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MOND as an alternative to Dark Matter

MOND: Milgrom (1983)

f(lal/an)d =g f(z)=1 for x > 1 (Newtonian)
N - f(flf) = for <1 O\IOND)<—L0W acceleration limit

MOND I‘egime: ‘éj‘ — \/a’M‘gN‘ > ‘ ﬁN\ Gravity becomes stronger
with gy = GM/r?, || =v*/r = v=(GMay)"" oc M'/*

. Explaining galactic rotations and Tully-Fisher relation

Poisson’s form: Bekenstein-Milgrom (19 Due to its nonlinear nature, internal

dynamics is affected by the external

\V4 [ f (‘v (I)‘ /CL )v (I)} — Ar GQ with a — VP gravitational field (external field effect),
| M — —

violating the strong equivalence principle

Milgrom’s universal constant :  an; ~ 1.2 x 10 %em / sec?
Intriguingly : cHy/(2m) ~ 1.1 x 10" %em/sec?
with Ho = 70(km/sec)/Mpc

Bekenstein-Milgrom, Does the missing mass problem signal the breakdown of Newtonian gravity? (1984) 2/16



A Relativistic MOND

Relativistic extension: Blanchet-Marsat (2011) «—— Motivated by Einstein-aether theory
with MOND limit J acobson—Ma.ttmgly 2001) a}nd
quantum gravity proposal with

Cosmological addition: Blanchet-Skordis (2024)  °¢?! Lerentzinvariance violation

(Horava 2009, Blas et al. 2010)
for large-scale structure and CMB

For MOND |For Cosmology

4 v
£=v=g{i- G[R—QJ(A)JrQJC(Q)]Jer}
tethe U, =~ £0,7, Q= 0y/(TIVar — Ampi

/ Kinetic part of U,
Acceleration—»Aa. — CzUa.;bUb — —C qavb In Q A= —ACA

Involves ¢
griVltté}UlODal UU,. = — 1,  Gup = gap + UyUp «— Projection tensor orthogonal to U,
potentia

Blanchet-Marsat-Skordis (BMS) model of the relativistic MOND

Blanchet-Marsat, Modified gravity approach based on a preferred time foliation, e-Print: 1107.5264; 3/16
Blanchet-Skordis, Relativistic khronon theory in agreement with modified Newtonian dynamics and large-scale cosmology, e-Print: 2404.06584
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Background constraint
Metric: ds® = —a*da’da’ + a*0;da’da’ Q=7 =1+6/c

217 -
Model: - 7 K.i1(Q —1)"Tt No J contribiutes to BG
n+1 [1 =1/(v\/Kns1) Lu =c/Hy = 4.3Gpc
1 nO +1 3 L, \2 1/n  Ho=T70(km/sec)/Mpc
Hr = Hr0—3 Q . Q =1+ { 3 ( ) 'QTO}
a> n+1 2a° \ Ly
W+ = p—T p— Q—l ; C?_ — .—T p— Q_l 4 Dust (CDM) for Q = 1
T 'IZQ + 1 T ?’LQ Can be achieved by reducing L,

Demand: w., < 0.0164 at a, ~ 10~*° for a dust-like behavior

= L,

. o \L* = 220,62,22pc forn =1,2,3
n =1 is excluded, due to a conflict in OPN order Oy — 0.26

Blanchet-Skordis,2404.06584 4/16
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Post-Newtonian approximation

Zeroth-order post-Newtonian metric:

2
goo = —(1 + C—QCD), goi =0, gij = a0,

Ansatz: r(x.t)=t+ ! 7 (1) + %U(X,t)

—0
2 %
1 . 1 1 ,
—14+—0— —=2. E=b -6+ —0c'c;
@ 2 2 202 !

No OPN contribution from K forn = 2

1 1 . 1

?V (1 4+ Ta)VP| = 47Gdo, + ?V ' {JAV[U T 942 (Vo) - VU} }
. T

Ja=0 ‘Newtonian|  (Can we REMOVE it?

