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“We habitually act upon hypotheses, but not
precisely as we act upon what we consider
certainties; for when we act upon an hypothesis
we keep our eyes open for fresh evidence”
-Bertrand Russel-



“The difficulty lies not

in the new ideas, but

in escaping from the
old ones”

-John Maynard Keynes-



Spiral Rotation Curves

Surface density mass distribution follows 3(r) = Mpe %,

with R = r/rs.

Integral Mass distribution hence given by: Mp(< R) = Mp [1 —e " (R + 1)]

Mass converges rapidly |, over 90% within R = 4 yet, rotation curves remain flat

always at V' (R) = Vint, out to last measured point, sometimes R > 25.

No Kepplerian fall off has

ever been measured!

end up with M7, ~ 20Mp

Vint and 75 range from 10-300 km/s and 0.2-5 kpc.



Galaxy cluster dynamics

Radial Velocity of each individual galaxy measured, giving a velocity dispersion for

the cluster, o

Total size (or half-light radius, Rp;), hence yields total cluster mass M¢ from virial
equilibrium, 27 + W = 0:

2
GME
0.5Rp,;

Moo? =

End up again with | M1t ~ 20My ;s




Structure Formation

Linearised expansion law, fluctuations grow as dp oc (1 + 2)~*

Since v field energy density scales with p, o (1 + 2)* and p, scales with T;L,

Temperature scales with (142z)

Therefore, present temperature of 2.7K and 13.6 ev H ionisation potential = CMB
emitted at z=1000.

Since 6T (and hence Jp) only of 1 part in 10*~°, we should still be in the linear regime!

Need to boost gravity effect again, e.g. | M1or ~ 20My ;5




Entonces de que esta hecho el Universo?

K|/ EDOYE




Indirect evidence for Dark Matter?

Rotation Curves of Large Spirals
(1-10 kpc)

Dynamics and Lensing of Galaxy Clusters
(1-5 Mpc)

Cosmological Matter Determinations
(> 50 Mpc)

...or direct evidence for the failure of standard Gravity at large scales?

-Direct proof of the law of Gravity exists only for | R < 0.001pc

-Direct proof of the existence of Dark Matter is | still missing




Detailed Dynamics of Disk Galaxies

“Dark matter fraction” does not show any clear correlation with integral or differential
Galactic properties.
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Detailed Dynamics of Disk Galaxies

“Dark matter fraction” does not show any clear correlation with integral or differential
Galactic properties.

However, mass discrepancy tightly correlates with acceleration,
at all radii, for all galactic types.
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Distribution of baryonic mass uniquely determines total rotation!

Famaey & McGaugh (2012), Living Rev. Relativity, 15, 10



What would Newton have done?

Since | F' = ma |, and for centrifugal equilibrium orbits | a = V?*/r

~

GM)1/2

T

Given the Solar System rotation curve |V = (

Gravitational force per unit mass is inferred to be:

Take now the empirical rotation curves of galaxies, | V = (GM ao)l/ 4,

(GMag)'/?

Gravitational force per unit mass is inferred to be: -

We can therefore write the dimensionless force per unit mass F'/ao as:

1/2
Fn _ (GM\ 1 Fv _ ( GM / 1
ag ao r2 ag ag r

1/2
choosing = = (GM) L gives:

Fy _ .2 v — o Perhaps | &~ = ...+ 2° +x + ... | ?




Self-consistency across astrophysical scales
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Generic modified gravity predictions

1) All a > ag | systems in the low velocity regime should appear as purely Newtonian,

without requiring any dark matter.

-Indeed, no counterexamples to this prediction exist.

2) Alll a < ag | systems in the low velocity regime should appear as purely “MONDian”,

requiring substantial dark matter if interpreted under Newtonian Gravity.

-All known “dark matter” presenting systems neatly fall into this category.

