
QU957 151.20F367 18.29%2311988(9) [18]|1.06%73%
LBQS1009| 64.73+5197(3.001158 — 1.317053
B1030 55.0012 10 14611224 — 0.761552
HE1104 | 72.807555 [4.11F152 — 1.09+0-38
PG1115 | 16.80713% [1.527025 [281(25) [19]]0.8115 3
B1152 30.43+123 13021022 — 0.681532
B1422 5721035 10.4670 17 — L1103
SBS1520 | 41.98F145 4371268 — 0.63153%
B1600 16.387082 |0.627522 — 1.94%050
B1608 42,4935 00111.575 27 1247(35) [20]|0.241507
MG2016 | 52.0575%2% 7127558 1304(27) [21]]0.4715:53
B2045 173.07+H21921 5. 761201 — 1.74704%
HE2149 | 26.827507 |5.4213 12 — 0.347010
Q2237 2761025 0.2675 11 [215(30) [22]]1.085:58

Strong lensing MOG fits to 21 galaxies
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The Bullet Cluster and ABELL 520

When background objects are viewed through colliding clusters,
significant weak lensing should be observable. The lensing is
proportional to the gas mass at the locus of the collision. Lensing will be
seen at the locus of the visible galaxies.

When two large clusters collide, much of the gas present in the galaxies
slows down and heats up. This was observed using X-ray telescopy
(hot gas ~ 107 K) . Stars and CDM halos of galaxies pass through each
other in a collisionless manner and continue along the original
trajectories of the colliding clusters, their path only influenced by
gravitational interactions.



The case of the Bullet Cluster 1E0657-558 has been viewed as a
vindication of DM. In contrast, the colliding clusters Abell 520 show
weak lensing that in the DM scenario can only be explained if significant
guantities of DM were present in the core (M. J. Jee et al., Ap. J.. 747,
96 (2012), arXiv:1202.6368). This contradicts the assumption that DM is
collisionless, interacting only with gravity. DM attached to galaxies
would have continued without collision and be detected through lensing
where galaxies are visible. No visible galaxies are situated at the core
of A520.

However, another group finds that the mass distribution of A520, after
subtraction of the X-ray plasma mass, is in good agreement with the
luminosity distribution of the cluster galaxies. They claim that A520 shows
no evidence to contradict the collisionless dark matter scenario. D. Clowe et
al., arXiv:1209.2143.

The amount of gas and non-exotic baryon mass in parts of the
cluster are

p_ My M, = M, + M, = f,M; + T, L.
o=,
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TABLE II: Lensing mass, gas fraction, stellar luminosity and
the MOG o parameter (estimated assuming a stellar mass-
to-light ratio of T, = 1) and the same parameter computed
from M for components of the Bullet Cluster. Using data
from Refs. [2] and [25] (for the main gas peak).

My, 1 L, a |a(Mp)
Component (10'? M) (10 L @)
Main cluster | 9.5(1.5) [0.09(1)| 3.5 0.7 1 177
Subcluster 6.6(1.9) |0.04(1)| 2.1 [222F78] 175
Main gas peak| 10.8(6) [0.19(3)| N/A | 4.3%:%8| 18.6

Applyving MOG to Abell 520

Weak lensing for Abell 520 was explored using the Hubble space
telescope wide field planetary camera. The authors conclude that this
cluster has a dark core that coincides with the peak X-ray luminosity (A.
Mahdavi et al. 2007; M. J. Jee et al. Ap. J. 747, 96 (2012),
arXiv:1202.6368[astro-ph].)



TABLE III: Lensing mass, gas fraction, stellar luminosity and
the MOG a parameter (estimated assuming a stellar mass-to-
light ratio of 1) and the same parameter computed from My

for components of Abell 520 [3].

My, fa Lg a |a(Mp)

Component (10" M) (10" L)

P1 2.63(48) |< 0.06 1.54 |>13.8| 18.2
P2 3.83(42) |< 0.08] 3.58 9.7| 18.3
P3 (dark core)| 4.00(38) |< 0.14] 0.68 |> 6.0 184
P4 3.64(45) |< 0.08| 295 |> 99| 18.3
P5 3.02(40) |< 0.05| 2.12 |=15.5| 18.3
P6 3.33(40) |< 0.06| 1.23 |=14.3| 183
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Arhe infall velocity of the bullet cluster from infinity calculated from
Newtonian gravity with dark matter is ~ 980 km/sec. This falls short of
the required infall velocity ~ 3000 i 4000 km/sec needed to explain the
14 kev temperature of the hot central plasma (J. Lee & E. Komatsu,
arXiv:1003.0939).

AMOG can solve this problem by predicting an infall velocity 3,300
km/s when the two clusters are 4.6 Mpc apart, assuming that they were
at relative rest at infinity (JWM & V. T. Toth, arXiv:1005.2685 ).



http://arxiv.org/abs/1003.0939
http://arxiv.org/abs/1005.2685

Merging clusters: i8Il |l et Clustero 1
J. R. Brownstein and JWM, Mon.Not.Roy.Astron.Soc.382:29-47, 2007
JWM, Sohrab Rahvar and V. T. Toth, arXiv:1204.2985
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Merging clusters: Abell 5 2 0 . ACosmic train wreck?o.
separation of dark matter! Constellation of Orion about 2.4 billion light
years away. Large putative clump of dark matter should not be there.
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Gravitational lensing contours mapping out matter distribution in Abell 520.



