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“No competent thinker, with the whole of
the available evidence before him, can now,
1t 1s safe to say, maintain any single nebula
to be a star system of coordinate rank with
the Milky Way. A practical certainty has
been attained that the entire contents, stellar
and nebular, of the sphere belong to one
mighty aggregation” [1.e., the Milky Way|

- Agnes Mary Clerke (1890)

Popular History of Astronomy during the Nineteenth Century

The existence of the acceleration discrepancy has been established beyond
reasonable doubt. That this requires the existence of invisible mass has not.



or maybe we’ve been using the wrong equation
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Not any theory will do - length scale based modifications can be immediately
excluded as the discrepancy does not appear at a particular length scale.
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Bright galaxies do not require dark matter until far out while dim galaxies require it already at small radii.



The mass discrepancy
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centripetal acceleration
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There 1s no unique size scale 1n
Can generically exclude any

the data.

modification of gravity where a change
in the force law appears at a specific

length scale [e.g., {(R) gravity].

and gy =

oD,
OR

gravitation due to baryons

Equivalent to the Radial Acceleration Relation
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There 1s a characteristic
acceleration scale in the data



The dark matter problem might more appropriately be called the acceleration discrepancy (Bekenstein)
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Observations of bound systems

The discrepancy appears at ~ 10719 m s=2
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https://tritonstation.com/2022/12/05/artistic-license-with-the-dark-matter-tree/

Recall our empirical laws - these are true in the data irrespective of their interpretation

e Flat rotation curves (Rubin-Bosma Law)

Rotation curves tend asymptotically towards a constant rotation
velocity that persists to indefinitely large radii: V(R — o) = V;

° Tully—FiSheI' relation (Luminous, Stellar Mass, and Baryonic TF relations)

The baryonic mass of galaxies scales as the
fourth power of the flat rotation velocity: My = AV]?‘

e Central density relation (lower surface brightness galaxies exhibit larger mass discrepancies)

The central dynamical surface densities of galaxies is
related to their central surface brightnesses: Ydyn (R —0) = fI2.(R — 0)]

e Renzo’s rule (Sancisi’s Law)

“For any feature in the luminosity profile there is a corresponding
feature in the rotation curve and vice versa.” (Sancisi 2004).

e Radial acceleration relation

The observed centripetal acceleration is related to that
predicted by the observed distribution of baryons: Zobs = F (Zbar)
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observed radial acceleration
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There is a characteristic acceleration scale in the DM problem

The Radial Acceleration Relation (RAR)
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acceleration predicted by the observed baryonic matter


https://tritonstation.com/2022/02/18/a-brief-history-of-the-radial-acceleration-relation/#:~:text=The%20radial%20acceleration%20relation%20shows,do%20have%20mass,%20after%20all.

MOND
Modified Newtonian Dynamics (Milgrom 1983)

GRAN\TY \S
ARBITRARY !

Instead of invoking dark matter, modify gravity
(or inertia). Milgrom suggested a modification

at a particular acceleration scale ao
Newtonian regime MOND regime
a = gn for a > ag a = +/gnap for a < ag

MOND regime invariant under transformations (¢,x) — A(¢, x)

Regimes smoothly joined by v (aﬁ) a = gnN
0

a
u(x) — 1forx>1 u(x) — x for xr < 1 T ==
0

Modified Poisson equation , , ,
Derived from aquadratic Lagrangian of

AV Bekenstein & Milgrom (1984) to satisfy
()

\Y% =47Gp  energy conservation.

A


http://www.scholarpedia.org/article/The_MOND_paradigm_of_modified_dynamics
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3, 270, 3%\

No. 2. 1983 MODIFICATION OF NEWTONIAN DYNAMICS

A major step in undersianding elliptieals can be made
i we can idendfy them, at least approximately, with
wiealized structures such as the FRCL spheres discussed
spove. [ have alse studied isotropic and NOMISOtropic
isothermal spheres, in the modified dynamics. as such
pussible structures. [ found that they have propertics
which very much resemble those of ellipticals and
sulactic bulges. I describe these in Milgrom (1983 ¢).

VIIl. PREDICTIONS
The main predictions vonceming galaxies are as fol-

OWS,

I. Velocity s caleulated with the modified dv-
namics on e basis of the observed mass in galaxies
should agree with the observed curves, Elliptical and S0
gafaxies may be the best for this purpose since {a)
practically no uncertainty due to obscuration is involved
and (&) there is not much uncertainty due to the possi-
bie presence of molecular avdrogen.

