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Evidence of Dark Matter at Various Scales

Galaxy Scales (~1-100 kpc) Groups/Clusters Scales (~1-5 Mpc)  Cosmological Scales (>100 Mpc)
. CMB | = 5 TE RN

Interactlons & Mergers in Groups

Rotation Curves of Spirals -

Q_ é & 4.8
o Andromeda ' W ", Stephan’s Quintet ...
L e = - t(\u ndler . 5 - 3

Galaxy Clustering

'Dynamlcs & Lensmg n Elhptlcals ,; Dyﬂar;l‘ié.s &Lenstngtn Cllols;tcrs':

: 8 T 3
% - .
» 2kl
\ -
9 . W
'Y . - il .

LRG3 -75Ti gt  Abell 689



L'windoamon of Naswl NMTattoawr ot Varsorina Qaalac
A4V AULAVIAIIVCNVY Ul LAl N LViIiAliVLlL Al 'V AL 1JUuUD vvaliuvy

Galaxy Scales (~1-100 kPC) Groups/Clusters Scales (~1-5 Mpc) Cosmological Scales (>100 Mpc)

| Rotatlon Curves Of Splrals ey Interactlons & Mergers in Groups

This 1s not direct evidence tor particle dark matter!
Standard Laws of Gravity (Einstein & Newton) + |
Standard Model of Particle Physics = Do NOT work

LRG 3 -757 .°



Einstein-Dilaton-

o Cascading gravity Tessa Ba ker Lorentz violation
‘ Horava-Lifschitz

Strings & Branes\ = B 1L B f (@)

Many versions of
Modified Gravity to

Conformal gravity

SGP Some | explain DM or DE

Randall-Sundrum | & I 2T omsity \ degravit?ition Higher—order . .
g T foe /\ (each one with its
Higher dimensions Non-local

| \ (R
Kaluza-Klein

| Modified Gravity Vector This lecture will not

General RyyRHY,
) ORete own problems).

Einstein-Aether

Generalisations
of SeH

TeVeS Add new field content Massive gravity
Gauss-Bonnet \ \}‘awty
Chern-Simons

Scalar-tensor & Brans-Dicke Tensor

Lovelock gravity ~ Ghost condensates Cuscuton EBI
Galileons

(cannot) cover all this.

Lorentz violation

v

Approaches | K¢P

‘ ‘ Coupled Quintessence

Chaplygin gases Bimetric MOND

Einstein-Cartan-Sciama-Kibblei
CDT Padmanabhan
thermo.

Horndeski theories Torsion theorias

Federico Lelli (INAF — Arcetri Astrophysical Observatory) MOND: An Alternative to Particle Dark Matter



Einstein-Dilaton- Cascading gravity Tessa Baker prentmiiien, . Corformal gravicy Many VCTIS101S Of

Gauss-Bonnet
Horava-Lifschitz . .
\ ‘ Modified Gravity to

Strings & Branes R, O 1R f(G)
\ ser N3 i
| explain DM or DE

Some

DGP
Randall-Sundrum | & Il [ 2T sy \ degravit?ition Higher—order . .
g L foe /\ (each one with its
Higher dimensions Non-local General RyRH,
/(R own problems).

} \ OR,etc.
Kaluza-Klein
Modified Gravity Vector This lecture will no.t
Eiadsastdl (cannot) cover all this.

Lorentz violation

¢
Generalisations

- Teves — Add new field content Massive gravity ,
Gauss-Bonnet _ \ \}ﬂa\”w I Wlll fOCllS on
Scalar-tensor & Brans-Dicke SRS P S Tensor . . .
Milgromian Dynamics

Lovelock gravity ~ Ghost condensates Cuscuton EBI
Galileons
Bimetric MOND
— (aka MOND).

the Fab Four Scal‘;;r Chaplygin gases
Approaches : . .. ]
‘ PP ‘ Coupled Quintassenee EinStEin-Cartan-Sciama-Kibblei Emplrlcally mOtlvated
alternative to CDM

KGB
Padmanabhan : :
CDT thermo. Horndeski theories T e s

MOND: An Alternative to Particle Dark Matter

Federico Lelli (INAF — Arcetri Astrophysical Observatory)



Tentative Roadmap of the Lecture:

I. The general MOND paradigm
— Results on galaxy scales

II. Non-relativistic Lagrangian MOND theories
— Results on galaxy scales & galaxy cluster scales

I1I. Relativistic Lagrangian MOND theories
— Results on cosmological scales
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I. The general MOND paradigm
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MOND = Modified Newtonian Dynamics
or MilgrOmiaN Dynamics

Proposed by Moderhair Milgrom (1983a, b, ¢, ApJ).

MOND 1s a general paradigm that includes different

theories at the non-relativistic & relativistic level.
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@ Ref. citations to ref. papers
@ Non ref. citations to ref. papers

200| More than 3500 citations in total

Citations to the original MOND trilogy (Milgrom 1983a, b, c)
Source: NASA/ADS
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Citations to the original MOND trilogy (Milgrom 1983a, b, c)
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@ Ref. citations to ref. papers
@ Non ref. citations to ref. papers

More than 3500 citations in total
Source: NASA/ADS

M. Milgrom, J. Bekenstein,

MOND community (~100 people)
R. H. Sanders, S. S. McGaugh

1984 1992 2000 2008 2016
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General MOND postulates (at the non-relativistic level)

1) New constant of Physics: a,~10"" m/s?

similar role as ¢ 1n Relativity and # in Quantum Mechanics
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General MOND postulates (at the non-relativistic level)

1) New constant of Physics: a,~10"" m/s?