-A definitive prediction appears for the outskirts of globular clusters and | wide binaries

3) In the | a < ag | regime, equilibrium velocities become flat, with systems exhibiting a

“Tully-Fisher” relation for| V2, o< (M Gag)'/?

X. Hernandez (2012), Entropy, 14, 484



Wide binaries as a critical experiment for gravity

A test particle orbiting a 1M star in a circular orbit of radius s,

will have an acceleration that falls below ag = 1.2 x 1071%m/s for:

s > 7000AU = 3.4 x 10 2pc |.

Therefore, relative velocities of binaries wider than 7000AU are

predicted to be | qualitatively and quantitatively | very different

under Newtonian Gravity and generically under modified gravity theories.

Which scaling will wide binaries show?

GM

S

1/2
AVy =2 ( ) or AVie = 2(GagM)/* 7

A large survey of relative proper motions and separations for wide binaries should yield a

conclusive answer.

X. Hernandez, M. A. Jimenez & C. Allen (2012) EPJC, 72, 1884



Newtonian prediction for wide binary samples .....

Predicted projected RMS 1D AV vs. s relation.
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Figure 7. EMS line-of-sight relative velocity of the binaries as a function of projected separation, at the end of the simulations. The horizont
projected separation normal to a |'u|'|dtnul;.' chosen line of sight, while the vertical axis 18 the rms line-of-sight relative velocity in each separ
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Keplerian motion we expect {))) 12 o rp . shown by the straight line. The relation between the line-of-sight relative velocity and the projecte
deviates from the Keplerian relation for r, =2 r).

- Below s = rj; = 1.7pc, curve closely | follows Kepler’s law |.

- Mostly, disruption occurs for s > rj, the tidal radius of the problem.

= a | definitive feature expected |at s =rj; = 1.7pc

- Unbound stars continue to drift along very | similar orbits | and | will show up | in

observational samples.

Y. Jiang & S. Tremaine (2010), MNRAS 401, 977



Wide binary catalogucs -2) Hipparco - RN

From a catalogue of ~ 280 carefully selected wide binaries we obtain relative velocities on the

plane of the sky and projected separations, average S/N=2.0.
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, showing the “flat rotation curve” of

- The upper envelope clearly defines a | horizontal line

modified gravity, and | not the Kepplerian decline | of Newtonian gravity.

- It can be shown that results are not driven by errors or catalogue selection cuts.

-The data show | no feature | of any kind on crossing the Newtonian tidal radius at 1.7pc.

E. J. Shava & R. P. Olling (2011). ApJS. 192. 2



Quantitative comparison with full Newtonian prediction:
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- The trends shown by the data are clearly defining the | modified gravity phenomenology

~

Newtonian Gravity is only consistent with the data with a probability < 3 x 107°.

- The two completely independent catalogues yield | fully consistent results |.

- The data rule out the Newtonian model at a | 40 | level.

X. Hernandez. M. A. Jimenez & C. Allen (2012) EPJC. 72. 1884
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de las estrellas
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El desplazamiento de las estrellas binarias separadas por mas de 1000 UA no coincide con el predicho por la Ley Universal
de Gravitacién de Newton. La discrepancia se observa a partir del punto en que la aceleracién sufrida por las estrellas
es menor a la aceleracién de Milgrom (ag). La velocidad orbital de las binarias extendidas se vuelve constante a partir
de ag- La fuerza deja de ser inversamente proporcional a r° y comienza a ser inversamente proporcional a r, confirmando
la prediccidon de la teoria de Gravitacién Extendida.




Surprising New GC Results:

Total masses ~ 10° — 109M
Half mass radii ~ 20pc

Up to now, with stellar velocity dispersion profiles measured towards the

core regions |, well modelled as | purely Newtonian | equilibrium strictures,
without any Dark Matter.