2. The relaticn between the asvmptotic velocity (V)
aad the mass of the zalaxy (W) (V= MGa,) is an
absolute one. S—

3. Anaivsis of thé >-dvnamics in disk galaxies using
the moedified dvnamics should vield surface densities
which azree with the observed ones. Accordingly. the
same anaivsis using the conventional dynamics should
¥ield a discrepancy which increases wich radius in a
predictadle manner.

5. Elfects of the modified dvnamics are predicted to
be particulariv sirong in dwarf efliprical galaxies (for
review of properies ses. e.8.. Hodge 1971 and Zinn
Y803 For example, those dwarfs believed 10 be bound
W our Galaxy would have internai acceleratons ivpi-
cally of order a,, ~ 4y /30. Their {modified) accelera-
tion. z. in the field of the Galaxy is larcer than the
nernal ones but sill much smaller than a,, g=(3
xp¢/d)ay, based on a vaiue of Ve =220 km s~! for the
Galaxy, and where o s the distance from the dwarf
ialaxy to the ceater of the Milky Way (&~ 70-220
ipe). Whichever wav the external acceleration tums out
o arfect the internai dvnamics (see the discussion at the
=Nd of § 11 the section on small groups in Paper [I1. and
Paper [), we predict that when velocity dispersion data
> availaole for the dwarfs, a large mass discrepancy will
result when the conventionai dynamics is used to de-
'ermine the masses. The dynamically deermined mass is
predicied 1o be larger by a factor of order 10 or more
than that which can be accounted for by stars, In case
‘e internal dynamics is determined oy the exiernai
dcceleration, we predict this factor to increase with o
4nd be of order (4 /8 kpc) (as long as i K 2 heg=1),

Prediction | is a very gencral one. [t is worthwhile
isting some of its consequences as separate predictions.
Pumbered 5-7 below (note that, in fact. even prediction
- is already contained in prediction 1),

g1
P

3. Measuring focal l-‘v“‘ values in disk galaxies (as-
suming convent dynamics) should give the foilow-

ing resuits: In regions of the galaxy where Vi/r o g,
the locai M /L values should show no indication ol
Aidden mass. At a certain transition radius, local M /1.
should start 0 increase rapidly, The transition radius
should occur where V>/r = a,. This test has the follow-
ing advantages: (a) It does not require an absolute
calibration of M/L as we arc concerned only with
varations of this quantity: (&) Effects of the modified
dvnamics manifest themselves more clearly in local mass
determination than in the integrated masses: and (c)In
Mary cases this test requires information on local Sehav-
ot in the disk only while the spheroid can be neglected.
This makes :he determination of mass It velocity
More certain.

6. Disk zalaxics with low surface right;

| parucularlv stro: y_\Q 5tuCy ol a sample or such
M&rom 1982 and by Romanishin
L.ﬂ.ﬂL_iﬁBZL,As low. surface boghiacss-
accelerations, the effects of the modification should be
more noticeable in such galaxies. We predict. for exam-
ple. that the proportionality factor in the M o p* rela-

ton for these 2alaxies ' H
N CORMrast, if one wanis 0 oblaun A

| ~ -
* CensIY ZalaNies ~
corm o101 w2 B the conventional dynamics (with

additional assumptions). one is led to the relation M
I3 (see. for example, Aaronson, Huchra. and Mould
1979). where = is the average surface brighiness. This
implies that low surface density gaiaxies. of g given
velocity, have a mass higher than predicted by the V.
relaton derived for normal surface density galaxies.