similar role as ¢ 1n Relativity and # in Quantum Mechanics

2) For a > a,— a =g (correspondence principle as in Quantum Mechanics)
. _d°X
a=—;

dt

gy=— v ¢, Newtonian gravitational field (from the Poisson’s equation)

kinetic (observed) acceleration of a particle
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General MOND postulates (at the non-relativistic level)

1) New constant of Physics: a,~10"" m/s?

similar role as ¢ 1n Relativity and # in Quantum Mechanics

2) For a > a,— a =g (correspondence principle as in Quantum Mechanics)
L_d°x
a=—"

dt”
gy=—V ¢, Newtonian gravitational field (from the Poisson’s equation)

kinetic (observed) acceleration of a particle

3) For a < a,— scale invariance (Milgrom 2009, ApJ): (X,t)=(AX,At)
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General MOND postulates (at the non-relativistic level)

1) New constant of Physics: a,~10"" m/s?

similar role as ¢ 1n Relativity and # in Quantum Mechanics

2) For a > a,— a =g (correspondence principle as in Quantum Mechanics)
L_d°x
a=—"

dt”
gy=—V ¢, Newtonian gravitational field (from the Poisson’s equation)

kinetic (observed) acceleration of a particle

3) For a < a,— scale invariance (Milgrom 2009, ApJ): (X,t)=(AX,At)

v: |a,GM
=g f:\/ 'l

Circular orbit at large R
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General MOND postulates (at the non-relativistic level)

1) New constant of Physics: a,~10"" m/s?

similar role as ¢ 1n Relativity and # in Quantum Mechanics

2) For a > a,— a =g (correspondence principle as in Quantum Mechanics)
L_d°x
a=—"

dt”
gy=—V ¢, Newtonian gravitational field (from the Poisson’s equation)

kinetic (observed) acceleration of a particle

3) For a < a,— scale invariance (Milgrom 2009, ApJ): (X,t)=(AX,At)

v: |a,GM .
a=+gya, ?:\/ - — " Flat rotation curve!
R

Circular orbit at large R
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Intuitive Cartoon: Scale Invariance = Flat Rotation Curves

R
T

V=2n

orbital time

=

MOND: An Alternative to Particle Dark Matter

fory)

[ Observa

Lelli (INAF — Arcetri Astrophysica

Federico



////-

Intuitive Cartoon: Scale Invariance = Flat Rotation Curves

AT

MOND: An Alternative to Particle Dark Matter

orbital time

=

fory)

[ Observa

Lelli (INAF — Arcetri Astrophysica

Federico



Intuitive Cartoon: Scale Invariance = Flat Rotation Curves

AR
>
AT

v

<

Ao

AT

MOND: An Alternative to Particle Dark Matter

orbital time

=

fory)

[ Observa

Lelli (INAF — Arcetri Astrophysica

Federico



A MODIFICATION OF THE NEWTONIAN DYNAMICS: IMPLICATIONS FOR GALAXIES'

M. MILGROM
Department of Physics, Weizmann Institute, Rehovot, Israel; and The Institute for Advanced Study

Received 1982 February 4; accepted 1982 December 28 '
40 year ago!

ABSTRACT

I use a modified form of the Newtonian dynamics (inertia and /or gravity) to describe the motion
of bodies in the gravitational fields of galaxies, assuming that galaxies contain no hidden mass, with
the following main results.

1. The Keplerian, circular velocity around a finite galaxy becomes independent of r at large radii,
thus resulting in asymptotically flat velocity curves.

2. The asymptotic circular velocity (V) is determined only by the total mass of the galaxy (M):
V4 = a,GM, where a, is an acceleration constant appearing in the modified dynamics. This relation
is consistent with the observed Tully-Fisher relation if one uses a luminosity parameter which is
proportional to the observable mass.

3. The discrepancy between the dynamically determined Oort density in the solar neighborhood
and the density of observed matter disappears.

4. The rotation curve of a galaxy can remain flat down to very small radii, as observed, only if the
galaxy’s average surface density 2 falls in some narrow range of values which agrees with the Fish
and Freeman laws. For smaller values of X, the velocity rises more slowly to the asymptotic value.

5. The value of the acceleration constant, a,, determined in a few independent ways is approxi-
mately 2 X 1073(H,/50km s~ ! Mpc™')? cm s~ 2, which is of the order of CH,=5x10"8(H, /50
km s™' Mpc™') cm s~ 2.

The main predictions are:

Rotation curves calculated on the basis of the observed mass distribution and the modified
dynamics should agree with the observed velocity curves.

(2,) The V* = a,GM relation should hold exactly.

(3.) An analog of the Oort discrepancy should exist in all galaxies and become more severe with
increasing r in a predictable way.
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(1) Vi=a G M for circular orbits — rotation-supported galaxies
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(1) Vi=a G M for circular orbits — rotation-supported galaxies

NGC 6946 (Boomsma+2008, AkA)

Stars (optlcal 1mage) % Gas (HI line at 21 cm)
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(1) Vi=a G M for circular orbits — rotation-supported galaxies

NGC 6946 (Boomsmas2008./AgcA)

Stars (optlcal 1mage) % Gas (HI line at 21 cm)

Federico Lellz ( INAF — Arcetri Astrophysical Observatory) MOND: An Alternative to Particle Dark Matter



(1) Vi=a G M for circular orbits — rotation-supported galaxies

NGC 6946 A
T V.=<V_>at large radii

i 0 10 20 ,
Star S van Albada+(1985, ApJ) Radius (kpc) at 21 Cm)
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(1) Vi=a G M for circular orbits — rotation-supported galaxies

Tully-Fisher relation (1977, A&A): L, vs HI linewidth

McGaugh+(2000, 2005, 2010), Verheijen+2001, Lelli+(2016, 2019, 2022)
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(1) Vi=a G M for circular orbits — rotation-supported galaxies