The outskirts of GCs
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The outskirts of GCs

Using the modified force model, we solve equation:

o\r a2
o (1) 22 4 ()2 k%) ddr]\j - 21 = F(GM(r)/aor)

. 10
with F(X) = X (%)

Constrained to give measured total mass, half mass radius, central stellar volume density and

observed projected velocity dispersion and brightness profiles. Model for NGC 6341.
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All | observational parameters are fitted simultaneously. Vertical line gives point at which
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GC conclusions
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Flattening of the velocity dispersion profile closely coincides with

X. Hernandez & M. A. Jimenez (2012), ApJ, 750, 9
X. Hernandez, M. A. Jmenez & C. Allen (2013), MNRAS, 428, 3196
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GC conclusions
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Flattening of the velocity dispersion profile closely coincides with | a = ag | threshold

Using total masses from detailed stellar population modelling tuned to each individual GC,
Even at perigalacticon, all the GC in the sample are smaller than their Newtonian tidal radii.

X. Hernandez & M. A. Jimenez (2012), ApJ, 750, 9
X. Hernandez, M. A. Jmenez & C. Allen (2013), MNRAS, 428, 3196



GC conclusions
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Flattening of the velocity dispersion profile closely coincides with | a = ag | threshold

Using total masses from detailed stellar population modelling tuned to each individual GC,
Even at perigalacticon, all the GC in the sample are smaller than their Newtonian tidal radii.

Fractional fall in o correlates with fraction of the GC within | a < ag |

o vs. Mass | relation compatible with expected “Tully-Fisher” ag relation.

X. Hernandez & M. A. Jimenez (2012), ApJ, 750, 9
X. Hernandez, M. A. Jmenez & C. Allen (2013), MNRAS, 428, 3196



Lentes Gravitacionales como Experimento Critico

[CETEVERCE o] [ 1] S 5 Trayectoria efectiva de la luz segun
muy lejana B

la teoria de gravitacion extendida

Galaxia eliptica

Anillo de
Einstein

Trayectoria predicha por la
teoria de relatividad general
de Einstein sin materia oscura

La gravitacion extendida no supone materia oscura para explicar el grado de deflexion
de la luz. En cambio, considera la fenomenologia de los sistemas rarificados como las
galaxias: la constante fundamental de Milgrom y la escala masa/longitud?.

-Mientras que las érbitas de particulas con masa (e.g. estrellas) dependen solo de las
distorsiones en el paso del tiempo como funcién de la posicion, las trayectorias de rayos de luz
dependen tambien de las distorsiones en la medida del espacio como funcién de la posicién.
-Presentamos la unica teoria a la fecha de gravedad modificada que explica tanto los
movimientos estelares como la defleccién de la luz, sin requerir nada de materia obscura.

S. Mendoza, T. Bernal, X. Hernandez, J.C. Hidalgo & L. A. Torres (2013) MNRAS 433, 1802

http://www.comunicacion.amc.edu.mx/comunicados/plantean-inexistencia-de-materia-y-energia-oscuras/



What about the bullet cluster?

Originally touted as a proof of the existence of dark matter

What does it really show?

X-ray/Optical Composite of 1E 0657-56

...merely that the gas has been subject to classical hydrodynamical effects, showing the

encounter to have been | strongly supersonic |, and that the gravitational signal is centred not

on the diffuse gas, but on the 'point like” | baryonic galaxies |...




What about the bullet cluster?

Originally touted as proof of the existence of dark matter

What does it really show?

¥-ray/Optical Composite of 1E 0857-56

...as would be expected in any normal or modified gravity model.

To first order, the observation is

compatible

under both points of view, ...only to first order!



What about the bullet

cluster?

Detailed hydrodynamical modelling has shown the encounter velocity to have been

> 3500km /s, significantly larger that the

YT O Mastropiefro and A. Burkert
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This essentially | rules out

escape velocity

of the cluster!
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Figure 16. Run 10:1vble2 (top panel) and 10 Ivbe2niw (bottom panel).

Same as in Fig. 14,

Classical gravity at this scale!

