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Overview

*/ This talk will highlight three features of the
Bottema 2015 and Carrignan 2013 Surveys:

1. Rotation Curves for MOND, Conformal
Gravity (CG) and MLS (to be explained).

2. Tully Fisher Analysis for MOND and CG.

3. Radial Acceleration Rule (RAR) for MOND, CQ@
and MLS.
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Review of Rotation Curves
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Observations
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Some Real Examples: (Begeman1986)
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In each rotation curve, rotational velocity v is plotted against radial distance from the center of the galax
In each of the above, we can see that the observation does not match the prediction.
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Rotation Curve Simulation: MILKY-WAY Galaxy

Observational Data

General Relativity

Distance
(Mpc)

(distance)

14.1

Ls
(100 L, W)

(luminosity)

3.241

Ro M Maisk (M/L)stars
(kpc) (10°Mzkg)  (10Mg kg)  (Mo/Lg kg/W)

(scale_length) (mass_hydrogen) (mass_disk) (mass_light_ratlo)

4 1.06 3.6289 1.12
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Point mass to galaxy disk
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The Dark Matter Solution

In order to solve this problem, if we observe
the formula below, the only unknown is the
mass. So what if we placed more mass in the
galaxy at the right distance.

a Tk % D
o m NS f_-—n[ R _(n /R\, (R ]
7 =9 = =g [0 (a7) % (35) ~ 1 (3m)  (a7,)

The only issue however is that if we do this, the mass would have to go
inexactly the right place as to not overshoot the inner regions.
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Dark Matter Formalism

Thus, what if we add in a function which
matches the flatness of the rotation curves at
large distances, with two free parameters, a
density and another falloff gradient,

o(r) = —— Vi _ dark:4ﬂ13*c2oo[ ro <R)]

(r2 +72) n 98 7 1= Earetan T_o

The asymptotic limit (large radii) of the above yield the dark matter
contribution to velocity as,
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@  Rotation Curve Modeler +

(i) rotationcurve.herokuapp.com/#GALAXY=MILK}

28 AV/V Density Plot

|1 AV/V Distribution Plot

MILKY-WAY GALAXY
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Distance Ls
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(distance) (luminosity)
8.10x10° 1.62
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Galactocentric Distance, R (kpc)

Ro My Maisk (M/L)stars
(kpc) (10°Mokg)  (100Mkg)  (Mo/Lg kg/W)

(scale_length) (mass_hydrogen) (mass_disk) (mass_light_ratio)
21 1.18 5.527 3.41

2 * 2
Udark 4TIB c"Op
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Near-Infrared Galaxy
Morphology
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Rotation Curve Simulation: NGC-3198 Galaxy

Observational Data Lambda Cold Dark Matter
] L]
- [ ]

Distance Lg Ro M Maisk
(Mpc) (101°L, W)  (kpe) (101°My kg) (10" Mg kg)

(distance) (luminesity) (scale_length) (mase_hydrogen) (mass_digk) (mass_light_ratio)

14.1 3.241 3.7642 1.06 2.9108 0.9

SPRINGFIELD

COLLEGE

v



The Radial Acceleration Rule
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dial Acceleration Relation (RAR) of
MLS

he Radial Acceleration Relation in Rotationally Supported Galaxies

Stacy S. McGaugh and Federico Lelli
Department of Astronomy, Case Western Reserve University,

10900 FEuclid Avenue, Cleveland, OH 44106, USA

James M. Schombert
Department of Physics, University of Oregon, Eugene, OR 974,03, USA
(Dated: September 21, 2016)

We report a correlation between the radial acceleration traced by rotation curves and that prg
dicted by the observed distribution of baryons. The same relation is followed by 2693 points in
galaxies with very different morphologies, masses, sizes, and gas fractions. The correlation perg
even when dark matter dominates. Consequently, the dark matter contribution is fully spg
by that of the baryons. The observed scatter is small and largely dominated by obsery
uncertainties. This radial acceleration relation is tantamount to a natural law for rotating
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*/ Used the SPARC data
set of 153 galaxies,
2693 data points in

total.
* For each data point,
showed:

Jobs — RO— Gvar = R

 Plotted

Jobs (U dbar

IMILS -

= -10}

RAR

= E—
2693 points
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Possible interpretations for the radial acceleration re-
;ion fall into three broad categories.