Tully-Fisher relation (1977, A&A): L, vs HI linewidth

Star-dominated

spiral galaxies ool Four a-priori independent predictions in one equation:

(1) The relevant quantities are M, (stars+gas) and V, — OK

1000 &
100

McGaugh+(2000, 2005, 2010), Verheijen+2001, Lelli+(2016, 2019, 2022)
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(1) Vi=a G M for circular orbits — rotation-supported galaxies

Tully-Fisher relation (1977, A&A): L, vs HI linewidth

Star-dominated

spiral galaxies ool Four a-priori independent predictions in one equation:

(1) The relevant quantities are M, (stars+gas) and V, — OK

(1) Slope should be exactly 4 — OK

1000 &
100

McGaugh+(2000, 2005, 2010), Verheijen+2001, Lelli+(2016, 2019, 2022)
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(1) Vi=a G M for circular orbits — rotation-supported galaxies

Tully-Fisher relation (1977, A&A): L, vs HI linewidth

Star-dominated

spiral galaxies ool Four a-priori independent predictions in one equation:
‘ (i) The relevant quantities are M, (stars+gas) and V,.— OK

(1) Slope should be exactly 4 — OK

(ii1) Normalization is a, G — OK with other estimates

1000 &
100

McGaugh+(2000, 2005, 2010), Verheijen+2001, Lelli+(2016, 2019, 2022)
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(1) Vi=a G M for circular orbits — rotation-supported galaxies

Tully-Fisher relation (1977, A&A): L, vs HI linewidth

Star-dominated

spiral galaxies ool Four a-priori independent predictions in one equation:

(1) The relevant quantities are M, (stars+gas) and V, — OK

(1) Slope should be exactly 4 — OK

(ii1) Normalization is a, G — OK with other estimates

(1v) No dependence on other quantities - OK

1000 &
100

McGaugh+(2000, 2005, 2010), Verheijen+2001, Lelli+(2016, 2019, 2022)
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(1) Vi=a G M for circular orbits — rotation-supported galaxies

Tully-Fisher relation (1977, A&A): L, vs HI linewidth

Star-dominated

spiral galaxies ool Four a-priori independent predictions in one equation:

(1) The relevant quantities are M, (stars+gas) and V, — OK

(1) Slope should be exactly 4 — OK

(ii1) Normalization is a, G — OK with other estimates

(1v) No dependence on other quantities - OK
M| This is weird in a Newtonian+DM context:

- VZZGMW f:Mb 2:Mb
R R2 i Mtot ° J'CR2

McGaugh+(2000, 2005, 2010), Verheijen+2001, Lelli+(2016, 2019, 2022)
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(1) Vi=a G M for circular orbits — rotation-supported galaxies

Tully-Fisher relation (1977, A&A): L, vs HI linewidth

Star-dominated

spiral galaxies ool Four a-priori independent predictions in one equation:

(1) The relevant quantities are M, (stars+gas) and V, — OK

(1) Slope should be exactly 4 — OK

(ii1) Normalization is a, G — OK with other estimates

(1v) No dependence on other quantities - OK
M| This is weird in a Newtonian+DM context:

VZZGMtot _ Mb zb_ Mb V4:J'EG2

f,= =
R R2 i Mtot J'CR2 fi

2, M,

McGaugh+(2000, 2005, 2010), Verheijen+2001, Lelli+(2016, 2019, 2022)
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(2) 0,*=a,G M, for quasi-isothermal systems — pressure-supported gals
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(2) 0,*=a,G M, for quasi-isothermal systems — pressure- supported gals

Elliptical Galax1es (M ~ 109 102M ) Dwarf Spher()ldals (M ~ 1’034109M )

',.‘. + _.- .‘
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(2) 0,*=a,G M, for quasi-isothermal systems — pressure- supported gals

Elliptical Galax1es (M ~ 109 102M ) Dwarf Spher()ldals (M ~ 1’034109M )
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(2) 0,*=a,G M, for quasi-isothermal systems — pressure-supported gals

Faber-Jackson relation (1976, AplJ) for ellipticals

Ellipticals R o . .
Three a-prior1 independent predictions in one equation:

0
=
2—*

10° 102 10% 10° 10° 10”7 10® 10% 10'%10% 10
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(2) 0,*=a,G M, for quasi-isothermal systems — pressure-supported gals

Faber-Jackson relation (1976, AplJ) for ellipticals

Three a-prior1 independent predictions in one equation:
(1) Slope should be exactly 4 — OK

Ellipticals

0
=
2—*

10° 102 10% 10° 10° 10”7 10® 10% 10'%10% 10
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(2) 0,*=a,G M, for quasi-isothermal systems — pressure-supported gals

Faber-Jackson relation (1976, AplJ) for ellipticals

Three a-prior1 independent predictions in one equation:

(1) Slope should be exactly 4 — OK
(i1) Normalization is a,G — OK with BTFR estimate!

Ellipticals

0
=
2—*

10° 102 10% 10° 10° 10”7 10® 10% 10'%10% 10
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(2) 0,*=a,G M, for quasi-isothermal systems — pressure-supported gals

Faber-Jackson relation (1976, AplJ) for ellipticals

Three a-prior1 independent predictions in one equation:
(1) Slope should be exactly 4 — OK

(i1) Normalization is a,G — OK with BTFR estimate!