Mastropietro & Burkert (2008), MNRAS, 389, 976



What about the bullet cluster?
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Figure 6. Testing Equation (1). The dashed line shows the distribution of log V.
in 2 =< r/Ryxo =< 2.4 measured from the simulaton, while the solid line
shows the distribution of log V. at r;,, = 2.2 R calculated from the measured
distribution in 2.5 = rog /f200 = 3 (dotted line) and Equation ( 1).

also has to be excluded because it cannot reproduce the observed
X-ray brightness ratio of the main and subcluster or the X-ray
morphology of the main cluster.

In this paper. we have shown that such a high velocity at
5 Mpc. which is about two times Ragp of the main cluster. is
incompatible with the prediction of a ACDM model. Using
the results at z = 0 and My = 0.7 x 107 ! Mo, ACDM
is excluded by more than 99.91% confidence level (none
of the 1135 subclusters have V. = 2000 km s~ ! in 2 =
r/ Rapn < 3). For a lower minimum main cluster mass, M., =
0.5 x 10Y h—! M., ACDM is excluded by more than 99.95%
confidence level (none of the 2189 subclusters have V. =
2000 km s~ 'in 2 < r/ Rapo < 3).

Encounter velocity necessary to obtain hydrodynamical signature is | incompatible | with

classical gravity.

Lee & Komatsu (2010), ApJ, 718, 60




A recent | independent confirmation

Detailed cosmological modelling has shown the encounter velocity to be outright
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Figure 13. Average mass of halo pairs versus their pairwise velocity for
the L2Z016N1008 run at z = 0.0, 0.296 and 0.489. In the bottom panel
(z = (0.489), the horizontal dashed line represents an average pair mass of
8.25 % 10"* Mg, for 1IE0657—56, and the vertical dashed line represents
a pairwise velocity of 3000kms— ! suggested by Mastropietro & Burkert
(2008).

incompatible | with standard ACDM structure formation scenarios.
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Figure 15. Pairwise velocity PDF for halo pairs with masses abowve

1014 M, in our L2016N1008 run. The blue circles represent v> binned
PDF data, the blue curve is the linearly imterpolated values, and the
red curve is the best-fitting skew normal distribution (Azzalini &
Capitanio 2010). Integrating the fit from vz = 3000kms™ ' o infinity
gives P(=3000kms ') = 2.8 x 107" This very low probability suggests
that it is very difficult to produce a halo pair with high mass and high vy> as
the observed 1E 0657 —56.

This essentially | rules out | Classical gravity at this scale!

Thompson & Nagamine (2012), MNRAS 419, 3560



Understanding the impossibility of the bullet cluster under | standard gravity

The sound speed for a gas in equilibrium with a dark halo having DM velocity dispersion o

1sS: ¢ = O.

The rotation velocity of this halo will be Vi = 21/2¢.
The escape velocity will therefore be Ve = 21/2v, = 2¢.

Releasing the “bullet” from infinity will therefore yield a maximum Mach number for the

collision of Ve /c = | Mpaz = 2

From looking at the picture it is evident the collision resulted in a strong shock with

M,ps =~ 3 or above |.

Within a cosmological scenario, one has to start by overcoming the (accelerated!) expansion,

which results in maximum Mach numbers

even smaller than 2 |.

No amount on DM helps, as adding DM increases both V. and c in the same proportion.

Under standard gravity it is

impossible

to produce Mach numbers as required to obtain the

observed hydrodynamical signal, which explains the results of Lee & Komatsu (2010) and
Thompson & Nagamine (2012).



Understanding the bullet cluster under | extended gravity

We can get the collision velocity to first order from:

F

_ (GMap)t/?2  dv _ av

v

r

dt dr

VdV = (GMao)'/%In(r)

releasing the “bullet” from rest at a distance rg, we see that V impact at r=5 Mpc implies:

V2

for a total baryonic mass of 3 x 104, obtaining V impact= 3,000 km /s requires:

- = (GMao)'2In(re/5Mpc)

3000 = 0.5(3 x 10™)Y/4 [In(ro /5Mpc)]*/?

which yields, | 7o = 8.33 X 5Mpc.