1. It represents the end product of galaxy formation.

2. It represents new dark sector physics that leads to
the observed coupling.

3. It is the result of new dynamical laws rather than
dark matter.

_ Jbar
gObS o 9bar
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MLS Solution Summary

r v - v s 7 . Yvar
2693 points Jobs = _ [9bar
1—e 9+

q q q Gbar
DM — Yobs — Ybar — = Gr—
eV 9+ —1

g+ ~ag=1.2%10"10cms >

-12

T -12 -11 -10 -9 -8

log{g, ) [m s
From the above, we can back solve for the rotational velocity
predicted by the baryons at a particular distance, which allows for
the construction of rotation curves using the MLS fitting function.

This will be used in fits belwo. SPRINGFIELD
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Conformal Gravity
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Conformal Theory

The Conformal Theory was originally developed by Weyl, and later re-
explored by Mannheim and Kazanas. It is a fourth order, scale invarient
renormalizable gravitational theory:

v = —ag [ do(—g)*CrunC™"
1/ 1
= —a, f FIT"II{—Q.}I"' 2 [R;’Lﬁib"-‘i R,l._uvh: _ QR}IHR_HH, 1 EILR{:H .JI.E
where:

, 1 o1 , \
'C',l._awr; — Rigwn‘ - E 'L.QAVR_HJ-; - HTAHR_aw - .Q_MVRJ-.J-; + ﬂ_ur:R,l.vJ' + ERH.-I Lgiv:ff_uﬁ - ﬂir;.‘?ﬁw}

f_,f}::'_ I,-"‘_}Elrn_ _.fl‘j_l?gw — _Qﬂ_gl_{;.ﬂw _ _Tﬁwlf'z

Why — gﬂy[j}?{lm]:ﬁ;..i.fz 4 Rﬁw;-'l‘:ﬁ o Rﬂ.'l‘:zf:lli o Rvn‘:ﬁrﬁ - QR“&RFI,_} + gm-* Rm;iﬂﬂj,fz

_Q.‘;!w{Ruﬂt];ﬂ:iﬁ ’;3 T Q(Ruu}:ﬂ:y ’;3 T QRIHR-!W.-"{IS _ t’#jy{mﬂ}j'fﬂ
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Conformal Theory

The Schwarzschild like solution in conformal theory can be solved via:
2 | 142 N2 9
ds™ = —b(p)dt™ + alp)dp™ + p~d{ls

2 - I R
_ rb(r) | A{r]:r a(r)p™(r)

p=plr) . BO) =5 ()

1 dr
- E?'{_TJ' - f T?[cl{r]b{rj]];“i

& 12
ds? =L :;] [—B[r]cfig + ;;ﬂ 1 r2dQ),
9 y  dr? )
ds” = —B(r)dt" + 5 T r2d(dy
T
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Conformal Theory
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Conformal theory - Global

Since the conformal theory uses a fourth Poisson equation, we are not free to
use only the local considerations as in Newtonian gravity.

Vig(r) = h(r) = f(r)e?/2

\ | . 2 poo
p(r) = _E [ dr'r”h(r') — — fh " h(r') — 5 /? dr'r®h(r'") — % /; dr'r'h(r"),
e’f:‘;}[ﬁr‘] — L 102 r4 rof L ;
. — 3 /{; dr'r=h(r') + Gr dr T h(r’) — B/r drir'h(r), (2.8)

We thus need to include a contribution from the cosmology, and in-homogeneitj
to the cosmology.
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Cosmology term

e can implement a Robertson Walker metric in static coordinates via the following
transformation

Ay
jf [p— - _ | B de f
"2+ 0r — )P 24 yor " / ()