Ellipticals

(111) No dependence on other quantities IF a < a, — OK

0
=
2—*

10° 102 10% 10° 10° 10”7 10® 10% 10'%10% 10
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(2) 0,*=a,G M, for quasi-isothermal systems — pressure-supported gals

Ellipticals

(1) Slope should be exactly 4 — OK

0
=
2—*

(11) No dependence on other quantities

0, 1s measured at R <R _ (containing hal

10° 102 10% 10° 10° 10”7 10® 10% 10'%10% 10

(1) Normalization 1s a,G — OK with B

Faber-Jackson relation (1976, AplJ) for ellipticals

Three a-prior1 independent predictions in one equation:

'FR estimate!

IF a <« a, — OK

{ luminosity):

For dwart spheroidals: a < a, at R<R, — MOND regime

For giant ellipticals: a > a at R<R_ — Newtonian regime
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(2) 0,*=a,G M, for quasi-isothermal systems — pressure-supported gals

Faber-Jackson relation (1976, AplJ) for ellipticals

Three a-prior1 independent predictions in one equation:
(1) Slope should be exactly 4 — OK

(i1) Normalization is a,G — OK with BTFR estimate!

Ellipticals

(111) No dependence on other quantities IF a < a, — OK

0
=
2—*

0, 1s measured at R <R _ (containing halt luminosity):
For dwart spheroidals: a < a, at R<R, — MOND regime

For giant ellipticals: a > a at R<R_ — Newtonian regime

2
Oy, GM M ~ 0 R Fundamental plane of ellipticals

—— N

R R2 ¢ (Djorgovski & Davis 1987; Dressler 1987)

10° 102 10% 10° 10° 10”7 10® 10% 10'%10% 10
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(3) Rotation curves can be predicted from the baryon distribution
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(3) Rotation curves can be predicted from the baryon distribution

We introduce an interpolation function w(x) with x = a/a

aM(X):gN
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(3) Rotation curves can be predicted from the baryon distribution

We introduce an interpolation function w(x) with x = a/a

limu->1 a=¢gy Newtonian regime
X => 0
aM(X):gN a’
lim uw=>x —=(y a=\/aogN MOND regime
x=>0 a()
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(3) Rotation curves can be predicted from the baryon distribution

We introduce an interpolation function w(x) with x = a/a

limu->1 a=¢gy Newtonian regime
X => 0
aM(X):gN a’
lim uw=>x —=(y a=\/aogN MOND regime
x=>0 a()

Interpolation functions are common in Physics. Examples:

- Lorentz factor vy (via ¢): Newton’s second law < special relativity

- Planck’s law for the blackbody radiation (via #): Rayleight-Jeans <> Wein regimes

- Probability for quantum tunnelling (via #): classical mechanics <» quantum theory

MOND postulates specify only asymptotic limits of . Which function to choose?
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(3) Rotation curves can be predicted from the baryon distribution

| Radial Acceleration Relation (RAR)
2700 points from . ,
175 disk galaxies  Fully empirical - independent of MOND

McGaugh+2016, PRL
Lelli+2017, ApJ
Li, Lelli+2018, A&A
-11 -10
log(g,) [m 5]

V°®,(R,z)=47Gp,(R,z)

gy(R,z=0)=—V ®,(R,z=0)
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(3) Rotation curves can be predicted from the baryon distribution

| Radial Acceleration Relation (RAR)
2700 points from . ,
175 disk galaxies  Fully empirical - independent of MOND
A e Asymptotic limits consistent with MOND

McGaugh+2016, PRL
Lelli+2017, ApJ
Li, Lelli+2018, A&A
-11 -10
log(g,) [m 5]
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(3) Rotation curves can be predicted from the baryon distribution

| Radial Acceleration Relation (RAR)
2700 points from .. ,
175 disk galaxies e Fully empirical - independent of MOND
A e Asymptotic limits consistent with MOND
* RAR shape specifies the form of w(x)

)

aM(_):gN a:V(aO

—1

V—u

dn

McGaugh+2016, PRL
Lelli+2017, ApJ

Li, Lelli+2018, A&A | | V°®,(R,z)=4nGp,(R, z)

gy(R,z=0)=—V ®,(R,z=0)

log(g,) [m s7]
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(3) Rotation curves can be predicted from the baryon distribution

| Radial Acceleration Relation (RAR)
2700 points from .. ,
175 disk galaxies e Fully empirical - independent of MOND
’ e Asymptotic limits consistent with MOND
* RAR shape specifies the form of w(x)
dn
aduw\— |— d=—V\—
W(L)=g, .

1
- V=
a 1_e_gN/a0 gN M

dn

We can now assume v(g /a ) and predict

YNNG  rotation curves given p, (within the errors)
Lelli+2017, Ap]

Li, Lelli+2018, A&A | | V°®,(R,z)=4nGp,(R, z)

gy(R,z=0)=—V ®,(R,z=0)

log(g,) [m s7]
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(3) Rotation curves can be predicted from the baryon distribution

NGC0024 (1, 1.03, 1.03) F568-V1 (1, 1.04, 1.28) UGC05750 (1, 0.81, 0.84) NGC0100 (1, 1.18, 1.0) F563-V2 (1, 1.06, 1.27)

g 89,0

5 10
UGC06399 (1, 1.05, 1.0)

80+
60r
40+
20+

0

0
Li+2018 Radius [kpc] Radius [kpc] Radius [kpc] Radius [kpc] Radius [kpc]
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(3) Rotation curves can be predicted from the baryon distribution

NGC3992 (1, 0.9, 0.98) NGC6674 (1, 0.84, 0.94) NGC5985 (1, 1.18, 1.01) NGC2841 (1, 1.1, 1.08) 1C4202 (1, 0.64, 1.0)

10 20 30
NGC5005 (1, 0.98, 1.0) NGC5055 (1, 0.99, 0.8)

T

w9, - gy g e T 66,2

L 1 I 1

15 20 50 40 60 10 20 30
Li+2018 Radius [kpc] Radius [kpc] Radius [kpc] Radius [kpc] Radius [kpc]
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(3) Rotation curves can be predicted from the baryon distribution

