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1. Introduction

Observations of the dynamics of galaxies as well as the dynamics

2F OGKS gK2fS ! yYAOGSNBRS NBGSIt GKIFG I Yl
must be missing or, in modern terminology, this missing mass is

made of dark matter. The universe is observed to undergo an accelerated expansior
(dark energy).

Observations of galaxies reveal that there is a discrepancy between
the observed dynamics and the mass inferred from luminous matter (Rubin et al. 19¢
Rubin & Ford 1970).

An alternative approach to the problem of missing mass is to replace

dark matter by anodified gravity theory The generally covariant Modified Gravity
(MOG) theory is a scak&nsorvector theory (STVG, JM, JCAP, 0603 004 (2006),
arXiv:0506021 [gqc]).

To-date no convincing detection of dark matter particles has been achieved in either
laboratory or satellite experiments.
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Experimental data that must be explained and fitted by MOG:

1. Planck and WMAP cosmic microwave background (CMB) data:
Structure growth (stars and galaxies)
Angular acoustical power spectrum
Matter power spectrum
Accelerated expansion of the universe.
2. Galaxy rotation curves and galaxy evolution and stability.
3. Galactic cluster dynamics.
4. Bullet Cluster 1IE065558 andAbellp v n Of dzAa 1 SNJ GG NI Ay &N
5. Gravitational lensing in cosmology.
6. Binary pulsar timing (PSR 1913+16).
7. Solar system experiments:
Weak equivalence experiments, light deflection by Sun, Shapiro time delay

(Cassini probe), planetary orbits.

»18-8trong gravity: Event Horizon Telescope and black holes. 5



2. MOG Field Equations0aP 0603 004 (2008)Xiv:grgc/0506021)

The MOG action given by (STVG JMJCAP 0603 004 (2006), arXiv:050602t¢Hr
S =5Sg+ 5S¢+ Ss+ Su

where

So =

lLR+2MvCEd%, (2)

16T

1 1 - )
S = —w f [EB””BW — SH Gudt + 1‘&@} V=g d'z,
(3)

— /‘% lg,u,u ?#G?I!G i T#HTUH>

p?
IG{G} 4. ,
+ =5 uz ]J_d (4)
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The action for pressureless dust can be written as
Sy = / (—,m futu, — wQ;;u“qf)H) V=g dx?. (- =1)

Here, p is the density of matter and Qs 1s the fifth force source
charge, which 1s related to the mass density, 05 = k p, where « 1s a

constant.
K=y — Q:iﬁfﬂcﬂf
4t A

We choose the positive root for the gravitational charge, Q > 0.

Varying the action with respect to the fields results in the MOG field
equations. The variation of the actiong SS and Sand $,,with respect
to the metric yields the energgnomentum tensor

-T,u,;rz — 'TM' LV T 'Tqb,u,u T 'TS LV T TE M
2 5Sy

\/jg 69,-:51; ’
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A test particle obeys the modified weak field Newtonian acceleration law:

(;. T.ﬂ[
= 4%2 [1 +a—al + ,u?‘)f:':'_”r}
.?1‘

GnyM :
d(r)=— “; 1 +a—ae ]

For an extended distribution of matter:

i ﬁ_au|r_f'| ~ ~
Vih(r) = 4nGnp(r) + a,LiQG’N/ T p(T) d°1
A photon follows a nuljeodesic path:
e
d;ik + TV kKPP =0 > = photon momentum
. .
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The ultrarelativistic massless photon coupled to matter is screened by the effective

gravitational constan;  due to the mayny(p) screening mechanism
- i ] ~ i Go — Gy _
G=C(p)E.  G=Cla(p)ini+a) a=" X V) (UG =.2/2)
TN

For a point mass M the potential experienced by a photon is

G x(p)) M  GyM ,
= SOOI _ OV 4 202 () exp(— )

For an extended distribution of matter we have

oD off

Do = Gy / Az’ p(xX) 1+ 2h2(x) exp(—fiy|x — x'|)]
|x — x|
The vector field®,  and the scalar fieldcreen the local gravitational field in the

vicinity of the Sun and earth, guaranteeing agreement of MOG with solar system
experiments.

The gravitational radiation emitted indirectly by binary pulsars (pulsar timing), is
also screened, so that only quadrupole radiation is detected in the wave zone.
(JWM, arXiv:1410.2464 [gc]. See also: JWM and VIdth, MNRAS, 397, 1885
(2009),arXiv 0805.4774 dstro-ph]).
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Big bang at t = O followed by eithflationary expansioperiod or byvariable
speed of ligh(VSL) with ¢ >,dcg, = measured speed of light today).

15 thousand million years

1thousand million years
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3. MOG Cosmology (JWM, arXiv:1409.0853 [g3tr&O]).

We base our cosmology on the homogeneous and isotriepeximann
LemaitreRobertsonWalker ELRW) backgroundetric:

.2
ds* = dt* — a*(t) (JT + r2(df? + sin? edc;a?))