Brings the metric to the following form,

—(1 4 or — kr®)cdt® + o 420y =
" " (1 + yor — kr2)
L [1—p*(0/16+ k/4)° 2 5 9 R*(7) 2, 2 :
- : L0 | 2dr? o bl _(dy d ;
) (L= /A7 R A7 | T = payie + wmp @ +ra®)))

which we can see can be written as conformal to flat, as

R*(7) (
[1+ Kp?/4]

ds® = 2(mp) [—{.‘EHTTE dp® + {}Edﬂg}] .
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Cosmology Term cont’d.

ince the transformed metric is conformally equivalent to a co-moving Robertson
Walker Metric, with spatial curvature written below, then when written as a static
coordinate system, the co-moving conformal cosmology behaves just like a static
metric with universal linear and quadratic potentials.

o} ¥ )

: 2, Ui Uiee o
With three space Curvature K= —7;/4 — k. ror _ “Loc , 10

0/ Iz I 5 :

In Mannheim’s original fits, the k (quadratic term) was left out, so

that:
—(1 + ~or — kr?)c? dt’ ‘ —(1+ '}[}rf]fridi"}

So in a topologically open RW cosmology, we
introduce the universal linear potential, hence
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Conformal Gravity

The Conformal Theory was originally developed by Weyl, and later re-
explored by Mannheim and Kazanas. It is a fourth order, scale invarient
renormalizable gravitational theory:

_!r”r_ = —ay far-lu_r{_g}1__.JQC_r)‘jIVRC_-)t_aIVH

= —fy -/‘(f-'l_'r{—g}l-’fg [RA}IVHRMWK' — QR_HRRHK' an é(Raa}g

where:

. 1 o1 , )
Crpn = R — 2 (G Bur — DBy — guo Bas + gusflaw ) + ERQQ (DrvGux — D)

f—,f}':]_I“"."}Elrﬂ'_.’f.éﬂ_!rv — _Qﬂ_g1_.1_.r_arv — _T_ur,rf.z

Wav — g_uv“?am]:,iiﬁfz + R}rv;-'fﬁ . R}m‘:u;ﬂ o Hv."l’:_u;ﬁ . QR}“ERU,@ + g,uv- Rmaﬁmﬂz

_2.‘;‘!&}{Raa]ﬁ:,ﬁ-’lﬂ + Q{Racz}:ﬂ:v-fg + QWQR}W.-’H:} - .‘ftv{mfz}g.fﬁ'
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Rotation Curves in CG

 Summary: The total conformal gravity curve
(local and global combined:

N *A* 2R 2R
Veg (R) = \/vgﬁ Te FW*(R)JFVO(; — KC2R2,

2Ry

7" =542 Hem !,

7o = 3.06e3%cm !,

k = 9.54¢ "% cm 2.
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The Samples

*/ Bottema et. Al. 2015
e Carrighan et. Al. 2013
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Bottema 2015

Survey Consisting of 12 “high resolution”, well
studied rotation curves.

* Survey spans a diverse mix of dwarf and large
spiral galaxies.

e All galaxies have “well known” distances.

* Some galaxies in the sample are bulge
galaxies.

* “Problematic” for alternative gravity (MO}
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Table 1. Properties of the Bottema 2015 Galaxy Sample

/

Galaxy Dist. Lum. Ry Mgas (Md)C (M/L)c (U2/C2Rl)last (Md)M ((M/L))M
(Mpc) (10°Le)  (kpe) (10°Mge) (10°Mg) (MoLyz') (107*em™') (10°Me) (MoLg')