F583-1 (1, 0.9, 0.99) UGC11820 (1, 0.85, 0.86) DDO161 (1, 0.65, 0.95) UGC05721 (1, 1.4, 1.04)

UGCO07603 (1, 1.39, 1.01)

I e L
- =

4°

UGC01281 (1, 1.0, 1.0)

2 4
D631-7 (1, 0.98, 0.78)

6

iigiiiii

NGC3741 (1, 1.04, 1.04)

Li+2018  Radius [kpc] Radius [kpc] Radius [kpc] Radius [kpc]
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(3) Rotation curves can be predicted from the baryon distribution

NGC4100 (1, 0.83, 1.0) NGC3893 (1, 1.08, 1.01) ESO079-G014 (1, 1.1, 1.0) NGC3917 (1, 0.94, 1.0)

UGC00128 (1, 0.9, 0.71)

50

0 'I L L 1
0 10 20 30 40 50

UGC06930 (1, 0.96, 0.9)

o

10 10 20 30 10 15
Li+2018  Radius [kpc] Radius [kpc] Radius [kpc] Radius [kpc] Radius [kpc]
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(3) Rotation curves can be predicted from the baryon distribution

UGC09037 (2, 0.96, 0.97) UGC08699 (2, 1.03, 1.0) NGC4138 (2, 0.99, 1.0)

NGC3949 (2, 0.96, 1.0)

NGC6015 (2, 0.69, 1.0)

UGC03580 (2, 1.08, 1.01)

UGC11557 (2, 0.93, 0.65)

L

Radius [kpc] Radius [kpc]
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Radius [kpc]

MOND: An Alternative to Particle Dark Matter

Radius [kpc]




(3) Rotation curves can be predicted from the baryon distribution

UGC09037 (2, 0.96, 0.97) NGC3949 (2, 0.96, 1.0) NGC6015 (2, 0.69, 1.0)

Let’s stop here... but this 1s just half of the dataset!

(see Li, Lelli, McGaugh et al. 2018, A&A)
SPARC website: http://astroweb.cwru.edu/SPARC/

o , ~ <

s 10 15
Radius [kpc] Radius [kpc] Radius [kpc] Radius [kpc]
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Empirical Kepler-like laws of galaxies: emergence ot a + Baryon <> DM

Tully-Fisher Relation Faber-Jackson Relation Radial Acceleration Relation

M o O-V4 a & gN(pbar)

b

il
=t
2*

Measurements

0 o i
-0.6 -03 0.0 0.3 0.6
Residuals [dex]

11 ~10 9
1og(gpar) [ms 2]

~

10° 10° 10%* 10° 10% 107 10% 10%° 10'%1 0 101%

Residuals [dex]

11 ~10
log(gpar) [ms™?]
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II. Non-relativistic MOND theories
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DOES THE MISSING MASS PROBLEM SIGNAL THE BREAKDOWN
OF NEWTONIAN GRAVITY?

JACOB BEKENSTEIN
Department of Physics, Ben Gurion University of the Negev, Beer-Sheva

AND

MORDEHAI MILGROM'
Department of Physics, Weizmann Institute of Science, Rehovot

Received 1984 March 28 ; accepted 1984 May 17 1 year after

ABSTRACT the 1* trilogy

We consider a nonrelativistic potential theory for gravity which differs from the Newtonian theory. The
theory is built on the basic assumptions of the modified dynamics, which were shown earlier to reproduce
dynamical properties of galaxies and galaxy aggregates without having to assume the existence of hidden
mass. The theory involves a modification of the Poisson equation and can be derived from a Lagrangian. The
total momentum, angular momentum, and (properly defined) energy of an isolated system are conserved. The
center-of-mass acceleration of an arbitrary bound system in a constant external gravitational field is indepen-
dent of any property of the system. In other words, all isolated objects fall in exactly the same way in a
constant external gravitational field (the weak equivalence principle is satisfied). However, the internal
dynamics of a system in a constant external field is different from that of the same system in the absence of
the external field, in violation of the strong principle of equivalence. These two results are consistent with the
phenomenological requirements of the modified dynamics. We sketch a toy relativistic theory which has a
nonrelativistic limit satisfying the requirements of the modified dynamics.

Subject headings: cosmology — galaxies: internal motions — gravitation
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[et’s start from the classical Newtonian Action:

S=|[dtL=|dt(L

matter

Principle of Least Action:

0S 2
6—<I>_O_)V OP=4nGp
0S —

— = =—— V OO

d X v

=| dtd’x

e
Py
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[et’s start from the classical Newtonian Action:

matter

S=|[dtL=|dt(L

Principle of Least Action:

0S 2
6—<I>_O_)V OP=4nGp
0S —

— = =—— V OO

d X v

=| dtd’x

e
b7y

/

Change this for
modified inertia
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[et’s start from the classical Newtonian Action:

S=|[dtL=|dt(L

matter

Principle of Least Action:

0S 2 <
6—<I>_O_)V OP=4nGp
0S —

— = =—— V OO

0 X v

V2
= | dtd’x|p—
J dtd’x|p= )

/

Change this for
modified inertia

AQUAL QUMOND
(Bekenstein & Milgrom 1984, (Milgrom 2010,

Astrophysical Journal) MNRAS)
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AQUAL = Aquadratic Lagrangian (Bekenstein & Milgrom 1984, ApJ)

s | v Vol .. "
S = f dt .= f ded’ x|p—— —p®d Lagrangian 1s quadratic in VO
2 8nG
a: Vo | Flz)ozforz=IVOP/aj> 1
8nG | g F(z) = 7" for 7 = IV®P/a < 1
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AQUAL = Aquadratic Lagrangian (Bekenstein & Milgrom 1984, ApJ)