By comparison, the Newtonian escape velocity of the system,

including hypothetical DM, at 5 Mpc is of

Under extended gravity schemes, starting from merely ~ 10 times the observed size of the

system, one can easily obtain impact velocities as required to obtain the observed

hydrodynamical signal.

e.g. Moffat & Toth (2010), arXiv:1005.2685

only ~ 1,000 km/s |.




The relative velocities of observed Wide binaries
are inconsistent with Newtonian Gravity and GR
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The relative velocities of observed Wide binaries
are inconsistent with Newtonian Gravity and GR
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Outer velocity dispersions of globular clusters become

flat and show the same galactic o o« M1/% TF scaling
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The relative velocities of observed Wide binaries
are inconsistent with Newtonian Gravity and GR
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Infall velocity of the Bullet Cluster is larger than escape

velocity, and hence incompatible with classical gravity
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Overall scalings:

galaxias
elipticas

log (R'kpc)




Conclusion:

The end of the validity regime
for Newtonian gravity and GR
has now been observed in a variety
of low acceleration astrophysical systems.
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Bur whence it is thar bodies derive thole natures
they don't tell us; and therefore they rell us no-
thing. And being entirely employed in giving
names to things, and not in fearching into chi
themfelves, we may fay that they have invented a
hilofophical way of fpeaking, but not that they have
made known to us true philofophy.
Others therefore by laying afide that ufelefs
of words, thought to employ their pains to bet-
ter purpofe.  Thefe fuppofed all marter ho
that the viriety of forms which is feen in bo-

dies arifes from fome very plin and fimple offe@i=

ons of the component particles. And by going on

from fimple things to thofe which are more come
nded they cerrainly proceed righe; if they arri-
te no other properties to thofe primary affetions
of the particles than Nature has done. Bur when
they ke 2 l:'ht:dy of imagining at pkafure un-
known figures and magnitudes, and uncertain firue
ations and motions of. the parts; and moreover of
pervading the
ies, endued with an all-performing fuhtﬁ'?::
sod agitated with occule motions; ¢
out into dreams and chimena's, and negleé the true
conftirution of things; which certainly is not to be
expeited from fallacious conje@ures, when we can
fcarce reach it by the molt certain oblervations,
Thofe who ferch from hypothefes the foundation on
which they build their {peculations, may form in-
deed an ingenious romance, but 2 romance it will
ﬂi“ h‘l "
There is left then the third ckfs, which
experimental philofophy. Thefe indeed derive the
gaufes of all things from the moft fimple prir’-]:i:'phs
- pollible;

P:.rticuhr natures of thofe bodies,

profels

now rum .

e

i moft noble (]

'!
! Judices, are 4

. ftem of the
. the Theory
~ ity was fo

. to certain.

M. CoTESs PREFACE.

i poflible; but then they affume nothing a5 a prine
ﬁp{, that is not ]:m‘r:d by ph:n:ngml. '!Ehcy
* frams no hypothefes, nor receive them into philo-
fophy otherwife than as quellions whofe truth may
' be difputed. They proceed therefore in a two-
. fold method, fyothetical and analytical. From fome
i fele&t phanomena they deduce by analyfis the forces
, of nature, and the more fimple laws of forces; and

 from thence by fynthefis thew the conllitution of
' the reft. This is that incomparably beft way of

- Fhilu{uphi:ing. which our renowned author moft

| juRly embraced before the reft ; and thought alone
| worthy to be cultivated and adorned by his ex-
* cellent labours. Of this he has given us 2 molt
illuftrious -example, by the explication of the Sy-

imagined bel
the firft phi
appearances, :

I know 1
ﬁ'ﬁt namey €

Fiplﬂ'l ﬂ-'l-'ld a

the reputation
lay before th
able him rto
difpute.
Therefore
from what i
us confider @
with us on .




