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1. Einstein’s Gravity Theory and Dark Matter

«In 1916, Einstein published his new theory of gravity
called General Relativity. It generalized his Special Theory
of Relativity which did not include gravity.

Why would we want to modify Einstein’s outstanding
intellectual achievement?
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* Since the 1970s and early 1980s, 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 galaxies correctly, if only
their visible mass is accounted for in the gravitational field
equations.

_ Observed
_ Newtonian
gravity
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- Galaxy 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.

Observéd
P ee===""77777" DM halo

B

Radius (kpe)
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- To save Einstein’s and Newton’s theories, many physicists
and astronomers have postulated that there must exist a
large amount of “dark matter” in galaxies and also clusters of

galaxies that could strengthen the pull of gravity and lead to
an agreement of the theories with the data.

This invisible and undetected matter removes any need to
modify Newton’s and Einstein’s gravitational theories.
Invoking dark matter is a less radical, less scary alternative for
most physicists than inventing a new theory of gravity.
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Photo of Dark Matter

Matter and Energy in the
Universe: A Strange Recipe
Neutrinos: 0,196 - 8%

Baryoms: 4 1%
CMB: D01%

l——~—-._________-\

Cold Dark Matter:
29 = 4%

Dark Encergy: 67 = 6%
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- Exotic dark matter is invisible (no visible protons DAF\\-'\"'
and electrons) MATTERD

- ——

- Dark Matter is “cold” (CDM) meaning the dark -
matter particles are heavy, or it can be “warm”
meaning dark matter particles are light

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

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

- 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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- If dark matter is not detected and does not exist,
then Einstein’s and Newton’'s gravity theories must be
modified.

- Can this be done successfully?

* Yes! 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:

« General Relativity

» Large-scale homogeneity and isotropy

e 5% ordinary matter (baryons and electrons)

« 25% dark matter

* 70% dark energy

« Uniform CMB radiation, T ~ 2.73 degrees

« Scale-free adiabatic fluctuations AT/T ~ 10-°in CMBZ

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 % 1s smooth
and appears about 9 billion years
after the Big Bang (supernovae
_ o measurements). It is claimed that
Dark matter is collisionless ~ 25 % the Dark Energy accelerates the

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

+ Dark matter is inferred from the motions of visible matter in a
gravitational field. It is possible that dark matter doesn't exist and
that Einstein's General Relativity (GR) has to be modified

*In my MOG | add new fields to Einstein’s theory. These fields
make gravity stronger at the distance scales of galaxies, clusters of
galaxies and the large distance scales of the universe.

* The new fields are dynamically sourced by ordinary matter
(baryonic matter) such as protons and electrons —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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» The 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.

« The STVG theory has an extra degree of freedom, a vector field called a
“‘phion” field (¢,) whose curl is a skew field that couples to matter (“fifth
force”). The gravitational field is described by a symmetric Einstein metric

tensor.
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= The fully relativistic modified gravity (MOG) called Scalar-Tensor-VVector-

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.

- The STVG theory has an extra degree of freedom, a vector field called a
‘phion” field (@,) whose curl is a skew field that couples to matter (“fifth
force”). The gravitational field is described by a symmetric Einstein metric
tensor.

« The classical theory allows the gravitational coupling “constant” G to vary
as a scalar field with space and time. The effective mass (4) of the phion
field also varies with space and time as a scalar field.
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 The MOG must explain the following:
- MOG must fit the accurate solar system experiments;

« The 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;

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

« Gravitational 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;

* The merging Bullet Clusters 1E0-657-588 and Abell 520;
» The accelerating expansion of the universe (Dark Energy?).
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4. Modified Gravity (MOG)

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

S'=Sg+ Sz +Ss+ Sar.

I # 1., .. "

Se =——— | = (R +2A)J—gd*x,
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In addition to the metric g,.(x), we have a massive vector field ¢, (x), and
two scalar fields G(x) and u(x). B,, = &, 0, — &0, and I (), I's:(G) and I ()
denote self-interaction potentials. w is a dimensionless coupling constant.
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The spherically symmetric MOG solution is given by

d7r? = Bdt? — Adr® — r?(d0? + sin® 0do?).
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The spherically symmetric MOG solution is given by

dr? = Bdt®* — Adr® — r3(d6* + sin® 0do?).
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The constants of integration are
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The modified Newtonian acceleration is given by
(;.\' -\]
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The rotation velocity of a star in a galaxy is

(r. ’_‘,
v = V/“ + o — a(l + pur)e—#r] = ;

r

At » =~ and i = D/VAT we getthe Tully-Fisher law: ©* = M.

v = V[1 4+ a(l =2¢"1))DG N VM.
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Fitting Galaxy Rotation Curves and Clusters

- Galaxy 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 o and 4 are universally fixed for galaxies and dwarf galaxies. No dark
matter i1s needed to fit the data.

» Allarge 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).

« The 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.