2
0 v _ ‘V (I)‘ —0 q)) Lagrangian 1s quadratic in VO

2 3nG

S=|dtL= dtd’x

F(z) — z for z = IVOF/a S > 1

F(z) — 277 for z = IV®P/a < 1

V& =4nGp Modified Poisson’s Equation

= d Fd(z) z=x° F(z) provides the interpolation function u=v-'
v/

u(x)
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Application of AQUAL: The Antennae Merging Galaxies

Observations Simulations

Green = Stars

" Tiret & Combes (2008, ASPC)
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QUMOND = Quasi-Linear MOND Milgrom 2010, MNRAS)

; V? ‘? (I)‘Z . L. .
S = f dt L= f dtd’x|p—— —0® Single gravitational potential ®
2 8nG
oasa aolTol
—1 2Voo-V cI)N—a(Z)Q 2N Two potentials: @ and <I>N!
8nG a,
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QUMOND = Quasi-Linear MOND Milgrom 2010, MNRAS)

=
S = f dt L= f dt d> x pL_ ‘V(D‘ —p® Single gravitational potential ®
2 8nG
onon [l
—1 2Voo-V cI)N—a(Z)Q 2N Two potentials: @ and <I>N!
8nG a,

Principle of least Action varying ©, @ and x — set of 3 equations

Standard, linear Poisson’s equation for @
V:o=V-v|[Va lia/Ve,

Acceleration/force set by second potential ®

v(Vx)= 49

X

— Non-linear step: get @ from @
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Application of QUMOND: Formation of Galaxy Disks

40 1 40 1
8450 Myr 8450 Myr
0 0
20 | il B 20 | -1
Ll 2% 1-2%
o o
=< <
8} -3 % [8) 4 -3 -
g o0 = g 0 =
> J -4c>o > d -4070
1-5& |5 €
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-20 | | 6 -20 | | 6
1 -7 i 7
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o Q
< <
9 13 Mo B
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> i -40&> > i -4023
-5 £ l 5
(=8 W
-20 | 6 -20 | | 5
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Gas collapse — Exponential disk
Wittenburg+(2020, AplJ)

Lot
Lgas

‘ Lstars
exp fit stars

exp fit gas
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ABSTRACT

We consider a nonrelativistic potential theory for gravity which differs from the Newtonian theory. The
theory is built on the basic assumptions of the modified dynamics, which were shown earlier to reproduce
dynamical properties of galaxies and galaxy aggregates without having to assume the existence of hidden
mass. The theory involves a modification of the Poisson equation and can be derived from a Lagrangian. The
total momentum, angular momentum, and (properly defined) energy of an isolated system are conserved. The
center-of-mass acceleration of an arbitrary bound system in a constant external gravitational field is indepen-
dent of any property of the system. In other words, all isolated objects fall in exactly the same way in a

constant external gravitational field (the weak equivalence principle is satisfied). However, the internal

dynamics of a system in a constant external field is different from that of the same system in the absence of

the external field, in_violation of the strong principle of equivalence. These two results are consistent with the

phenomenological requirements of the modified dynamics. We sketch a toy relativistic theory which has a
nonrelativistic limit satisfying the requirements of the modified dynamics.

Subject headings: cosmology — galaxies: internal motions — gravitation
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Weak Equivalence Principle (WEP):

— Universality of free fall (center-of-mass motion)
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Weak Equivalence Principle (WEP):

— Universality of free fall (center-of-mass motion)

Einstein Equivalence Principle (EEP):

— WEP + Lorentz invariance (spacetime rotations)
+ Local Position Invariance (LPI) for non-gravitational experiments:
the results of experiments do not depend on where/when they are done
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Weak Equivalence Principle (WEP):

— Universality of free fall (center-of-mass motion)

Einstein Equivalence Principle (EEP):

— WEP + Lorentz invariance (spacetime rotations)
+ Local Position Invariance (LPI) for non-gravitational experiments:
the results of experiments do not depend on where/when they are done

Strong Equivalence Principle (SEP):

— EEP + LPI for gravitational experiments too
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Weak Equivalence Principle (WEP):

— Universality of free fall (center-of-mass motion)

Einstein Equivalence Principle (EEP):

— WEP + Lorentz invariance (spacetime rotations)
+ Local Position Invariance (LPI) for non-gravitational experiments:
the results of experiments do not depend on where/when they are done

Strong Equivalence Principle (SEP):

3 EEP _: T DT fA+vr avraxritatinnal Aveanarimaanta A~

A JA A AUl éluVLLuLLULLuL VI\tJVL ALLANLALD LUV
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Galaxy Clusters systems with ~100-1000 galaxies

. Observed baryon budget:
. ,. 10% galaxies (optical & NIR)
o 90% hot 10nized gas (X rays)
AldSC 086, L
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Galaxy Clusters systems with ~100-1000 galaxies

.. . Observed baryon budget:
R _‘ 10% galaxies (optical & NIR)
= % 90% hot ionized gas (X rays)

‘» Sphere 1n Hydrostatic Equilibrium

dPgaS_ dod
dr e gr
. -_ B * . d pgaSkTgaS ) do
| g . g . gas
XESSC-086 i W g W todrl owm, dr
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Galaxy Clusters: Long-standing problem for MOND

Newtonian analysis: M, /M, ~ 4-5 MOND analysis: M, /M, ~2

1

N N
A L L Ll g | P S N AR I B
0.5 0 0.5 1 & 0.5 0 05 1
Log Obs. Mass —14 Sanders (1999, Apl) Log Obs. Mass —14

