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MOND introduced

A theory of dynamics (gravity/inertia) involving a new constant aq (beside G, ...)
a; — 0: The Newtonian limit
MOND limit : ay — 00, G — 0, Qy = Ga, fixed:

Scale invariance: (t,r) — A(t,r)




Nonrelativistic theories
Nonlinear Poisson equation:
V- [1(IVo|/a) V] = 4nGp
The deep-MOND limit is conformally invariant

Quaslinear MOND (QUMOND):

AN = 4G, Ap =V - [V(|Ve"|) V"]




Kepler-like laws in galaxies

. Speeds along an orbit around any bounded mass, M, become asymptotically
independent of the size of the orbit. For circular orbits V(r — co) — Vo (M).
Kepler's 3rd law T? = K(M)r3 =T = K(M)r. (H)

V(M) = (MGag)'/*, which dictates the dependence of K on the central
mass. (H-B)

. A mass discrepancy appears when we cross a = ay. In disc galaxies, the
transition from ‘baryon dominance’ to ‘DM dominance’ occurs always around

the radius where V2(r)/r = a,. (H-B)

. Quasi-isothermal systems, which well model many galactic systems, have mean
surface densities X < Xy = ao/27G. (B)

. Quasi-isothermal, or deep-MOND, systems of mass M, have characteristic
velocity dispersion o ~ (M Gag)'/4. (B)




10.

. The external field in which a system is falling affects its intrinsic dynamics: the

external-field effect.

Disc galaxies behave as if they have both disc and spherical ' DM’ components
of predictable properties.

MOND endows self gravitating systems with an increased, but limited stability.

. The incremental acceleration MOND predicts (that attributed to 'DM’) can

never much exceed aq. (H)

The central surface density of ‘dark halos' is < X;,. (H)




MOND phenomenology

Essentially follow from only the basic tenets of MOND
Are independent as phenomenological laws—e.g., if interpreted as effects of DM

Pertain separately to properties of the "DM" alone, of the baryons alone, or to
relations between the two

Revolve around a, in different roles




ao :?
o = 2ma, ~ cHy ~ c¢*(A/3)"/?
by = /ag ~ 21Dy

Strong-field deep-MOND limit? M G/R? < ay = Rs > Dy
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Mass-asym ptotic—sg%elcl1 relation—McGaugh

[aV
i
- T
~—
-
~—
o
-
~—
VN
= =
>
— O S
a = ©
= o
© —
- oy ©
2‘—¢
N—r ©
®
>~ £ O
O =R
~— ~ zZ <
O
—
© o
PR | ©
2 | 2 S
—
10 10

12




x-ray Ellipticals, tested over an acceleration
range ~ 10a, — 0.1a,
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Andromeda satellites—internal dynamics
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Galaxy-galaxy lensing
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Relativistic MOND theories
e [€VeS (Sanders, Bekenstein, Babichev, Deffayet, & Esposito-Farese)
e MOND aether theories (Ziosnik, Ferreira, & Starkman, Blanchet & Marsat)
o Polarizable medium (Blanchet, Blanchet & Le Tiec)

° \|on|oca| theories (Soussa & Woodard, Deffayet, Esposito-Farese & Woodard)

° BlMOND (Milgrom)

Proof of concept, and good description of lensing, but is any of these the
ultimate theory?77
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BIMOND
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/ 2R 4 52R 4 20, 02 M + Tr(gs 1) + Tar (G0 X0)

KM = 02/0/0

M a dimensionless scalar a function of (quadratic) scalars of
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A class of theories
e R=R, R=aRk (a=8=1)
e Choice of scalar argument(s) Other examples:

g IWCZA C

vy?

v A ~af3 ANO /Y
g'u CZVCAW guug Cgﬂg CA(Sa

Also, eg., g/§

e Form of M
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Field equations
G, + S, =-8rGT,,

C:’W + SMV — —87TG7A;,,
S = [QICHCY ] + N(CH{CCY, + aZP(C)g,

(Q and N derivatives of M; P has both M and M’

Matter equations of motion as in GR (geodesic motion, etc.)
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Limits
e The high-acceleration limit; the decoupling limit

M — M(oc0) = const : we get two uncoupled copies of GR with a CC
x atP(00) o< aiM(00)

The limit may not be expandable in a, (£;,)

Implications for the solar system, binary pulsar, etc.

e Metric equality: GR with a CC: A ~ M(0)a?

For example, a double Schwarzschild solution
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The weak-field limit

A
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T he nonrelativistic limit
Guv = Nuv — 2¢5u1/7 guu — Ny — 2¢5uu

~ b=¢+ 0o, b= (¢—b)/2
Ap=4rG(p+p), V- -{i(Ve|/ap)Ve} = 4nG(p — p)
MOND limit: fi(z < 1)  z

=

2= (Vo—-Vd)/ag,  M(z<1)oxz!/?
—

Scale invariance of the WFL h , sector for a system of masses: E.g., bending
angle is independent on impact parameter for deep MOND
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Matter- Twin matter interactions

No MOND for p = p

Full MOND when p =0

No interaction in Newtonian regime for 5 = 1 [1(c0) = 2]: ¢ = ¢, Cg = CgN

Repulsion in the MOND regime

Light bending as in GR, but with the MOND potential
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Deep-MOND limit
ap—> 00, G—0, Qy=a,G fixed
p=—-¢p=0, V-[V|Ve]=4mQ0(p—p)
e Conformal invariance

e M and TM behave as having opposite gravitational masses: natural in confor-
mal theories

o Two-body force: F = —2(Q0)"/2[(M £ m)¥? — M*? — m?/?] %
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MOND, cosmology, and cosmological “dark
matter”

MOND will surely produce cosmological effects of DM

My own feeling is that the understanding of MOND's origin and of cosmology
will come together

Present theories are not built in this way.
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Cosmology

The twin sector: Nature of twin matter (interactions, etc.)? Matter content
(baryogenesis, nucleosynthesis)? Big bang? Inflation? seed fluctuations?

Symmetric cosmology: standard FRW with CC ~ ag/c* and G=G/B.
Constraintson G — G = =1

MOND appears only due to differences in the matter-twin-matter
inhomogeneities

Back reaction from

S = [QICPHCYLIn + N(CPHCCY o + agP(C7) g

General (Clifton and Zlosnik) .
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Fluctuations and structure formation
u = 5V+6‘A’7 u = 5V—5{77 €= (510_'_5p/\)/pb7 € = (5/0_516)//06

op = v;(pp)dp
Comoving coordinates

E+a'V-u=0

U+ (a/a)u=—a"'Véd — v’a"'Ve
Ado = ArGa’pye

eE+a'V-u=0
i+ (a/a)a = —2a"'Vé — v’a'Ve
V(ii|Vé/aa|Ve) = 4nGa’p,é
Decoupling. Shepherding. Segregation. Modes are coupled. Interlacing cosmic
webs. Back reaction on cosmology. Jeans criterion (gravity dominance)
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Observability of twin matter
Nearby TM bodies: Tidal effects, warps, etc.?
~ Matter bodies in voids?
If only in matter voids

Lensing: No strong lensing (8 = 1).

T—E B 4a0dl8dl 1/2 - 2dl3dl 1/2
Ry \ cd, ~ \nd,Dy

Weak lensing in the MOND regime is repulsive.
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Matters of principle

Still much to check: waves, causality, ghosts, stability, etc.
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