We also predict that the lower the average surface
density of a galaxv is. the smaller i$ the transition
radius. defined in prediction 3. in uaits of the galaxy's
scale length, In faet. if the average surface density is
verv smail we may have a galaxy in which Viir=g
evérywhere. and analvsis with conve

]

Q
tional dyvnamics

¢ study of model rotation curves shows, we
i ' be vaiuc of the average

o] o’ -

$ITCpn2ss with wh Rlauan s
asvmpiotic value {as measured. for example, bv the
radius at which I = Ve /2 in units of the scale lengsh of
the disk). Smali surface densities imply slow gse aof V'

IX. DISCUSSION

The main results of this Paper can be summarized by
the statement that the modified dvramics eliminates the
need to assume hidden mass in galaxies. The 2flects in
2alaxies which I have considercd. and which are com-
monly attributed 10 such hidden mass. are readily ex-
platned by the modification. More specificaily:

MOND predictions

® The Tully-Fisher Relation

® Slope =4

e Normalization = 1/(ayG)

® Fundamentally a relation between Disk
Mass and Vg4

® No Dependence on Surface Brightness

® Dependence of conventional M/L on radius
and surface brightness

® Rotation Curve Shapes
® Surface Density ~ Surface Brightness
® Detailed Rotation Curve Fits

® Stellar Population Mass-to-Light Ratios

: : 9
“Disk Galaxies with low surface brightness provide particularly strong tests



In MOND limit of low acceleration

a4 — \/QN@()

) Simple (point mass) example:
V GM note that radial dependence
— 5 O/O cancels; squaring both sides
R R gives TF relation:

V4 — CL()GM

4 C

In general (not a point mass): M, = AVf with A =——
CZOG

where (=~ 0.8 for disk galaxies of finite thickness

(recall that flattened mass distributions
rotate faster than their spherical equivalent)
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MOND predictions

® The Tully-Fisher Relation

V.

® Slope =4
}ormalization = ¢/(apG)
F

undamentally a relation between Disk

)/Jass and Vg,
No Dependence on Surface Brightness

® Dependence of conventional M/L on radius
and surface brightness

® Rotation Curve Shapes
® Surface Density ~ Surface Brightness
® Detailed Rotation Curve Fits

® Stellar Population Mass-to-Light Ratios



Why?
Physics of the BTFR scaling relation

dark matter

GM
hCllOS: VDM — \/ bH
r GM,
baryons: Yo=v/—

V() = \/ GIM,(r) + Mp,,(r)]

r

TF Slope should be around 3

3
M), x My, < Vs,

Should depend on baryon distribution,

unless all disks are submaximal

Should work as long as
object not tidally disrupted

MOND
Mtot — Mb —

V4
CL()G

an absolute consequence
of the force law for a << ap:

o g
gN = (—) g
ao

Newtonian regime:
p—1 for g > ao so 9 = 9N

MOND regime:

i — g/ag for g < ag sog = /gnap

Should only work for
objects in MOND regime



Baryonic Tully-Fisher relation

The amplitude of the rotation speed correlates with mass

N
O . .
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IEN: GIM,(r) + My (P}
i Keplerian prediction: V = \/ A7) pm(7)
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“This result surprised the bejeepers out of us, too”
McGaugh & de Blok (astro-ph/9801102)
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MOND predictions

® The Tully-Fisher Relation

V

® Slope =4
}ormalization = 1/(apG)

Fundamentally a relation between Disk

)/Iass and Vg,
No Dependence on Surface Brightness

& Dependence of conventional M/L on radius
and surface brightness

® Rotation Curve Shapes
® Surface Density ~ Surface Brightness
® Detailed Rotation Curve Fits

® Stellar Population Mass-to-Light Ratios



MOND predictions

® The Tully-Fisher Relation

* —_—  ~— .V lope = 4
- }ormalization = 1/(apG)

Fundamentally a relation between Disk

i J/Iass and Vg,
No Dependence on Surface Brightness

' & Dependence of conventional M/L on radius

3 ' and surface brightness

PP

§ 1000 ®, Rotation Curve Shapes
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—2] Surface Density ~ Surface Brightness
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o ® Detailed Rotation Curve Fits
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® Stellar Population Mass-to-Light Ratios
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MOND predictions

® The Tully-Fisher Relation

V

® Slope =4
}ormalization = 1/(apG)
Fundamentally a relation between Disk

)/Iass and Vg,
No Dependence on Surface Brightness

& Dependence of conventional M/L on radius
and surface brightness

W Rotation Curve Shapes
w Surface Density ~ Surface Brightness

® Detailed Rotation Curve Fits

central surface brightness » ® Stellar Population Mass-to-Light Ratios

bend depends on shape of the interpolation function (arxiv:1607.05103)
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MOND is a surprisingly effective algorithm for mapping what you see to what you get

NGC 41957
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UGC 7089

o0

R (kpc) This must be telling us something