DDO 154 4.3 0.04 0.8 0.45 0.03 0.72 5.37 0.02 0.36
NGC 1560 3.2 0.70 1.4 0.95 1.78 2.55 2.35 0.64 0.91
NGC 2403 3.3 10.12 2.1 4.67 19.29 1.91 3.18 9.47 0.94
NGC 2841  16.2 101.61 4.0 37.69 152.76 1.50 4.25 218.39 2.15
NGC 2903 7.9 38.68 2.6 4.87 66.56 1.72 3.86 44.60 1.15
NGC 2998  59.6 75.52 4.8 23.91 91.13 1.21 3.42 68.27 0.90
NGC 3109 1.3 0.28 1.2 0.43 0.87 3.09 2.40 0.36 1.29
NGC 3198 128 24.53 3.6 12.86 36.64 1.49 1.94 18.33 0.75
NGC 3992  20.6 72.53 4.6 5.52 156.22 2.15 5.50 134.80 1.86
NGC 5585 7.4 2.48 1.6 1.22 2.90 1.17 2.52 1.00 0.40
NGC 6503 4.8 4.83 1.4 1.42 14.35 2.97 2.62 6.76 1.40
NGC 7331 134 49.80 3.0 141.62 1198.45 2.41 6.13 97.58 1.96

Columns: Galaxy Name, Distance (NED Average with no TF), Scale
Length, Gas Mass (including helium), CG predicted Mass, M/L ration
using CG mass, scaled centripetal acceleration of last data point,
MOND predicted mass, M/L using MOND mass.
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Plots

Next slide shows the Bottema galaxies with
the Conformal gravity predicted mass.

* Blue Curve=Conformal Gravity
* Red Curve=MOND
* Green Curve=MLS

e Dashed=Newtonian no dark matter
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Plots

Next slide shows the Bottema galaxies with
the MONDpredicted mass.

* Blue Curve=Conformal Gravity
* Red Curve=MOND
* Green Curve=MLS

e Dashed=Newtonian no dark matter
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Carrignan 2013

Survey Consisting of 15 “high resolution”, well
studied rotation curves (some overlap with
Bottema).

* Survey spans a diverse mix of dwarf and large
spiral galaxies.

* Used different distance methods than Bottema.
* Some galaxies in the sample are bulge galaxies.
* “Problematic” for alternative gravity (MOND)
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Table 2. Properties of the Carignan 2013 Galaxy Sample

Galaxy Dist. Lum. R M,a, (Ma)e (M/L)e (v*/PR)iase (Ma)ae  (M/L)xs
(Mpc) (10°L®) (kpc) (10°Mp) (10'°My) (MoLZ') (107%em~') (10'°M.) (MoLZY)
DDO 154 4.3 0.08 0.8 0.44 0.03 0.38 1.23 0.02 0.23
IC 2574 3.3 0.80 3.1 1.42 2.29 2.87 2.15 0.94 1.17
NGC 55 1.9 0.81 1.9 1.81 2.93 3.63 2.19 1.06 1.32
NGC 247 3.3 2.17 3.8 1.85 12.28 5.66 3.27 5.14 2.37
NGC 300 1.9 1.74 2.0 1.06 T7.00 4.01 1.37 2.88 1.65
NGC 925 7.8 5.12 3.5 4.67 11.44 2.23 4.21 4.62 0.90
NGC 2366 3.2 0.38 1.5 0.97 0.83 217 2.10 0.28 0.74
NGC 2403 3.4 ATT 2.1 4.02 21.56 1.52 3.58 10.37 2.18
NGC 2841 16.2 37.93 4.0 15.98 204.58 5.39 5.05 201.41 5.31
NGC 3031 3.7 14.40 2.6 5.25 B5.45 5.93 9.31 69.38 4.82
NGC 3109 1.3 0.19 1.2 0.66 0.14 0.T1 2.52 0.07 0.38
NGC 3198 12.8 11.53 3.6 12.31 a6.63 3.18 2.29 18.13 1.57
NGC 3621 6.7 5.37 2.6 10.26 28.05 5.22 3.50 14.08 2.62
NGC 7331 13.4 20.38 3.0 10.67 120.47 5.91 10.14 07.19 4.T7
NGC 7793 3.9 G.51 1.3 1.24 5.69 0.87 4.02 3.10 0.48

Columns: Galaxy Name, Distance (NED Average with no TF), Scale Length, Gas Mass
(including helium), CG predicted Mass, M/L ration using CG mass, scaled centripetal

acceleration of last data point, MOND predicted mass, M/L using MOND mass.
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Plots

Next slide shows the Carrignan galaxies with
the Conformal gravity predicted mass.