« The modified acceleration law is consistent with the solar system data
(JWM & V. T. Toth, 2007, 2008). The strength of gravity in MOG decreases
as we go to small distance scales such as the solar system.
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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:2. 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
determinedfrom MOG, and the dash-dotted cyan lineis the rotation curve determinedfrom 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)

Pirsa: 12110074 Page 26/53



v (ems)
v (xmy)

o
b

f (hpch

" ()

11/14/2012 20

Pirsa: 12110074 Page 27/53



pullel

~lowe el al

Pirsa: 12110 Page 28/53




Gravitational Lensing
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TABLE I: Data for 21 strong lensing objects. Lensing monss
and stellar |Illl|il|n!-it.\' estimates nre from [l“}. The value of
the barvonic mass-to-light ratio under MOQG, Tyioa. is pre-
dicted, s desceribed in the text,

.\!r‘ I.\' an T\u 3

Lens (10" Af2) (10 L 2) (ki /s)

QU047 33.271350 12307337 [250(30) [17]]0.0713:33
QO142 45.8133-3 14.50+%-22 0.65+3:25
MG0414  |102.76F153%|3.541+39) T b
1BO7T12 16.19*2:3% 11,7428 0.7142:32
HSOS1S 30.8822%% 11.742348] 1.40%2:28
RXJOo11 | 73.04%11% 4.8 0.03+90 50
BRIOOL2 14.76 4535 11. 0.6133:%%
QOOLT 151.20%3 8¢ 288(0) N18]{1.06*0 32
LBQS1009| 64.73%3% |3.00%) 56 1.311035
131030 55.00%2-3) 14.61%3 32 0.7633:3%
HE1104 7280233 14.11%):3% 1.0042-22
PG1115 16802131 2 |281(25) [19)]0.81%0 35
131152 30.43%3:32 13.02%2%3 0.68+2-22
B1422 BT2r23% logate s 0§ Tapog
SI3S1520 41.98*31:32 |4.3713 33 0.63%2:3°%
131600 16.38+7 %2 |0 g2+0 32 1.04+0.00
13160 42.49% 32 52111.543:82 |247(35) (20)]0.24+2%2
MG2016 .-.-._».u.'.__*_!_',-;‘ 7225 75 |304(27) [21]]0.47%30 352
132015 173.07 3. 33 15.7015 50 1.743 535
HE2149 268272 15497735 0.34%0'13
Q2237 2.7625 2% 10.2613 14 |215(30) [22]]1.08%0 58
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ADELL 520 AND THE BDULLET CLUSTER

In the CDNI scenario, when two laree clusters collide,
much of the gas present i the galaxies slows down and
heats up. This was mmdeed observed using X-rayv tele-
scopyv, which detected X-ray radiation from large quan-
tities of hot (~ 107 K) gas at the locus of the collision.
Stars and CDNI halos of galaxies, on the other hand, pass
through each other 1inn o collisionless manner and continue
along the original trajectories of the colliding clusters,
their path modified only by gravitational interactions.

When background objects are viewed through collid-
g clusters. significant weak lensing should be observ-
able. T'he lensing 1s proportional to the gas mass at the
locus of the collision. Lensing proportional to the com-
bined stellar and CDN mass (a sum that is dominated
by the CDNI mass) will be seen at the locus of the visible
ealaxies.
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The case of the Bullet Cluster 1TE0657-558 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
quantities of DM were present in the core. 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

a My =M,+ M, = f,M; +.L.
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TABLE II: Lensing mass, gas fraction, stellar luminosity and
the MOG a 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).

AN, f,, L s oa(M)
Component (103 M fs) (10! L)
Main cluster 9.5(1.5) [0.09(1) 3.5 9.7+ 13| 17.7
Subcluster 6.6(1.9) |0.04(1) 2.1 223 E| 175
Main gas peak| 10.8(6) (0.19(3)| N/A 4.3¥32| 18.6

Applyving NOG 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].)
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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 A/

for components of Abell 520 [3].

My, Jo L x oa(Mp)

C'omponent (10" A1) (10'* L.

Pl 2.63(48) | < 0.06 1.54 > 13.8| 18.2
P2 3.83(42) | < 0.08 3.58 > O.7 15.3
P3 (dark core)| 4.00(38) |< 0.14 0.68 > 6.0| 18.4
P4 3.64(45) |[< 0.08 2.95 > 9.9| 18.3
P5 3.02(40) | < 0.05 2.12 > 15.5| 18.3
PG 3.33(40) | < 0.06 1.23 > 14.3| 18.3
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*The 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 — 4000 km/sec needed to explain the
14 kev temperature of the hot central plasma (J. Lee & E. Komatsu,
arXiv:1003.0939).

« MOG 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 ).
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Merging clusters: "Bullet Cluster” 1E 0657-558
J. R. Brownstein and JWM, Mon.Not.Roy Astron.S0c.382:29-47, 2007
JWM, Sohrab Rahvar and V. T. Toth, arXiv:1204.2985
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Merging clusters: Abell 520. Cosmic frain wreck”. It does not show
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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f =
Gravitational lensing contours mapping out matter distribution 1n Abell 520.
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GLOBULAR CLUSTERS AS ASTRONOMICAL TEST OF MOG

« Globular clusters near the edge of our MILKY WAY galaxy are an
excellent astronomical testing laboratory for MOG. (JWM and V. T. Toth,
The Astrophysical Journal, 680:1158-1161, 2008.)

NGCSI39
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GLOBULAR CLUSTERS AS ASTRONOMICAL TEST OF MOG

» Globular clusters near the edge of our MILKY WAY galaxy are an
excellent astronomical testing laboratory for MOG. (JWM and V. T. Toth,

The Astrophysical Journal, 680:1158-1161, 2008.)
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6. MOG Cosmology

Picture of the Universe ~ 380,000 years after the big bang at t=0.
The “splotches" are thermal fluctuations in the cosmic microwave

background radiation.
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- The MOG cosmological field equations have been
solved. The universe “begins” an infinite time before
t=0 and “bounces” at t=0 without an infinite matter
density singularity. After the bounce the universe
expands until the present time and beyond tot= - =

- Because the universe has an infinite pastt = - « there
is no “horizon problem” and no need for inflation to solve
this problem. In the commonly accepted inflation model,
the universe expands exponentially fast for fractions of
seconds after the big bang singularity, solving the
horizon problem with no violation of causality to explain
the uniformity of the CMB temperature. My variable
speed of light cosmology (VSL), JWM, 1992-93 also
solves the horizon problem without inflation.
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