We use the energy-momentun tensor of a perfect fluid:

Tpu — (P —I—p)ﬂ-“ Uy — PAuv P=pPM + pPs + PG T Pu
The MOG Friedmann equations are given by:

(a)z K 8rGp aG A

T2 3 .G 3

L

4G G 22 aé)Jrﬁ

é———( +3)+l Z n
a3 WTPTH\G T a2 TG

3
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In the following, we assume a spatially flat unmiverse K = 0.

G ~ 0, and we also assume that o~ 0.

8rGp A
H? = —,
3 T 3

a 4G A _ dl

—=——g(p+3p)+3 p+3 ;a(ﬁrw):ﬂ

1 .
dp(r.t) = - Sﬂﬁ/dakék(t) exp(i(ap/a)k - r)
2
a

dp(r,t) (2?1' 372 /d3k5pk exp(i(ag/a)k - r) kzq)k:—4ﬂg(a—ﬂ) Pl
O(r,t) (2?r)3f3 /dgk@k exp(i(ag/a)k - r),

where 6 = dp/p 1s the relative density perturbation contrast.
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In the present scenario there are five components to the energy density:
1. neutral pressureless phion particles (¢, field),

baryonic matter,

photons,

neutrimos.

v W

Dark energy

Thus, we have
P = Pm T Pr T Pd;

where
Pm = Pb T P T PG T Pus  Pr =Py T Pr
and where p,, pq4, po and p, denote the radiation, dark energy, photon

and neutrino densities, respectively.

We assume that when p; dominates in the early universe before decoupling o < 1.

G~ Gy ~ Gy
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At the time of bigbangnucleosynthesis (BBN), we ha¢g ~ Gy,
guaranteeing that the production of elements agrees with observation. At
horizon entry and before decoupling?s = b

After decoupling ps ~ p» until stellar and galaxy formation wpes << pp
and the MOG notmelativistic acceleration law sets in to explain the rotation
curves of galaxies and the dynamics of clusters without detectable dark matter.

The first Friedman equation becomes

1
S?TG.-' 1"'1 2,2
— —"'p‘b + —

12 } - po = Wi oy (- =1)

The Jeans equation for density perturbations is

. . 2,21.2 g
5y + 2HG, + =M _ 4;.TG‘,._.-5) 5=0 =2
a- dp

For the dark photor®,,  the speed of soi ¢, 0 a=0 and

ok + 2H oy — 471G N ok = 0
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Evolution of structure growth, density perturbations and barmivoton acoustic
oscillations in MOG for

horizon entry decoupling

b
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As the universe expands beyond the time of decoupling, the gravitational

attraction between baryons increases anG = G, = Gy (1 + a). Eventually, ¢
the large scale structures forrps < pr and the baryon dominated MOG takes

over. The galaxy rotation curves and the galactic cluster dynamics are determined
without dark matter. The best fit values fca arp  are:

a=8.80+0.34 1= 0.04 +0.004 kpc™!

Thephionmass parameter is a scalar field which evolves with time as the universe
expands. After horizon entm, > 10728V and thephion particle behaves like

cold dark matter (CDMWhen the earliest stars and galaxies form, gfigon mass
undergoes a significant decrease.the present universrom the best fit value
i=0.04kpc™" we get my = 2.6 x 10-28 eV, pHiba (hidden photon) mass
becomesultra-light and cannot contribute to the dynamics of galaxies and galactic
clusters.

We conclude that dark matter particles cannot be detedtethe present
universe either by laboratory experiments or in astrophysical observations
(Pamela, AMS, gamma ray bursts).
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The acoustical angular power spectrum at the CMB can be calculated in MOG.

A? = ABPT2(k)Py(k).  T(k) = Ty(k) + Ty(k).

For a constant noizero value olv , we have the present univers P¢ < pb
(Gnplacom = (Gn(1+a)p)vog. PACDM = Py +pcDM PMOG = Pb

Now, redshifting towards the CMBFPs  becomes smoothly bigger £»an and
h << 1:

(Gnp)acom = (Gnps)moa
It follows that the angular acoustical power spectrum calculation can be
duplicated in MOG using the Planck 2013 Héstalues:
Oh2 = 0.022199. Q.h2 = 0.11847, n, = 0.9624, Hy = 67.94kmsec—"' Mpc™"
m, = 0.6939, 3= 0.8271

The value of a today 1s o = 4.3367.
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Figure 1. The matter power spectmim. Three models are compared against five data sets
(see text): A-cold dark matter (A-CDM) (dashed blue line, 2, — 0.035, {1, = 0.245.02,
0.72, H = 71 km/s/Mpc). a baryon-only model (dotted green line, (1, = 0.035, H

71 kmy/'s/Mpc) and modified gravity (MOG) (solid red line, o = 19, g = 5 h Mpc™", (3,
0.035, H = 71 km/s/Mpc), Data ponts are colored light blue [Sloan Digital Sky Survey
(SDSS) 2006]. gold (SDSS 2004), pink [Two-degree-Field (2dF)]. light green [UK Schmidt
Telescope (UKST)) and dark blue (C£A).

f
10

19



The matter power spectrum determined by the distribution of matter obtained
from large scale galaxy surveys can also be predicted by N&{Eable window
function and an initial scale invariant power spectrugnaiRe chosen to determine
P(k). Baryon unit oscillations are greatly dampened by the window function.