* Blue Curve=Conformal Gravity
* Red Curve=MOND
* Green Curve=MLS

e Dashed=Newtonian no dark matter
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Plots

Next slide shows the Carrignan Sample with
the MOND predicted mass.

* Blue Curve=Conformal Gravity
* Red Curve=MOND
* Green Curve=MLS

e Dashed=Newtonian no dark matter
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Tully Fisher Relation

o/ An Empirical Observation that shows that for
“flat or flattening” rotation curves,

v~ M

in the “outer regions”.

* There is currently no formalism for this, simp
an observation

* Similar to Kepler’s 3rd law before Newto
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Notes about Tully Fisher

Currently no “prediction” in standard theory.

Has been more recently adopted to being
called the “Baryonic Tully Fisher” relation,
which includes gas and stars into the relation
(helps with dwarf galaxies to fit the TF)

* MOND and standard theory typically use TF to
bound mass and or constrain distance**

* Conformal gravity has a testable and falsifia
deviation from pure TF.
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TF In CG

Take the Asymptotic Limit, and neglect the k term.

v = B*EN*/R+ (v*N* + v9)c*R/2
Such that

v! = B(M/Mg)(1+ N*/D)

where

B = 2¢* M, Gro = 0.0074km*s™*
D = vy/v* = 5.65 x 10"
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TF

* = B(M/Mg)(1+ N*/D)
B = 2c* M, Gryo = 0.0074km*s™*
D = vy/v* = 5.65 x 10"

Since most galaxies, have N* < 5.65 x 101V

BM /Mg < v* < 2BM /Mg ™|
600;
Q
£ 400 A
ﬁ i
> ',II&I/ 5
200 - 3 ’___r‘!—_‘— —————
I i
I i
0 N - 1 | 1 1 1 | 1 1 1 |
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[M/Mg1*(1/4)



Analysis of the two samples

T 400
300 Ii 300 !E —
Q I ol ¥ |
g = s £ 20r Ry ]
—_ Pt — L P
Y IIE* z > 7 ) 2 »
100 I”s ;'! i | 100 I-"! 2 T
L ;iif -t ] I B =
- A ']
ool‘Iz“’o‘l““l’o‘l‘e‘l’ol‘la“’ol‘l‘o"‘oo‘“2(‘)0“‘4(‘)0“‘6(‘)0“‘8(‘)0'
[M/M1*(1/4) [M/M, 1M (1/4)
Above: TF relation for the last data point in Above: TF relation for the last data pagj
each galaxy using the CG predicted mass. each galaxy using the MOND predictg
Green=Pure TF mass.
Orange=CG deviation from TF Green=Pure TF

Orange=CG deviation from TF
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Summary of TF

*/ Using latest distances that do not reference TF

to find the distance, only few galaxies show
deviation from pure TF.

* Both predicted masses show deviation from

TF in large galaxies that fit with the CG
deviation.

* Larger galaxies using cepheids may lead to
more observable deviations.
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Importance of the Deviation

What we are proposing here is two-fold for TF:

1. CG can explain the relationship and provide bounds in a straightforward
manner.

2. If we accept this premise, we can perhaps use CG as a method for
removing an age old problem in Rotation Curve Physics, namely
distance estimates.