Log MOND Dyn. Mass —14
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Galaxy Clusters: Long-standing problem for MOND

MOND analysis: M, /M, ~2

'T'_I—T_T—']_T_V—I_T_ ]_'T—I'—[_T—I_T_I'_l'_ (N ]_'T_I'_IT/

Proposed Solutions:

» Undetected (missing) baryons

— Compact clouds of cold gas?
(Milgrom 2008, NAR)
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Galaxy Clusters: Long-standing problem for MOND

Proposed Solutions: f\ CMB fit with sterile neutrinos

Q =0.0205m —m ~11eV

» Undetected (missing) baryons
(Angus 2009, MNRAS)

— Compact clouds of cold gas?
(Milgrom 2008, NAR)

A
o
-
S

e Sterile neutrinos of ~11 eV

— Neutrino oscillations & CMB fit!
(Angus+2010, MNRAS)
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Galaxy Clusters: Long-standing problem for MOND

Proposed Solutions: f\ CMB fit with sterile neutrinos

Q =0.0205m —m ~11eV

» Undetected (missing) baryons
(Angus 2009, MNRAS)

— Compact clouds of cold gas?
(Milgrom 2008, NAR)

A
o
-
S

e Sterile neutrinos of ~11 eV

— Neutrino oscillations & CMB fit!
(Angus+2010, MNRAS)

o Extended MOND: a, o ()

— Deeper theory? But more freedom...
(Zhao & Famaey 2012, PRD) 500 1000
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Putting Galaxy Clusters in context on the RAR

You are here
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II1. Relativistic MOND theories
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TeVeS (Tensor-Vector-Scalar) - Bekenstein (2004, PRD)

- — Einstein’s metric

- Vector A" — to get the “right” gravitational lensing (Sanders 1997, ApJ)

- — to get the DM eflect for matter (Bekenstein & Milgrom 1984, ApJ)

- Free Function — interpolation function (similar to AQUAL & QMOND)
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TeVeS (Tensor-Vector-Scalar) - Bekenstein (2004, PRD)

- — Einstein’s metric

- Vector A" — to get the “right” gravitational lensing (Sanders 1997, ApJ)

- — to get the DM eflect for matter (Bekenstein & Milgrom 1984, ApJ)

- Free Function — interpolation function (similar to AQUAL & QMOND)

Matter tollows a “physical metric” given by a distormal transtormation:

EM,VZ +A A, —A A e = —2A,A,
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Bullet Cluster: Not a problem in MON

\

-

OBSERVATIONS (Clowe+2004, ApJ) MOND (Angus+2006, MNRAS; 2007, Apl)

Green: Observed lensing map (total mass) Red: Observed lensing convergence map

Blue/Red/ : X-ray emission (hot gas) J Black: MOND model with 2eV neutrinos
Blue: total surface densities (baryons+v)
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Bullet Cluster: Not a problem 1n MOND/TeVeS

Very rare (p~107) in ACDM simulations (Farrar & Rosen, 2006, PRL)
But natural in MOND simulations (Angus & McGaugh 2008, MNRAS)
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GW170817 GW170817 2500
DECam observation DECam observation F 2950
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New Class of TeVeS-like theories (Skordis & Zlosnik)

Combine scalar & vector 1n a time-like vector (Skordis & Zlosnik 2019, PRD):

u__ _—2¢ pu 2__ _uv — 20 _
B'=e A" suchthat B'=g B ,B,=—e¢ Cow = Ceum
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New Class of TeVeS-like theories (Skordis & Zlosnik)

Combine scalar & vector 1n a time-like vector (Skordis & Zlosnik 2019, PRD):

u__ _—2¢ pu 2__ _uv — 20 _
B'=e A" suchthat B'=g B ,B,=—e¢ Cow = Ceum

Fix free terms in the Action by requiring (Skordis & Zlosnik 2021, PRL):
(1) Newton 1n non-rel. limit when IV®| > a 1n quasi-static situations

(2) AQUAL m non-rel. limit when [V®| < a, 1 quasi-static situations

(3) Gravitational lensing without dark matter
(4) Tensor mode of GW propagates at the speed of light
(5) FLRW background with the same expansion history as LCDM
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CMB Power

6000 ACDM

Cosh: Kg = 0.5, Qo = 0.1, Ko = 7.5 x 103, Z5 =109
5000 « Higgs: Kg = 0.3, Qg = 1, Ko = 8.5 x 108

Exp: Kg = 0.1, Qg = 10~%, K3 = 9.5 x 103, 25 = 1017
4000 Planck 2018

Skordis & Zlosnik (2021, PRL)
3000

2000

1000
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Matter Power Spectrum well fitted by Relativistic MOND

1072 10—t

Skordis & Zlosnik (2021, PRL)

L

L —— ACDM: b=1
- — Cosh: b = 0.975
i Higgs-like: b = 0.98
==== Exp: b =0.995
‘ SDSS DR7 LRG
10° -
2000
1000
0 e e
1000 |
—2000

k[hMpc1]
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Status of MOND at Various Scales

Galaxy Scales (~1-100 kpc) Groups/Clusters Scales (~1-5 Mpc)  Cosmological Scales (>100 Mpc)

Interactlons & Mergers in Groups ' CMB __

Rotation Curves of Spirals -

g L Andromeda

Robert Gendles
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Further readings on MOND

A PHILOSOPHICAL

Review Article | Open Access | Published: 07 September 2012 APPROACH TO

Modified Newtonian Dynamics (MOND): Observational
Phenomenology and Relativistic Extensions

Famaey & McGaugh, 2012, Living Reviews in Relativity, 15, 10

David Merritt

g symmetry moPI

Review

From Galactic Bars to the Hubble Tension: Weighing Up the
Astrophysical Evidence for Milgromian Gravity

Banik & Zhao, 2022, Symmetry, 14, 7, 1331




More Shides
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MOND 1s predictive — can be falsified (Popper 1s happy)
ACDM i1s reactive — can reproduce almost everything

a-posterior1 (after the observations)

Why did MOND get any prediction right?