1% 10°

5 x 10" -

P(k)

1x10% .

5 x 100

005 01 015 02 02503

k
With a sufficiently large survey of galaxies, the unit baryon oscillations will begin to
be observed and distinguish between MOG, without detectable dark matter, and
the standarcACDM  model without unit baryon oscillationss is a generic test

that can distinguish MOG from dark matter models.
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A prediction for the matter power spectrum that can distinguish MOG,
without dark matter, from the standardCDM model. Data frorBattye,
Charnocland Moss ( arXiv:1409.269, to appear in MNRAS).
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4. ROTATION CURVES OF GALAXABS & SRahvay
MNRAS 436, 1439 (201ayXiv 1306.6383dstro-ph]).

Recent applications of MOG to galaxy dynamics is based on continuous
distributions of baryon matter and realistic models of galaxy bulges
and disks.

We choose a subsample of nearby galaxies from the THINGS cat-
alogue with high-resolution measurements of velocity and density
of hydrogen profile (de Blok et al. 2008). For this set of galaxies. we
adopt in the weak field approximation p and « as well as the stellar
mass-to-light ratio M /L when fitting the rotation curves of galaxies
to the data. We then find the best values of @ and ;. and fix these two
parameters. Then, we fit the observed rotation curves of the larger
Ursa Major sample of galaxies, letting the stellar mass-to-light ratio
M/L be the only free parameter.
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We adopt the besfitting values of¢  an let and let the steltarmass ratio M/L
be the only free param}eteand obtain fits to thedJrsaMajor catalogue of galaxies.
The average value ¢y~ for all the galaxi 2 = 1.07.

V(kms} NGC3726 V(km/s) NGC3877
LA R I R L L L N LB ) NN L B ) I - e e B B
r | + ] r | | |
160 [ ? o4 . - 160 |
C | o ] r
140 - af - 140 |
L © J L
120 [~ - 120 |
100 - TL 3 100
g0 [ ] 80 |
60 - . 60 |
a0 [ 3 a0 [ /1
20 [ _: 20
ol ; 1|o 1|5. 2|o 2|5 .3|u.' o ] 7 3 8 5 5 7 5 9 10
Rikoo) R(kpc)

The universal values of the parametefs= 8.89+ 0.34 and> = 0.042+ 0.004 kpc-.
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Rotation Curve of the Milky Way out to ~ 200 kpc

Pijushpani Bhattacharjee!??, Soumini Chaudhury®*, and Susmita Kundu?®

arxXiv:1310.265%\p. J. 785, 63 (2014).

400 T T T T T T T T T T T T T T [ T T T T [ T T T T T T T T T 1 T T T T T T T T T T T T1
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The solid red line is the Newtonian fit with a mear =5 « 1011 M. The blue

medium dashed and green short dashed lines correspond to MOG using the values
M =4x10"Mg, a = 1501, g = 0.0313 kpc™', and M = 5 x 10" M,

a = 8.89, u = 0.04 kpc—!, respectively. The purple daslotted line is MOND with
M =5 x10""Mg, ap = 1.21 x 10~® cm/s* The black longdashed line is the dark

matter halo prediction. 24



We can obtain the flat rotation curves from the best fit and compare

them to the observed luminosity of galaxies (Tully-Fisher relation):

The best fit is obtained for M = —8.27 x log(V¢ar) —1.99

M,
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5. Globular Clusters (JWM and VIdth, ApJ 680, 1158 (2008)).

Fitting velocity dispersions obtained from the Jeans equation to globular clstar
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6. CLUSTER DYNAM{OWM & SRahvarMNRAS, 441, 3724
(2014), arXiv:1309.507@gtro-ph]).

We have used the observations of the nearby cluster of galaxies obtained by
the Chandra telescope to examine MOG.

Usingthe Virialtheorem ora relaxed spherically symmetric cluster, we can
relate thetemperature and gaprofile to the internalaccelerationof the
cluster

L@ﬂﬂ(dm@W%+“ﬁnﬂ):q&)

Lp Ty T dlnr dlnr

The lefthand side of this equation is given by data, which has to be consistent
with the dynamical mass obtained from the above equation:

ﬂﬂwdr%:—358x1ﬁmTT“)(dhwbﬁ)+aﬂnTﬁﬂ>

1+« dlnr dlnr
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We write the overall mass in Newtonian gravity in terms of the MOG
dynamical mass:

My
dyn 1+«
Here, ¢ is already fixed by the fits to the galaxy rotation cuq2s = 8.89.

The majority of the baryonic cluster mass is gas. For MOG to be consistent with
the data,the MOG dynamical mass has to be identically equal to the Newtonian
baryonic mass.

We find for the best fi 1'2 value
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