N*’Y*C2R
veg(R) = |[v3, + == By (R)+

100 -
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Individually Referenced Moduli and Distances for NGC 2841 (as published)

€

(m-M) |err(m-M) |D(Mpc) |Method REFCODE Notes SN Name |Redshift |Hj (km/s/Mpc) | Adopted LMC modulus

30.58 |0.06 13.100 |Cepheids 2001Ap]...559..243M 18, VI

30.74 1023 14.100 |Cepheids 2001Ap]...559..243M 18, VI, Zcor

30.75 |0.06 14.100 |Cepheids 2006ApJS..165..108S LMC ZP

30.75 14.100 |Cepheids 2008A&ARv..15..289T

30.82 |0.07 14.600 |Cepheids 2013A]J....146..86T

3020 020 11.000 |SNIa 2000A&A...361...63T MLCS SN 1999by

3039 |0.12 12.000 |SNIa 2002Ap]...568..791H SN 1999%by

30.82 |0.07 14.600 |SNIa 2013Al....146..86T SN 1999by

31.16 |0.07 17.000 |SNIa 2007Ap]...659..122] MLCS2k2 Sn 1999by |0.002128

31.16 |0.15 17.100 |SNIa 2001AlJ....121.3127V MLCS SN 1999by
§30.38 11.900 |Grav. Stability Gas. Disk |1996Astl...22..717Z

29.54 |0.04 8.070 HII region diameter 1982AN....303..3290 Photographic, 463 'dark cloud' diameters

30.50 |0.80 12.600 |IRAS 1997ApJS..109.333W A82,H

3025 11.200 | Tully-Fisher 1985A&A...153..125G B

3039 |040 12.000 |Tully-Fisher 1988NBGC.C...0000T (B

30.54 0.17 12.800 | Tully-Fisher 1984A&AS...56..381B B

30.54 |0.17 12.800 | Tully-Fisher 1986A&A...156..157B B

30.55 |0.19 12.900 | Tully-Fisher 1985A&AS...59..43B B

30.66 |0.40 13.600 | Tully-Fisher 1981Ap]J...248.408D B

30.66 |0.16 13.600 | Tully-Fisher 1984A&AS...56..381B Mean of B mag and Diameter TF relation

30.66 |0.17 13.600 | Tully-Fisher 1985A&AS...59..43B Mean of B mag and Diameter TF relation

30.82 |0.07 14.600 | Tully-Fisher 2013A]J....146..86T

30.89 040 15.100 |Tully-Fisher 1985A&AS...59..43B Diameter

3092 |0.38 15.300 |Tully-Fisher 1984A&AS...56..381B Diameter

3094 020 15.400 |Tully-Fisher 2002Ap]...565..681R B

3096 |0.30 15.600 | Tully-Fisher 1983Ap]J...265....1A

3130 |030 18.200 |Tully-Fisher 1994Ap]...430...53P SN 1957A host

3132 035 18.400 |Tully-Fisher 2009Al....138..323T

3148 |0.36 19.700 | Tully-Fisher 2009ApJS..182.474S Malmquist cor.

3149 |0.36 19.900 |Tully-Fisher 2009ApJS..182..474S

3167 040 21.600 |Tully-Fisher 2012Ap]...749..174C HOSTS SN 1999by

31.67 040 21.600 |Tully-Fisher 2012Ap]...749..174C HOSTS SN 1999by
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RAR analysis
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RAR in MOND
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Conclusions on RAR

*/ Both MOND and CG can capture the RAR
without the need for dark matter

e Fitting function described by MLS has a free
parameter, and even using MOND masses is
not a correct line of best fit.

 When fit with NED distance, we have shown
the MLS parameter can change by up to a
factor of four in previous work using a
larger data set.
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Overall Conclusions

*/ Using latest distance estimates, both MOND
and CG can account for the two surveys
qguite well in Rotation curves, TF and RAR.

 TF should only be used as a test, not a given,
and CG now allows for deviations to be
shown in the data.

 The initial RAR formalism does not
completely align with CG or MOND, but both
can give a fundamental prediction for RAR
without the need for dark matter.
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Future Work

o/ Comparisons of MLS, CG, MOND predictions
on more individual samples: (see James G.
O'Brien et al 2018 ApJ 852 6)

* Posit CG as a test to remove circular argument
of TF for distance estimates. Code writing for
this is already underway
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e Questions?
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