If MOND turns out to be wrong, galaxy formation in
ACDM (baryonic physics) must work 1n a precise way

to mimic the MOND phenomenology on galaxy scales.
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Galaxies lie on the same RAR despite their diversity

Bulge—Dominated Spiral (NGC7814)  Disk—Dominated Spiral (NGC6503)  Gas—Dominated Dwarf (NGC3741)
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External field effect (EFE): implications for the RAR

e For truly isolated galaxies:

e=0
--=-= =0.033

8.51|---- e=-0.033 ' d= VO(gN,int/aO)gN,iIlt

~ e=—0.1

o For galaxies subjected to

d = Ve(gN,int/aO; )gN,int
 RAR should be a family of curves
depending on the galaxy environment

* We can fit RCs to infer the value of
and independently estimate ¢ from

BT Ry Y e - T T the galaxy large-scale environment.
log(g,) [m s~] Chae, Lelli, Desmond et al. (2020)
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EFE 1s weak: individual detections only 1n extreme cases

With EFE (e+#0) Without EFE (e=0) s NG.C 5033. |

NGC5033: ¢y =0.10279986 ¢ =0.104+9913 ABIC = 83.9

[ S

NGC 5055

NGC5055: cepy =0.09413083 ¢ =0.0547599

Chae+2020, 2021
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Statistical approach: EFE>0 at >40 and agrees with LSS

0.053+0:518 0.055*003 004240033 0.120+7:635
(N=30) (N=41) (N=T) (N=12)

. individual fits of 90 RCs

median: 0.060+)-033 D=11 30
|

, ‘ |
0.4 0.6 0.8 1.0 1.2 1.4 :
log(D/Mpc) Chae+2020, 2021
Federico Lelli (INAF — Arcetri Astrophysical Observatory) MOND: An Alternative to Particle Dark Matter




Statistical approach: EFE>0 at >40 and agrees with LSS

00531435 0055508 004218 0120%00
(N=30) (N=41) (N=7) (N=12)

€env (Max clustering)
€env (N0 clustering)
individual fits of 90 RCs

. 0.024
median: 0.0607:017

=

0.4 0.6 0.8 : l..2 1.4

log(D/Mpc) Chae+2020, 2021
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MOND External Field effect (EFE)

MOND 1is non-linear — both internal (gN’im) and external (gN’ext) fields
For non-1solated systems, three possibilities:

(1) gN,ext < gN,int < aO

— MOND regime (e.g. nearly isolated galaxies)
(2) gN,int < aO < gN,ext
— Newtonian regime (e.g. star clusters in the inner MW)

(3) gN,int < gN,ext < aO

— Newton with G, ~ G a,/g, .., (€.g. some satellites of MW)

EFE 1s a general MOND prediction but details depend on the specific theory
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MOND - Cosmology Connection?

Two numerical coincidences (Milgrom 1983a, ApJ; Milgrom 1999, PhLA):

H,-c
a,~ ZOJI H, = Hubble constant — maybe a (t) ~ H(t) ?
2
c"VA/I3 . .
a,™~ 5 A = Cosmological constant — relation to Dark Energy?

IF this numerology has some deeper, fundamental meaning;:

either the state of the Universe at large enters in local dynamics, or

the same parameters enters both Cosmology (A) and local dynamics (a, ).
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MOND as Modified Inertia (Milgrom 1994, Annals of Physics)

SN 1 v A is a functional of the full trajectory x(7) with dimension of m/s>.
[X<t) aO]__ (I)N F — A2 2 ’%e Hnd
ora>a, A — a=dx/df (Newton’s 2" Law).

A
In MOND no full theory yet setting A from varying S but two general results (Milgrom 1994):

(A) IF we impose the Newtonian and MOND limits at high and low accelerations +
Galilei Invariance — Eq. of motions are the same in all inertial frames: X (t )= X (t)+\7:)t
<15 dx .
Theory is time non-local: A[X(t),a,]#F( o ;i=1,2,..N)
t

Accelerations at (X, t) depend on the full orbital history!

- a —_—
(B) For purely circular orbits: au (a— ) = g holds exactly (e.g. RAR for disk galaxies)
0

The interpolation function 1s a derived concept valid for circular orbits

Federico Lelli (INAF — Arcetri Astrophysical Observatory) MOND: An Alternative to Particle Dark Matter



Lovelock-Grigore Theorem:
GR (+A) 1s the only theory that satisfy these assumptions:

1- Geometry 1s Reimannian

2- The Action depends only on 2

3- It 1s diffeomorphism 1nvariant
4- 1t 1s local
5- It leads to 2" order field equations

Federico Lelli (INAF — Arcetri Astrophysical Observatory) MOND: An Alternative to Particle Dark Matter



Path towards a relativistic version of MOND

Retain Only the Retain
Reimann § metric § Invariance
Abandon Add new Break
Reimann fields Invariance

: AN
Flnsler (Bekenstein 04) Hora.va
Geometry BiMOND Gravity
(Namoumi 15) (Milgrom 09) (Sanders 11)

Retam __| F(R)
Locality Theories

l

Breal; NO GO
Locality for MOND

l

Nonlocal Emergent
MOND Gravity
(Deffayet+11) (Verlinde 17)

Federico Lelli (INAF — Arcetri Astrophysical Observatory)

MOND: An Alternative to Particle Dark Matter
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