1
1+ Ja=z=IVe|jay <1 :MOND Or, SUPRESS its effect?
Bekenstein-Milgrom’s MOND
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Baryon + T-field system

Conservation equations :

1 : 1 ; | |

?(G’BQT) — ?(QTU"),?: = 0. g(ang) + av' (0pvi) = 0,

Momentum conservation eq. 1 . l ) 1 _

identically valid a(avb) T avb Vv + CLV(I) =0
Poisson’s equation:

2 & — 47 G50 + 60,) e — — (T AZ)

— ¥ = al )5 T — Ur — = )i

12 Ob or), 0 0 1 a2 A ,

1 ol — N 1 , 1

V- (1+ T a)VP| =47Gdo, + SV {JAV{U — 5.2(Vo) 'VU} }
Dynamic nature of o, using v, = —1Vo:

1 | |

?(GJBQT) + gv : (QTVT) =0,

év - {JA E(avfr)' + évT Vv, + éw} } = —4nGoo,.

JH-Noh, e-Print: 2503.20151
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c = () as a physical condition

For 6=0: — 0, =0,

A
Ob + 2H Ob = 5 (I) +<—Linearized 1n density and
a velocity perturbations

1 ~~
?V (1 4+ T a) V| = 47 G o6y,

Nonlinear gravitational potential

in MOND regime
This is what we naively expect in Bekenstein-Milgrom’s MOND
MOND vs CDM
Solutions: lvq)\ — %ameo Op = 1232%33@ a*. | o oxa? O xa
We expect fast growth of structures in MOND (sanders 1998; Nusser 2002)
W . .
However, §_ — i — Oy o a° 0y o 0y # 0

Thus, inconsistent, or possible for stationary system only (Flanagan 2023)
Flanagan, Khronometric theories of modified Newtonian dynamics, e-Print: 2302.14846; Blanchet-Skordis 2404.06584 7/16
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¢ = ( using a coordinate transformation

(x,t) = (x,t +0/c?) with 6 =0 — 7=t — goi= 20, :
New OPN expansion: 0PN modified!
y 1] L
goo = — (1 + —(I)) Joi = =04,  Gij = Q704 .
2 C

Baryon conservation equations:

1 1 : 1 .

3 . P R ) . _ . .
_S(a, ) — —(Qb )3 — _Q(QbU ) i/Non Newtonian corrections
a a a
1 R 1 2 1 1N 1 )
—(av;) + —v'v;;+ =P, =——Ho,;+ -0 (?ﬂ — =0/ ) + —v; jo.
a a ' a a ' (1 ) (1 0}

Poisson’s equation:

1 i A
?v- (14+TA)VP| =47Gd0p — 0.

No Newtonian limits in both conservation eqs and Poisson’s eq

JH-Noh, e-Print: 2503.20151
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DenSity pel‘turb ati()ns, properly considering dynamic ¢

Baryon + t-field system: linear density and velocity perturbations,
but nonlinear in potential

- ~ A A -~ -~
O0p + 2H0, = —2(1)? —2(1)2471'@(@50()%—9707)?
a a
. A 1 , ]
Newtonian regime, Ta=0¢ Assuming matter-dominated

.. , era without A
op +2H0, = 41Goydy, - =0, o =0. Solution: a o t*/? §, oct”

MOND regime, 1 + 74 =2 < 1:
55 -+ 2H55 - 47TG(Qb5b + Q»T(')‘T)j Solution: For o < 1

—1i»\/1—|—12§250(1i 144 T“)

s - —~ 1
O0r +2Ho, = 47 G opop — —2V . (.CL‘V(I)) n:é
Q.

n < % .. No faster growth as expected in MOND regime
JH-Noh, e-Print: 2503.20151 . non-MONDian! 9/16



https://arxiv.org/abs/2503.20151

Perturbation Theory

Metric perturbation:
:UO ) ASSTiated with 8ij Arbitrary amplitude
) =
goo = —a*(1+2a), goi = —axi. gij = a” (1 +29)d;

Ignored transverse-tracefree perturbation and imposed spatial gauge conditions

Field perturbation:

T(t) + C%O’(X,f)

T
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Linear perturbation
To linear order: Q= (1 —a)Q + %cﬁr, Q=T
e Gauge-invariant notation

1
T=oa— —— (cr — QU) = aié/ A; = CQT,@

*Q Q)
Fluid quantities: Sty = ¢’ (Q/C 160 — QjAéT)
(*4 1 .
pézz—qii+-vgj

0P, KodQ. v =—70.
TG a()
No vector and tensor perturbations, No anisotropic stress

EoS:

6pr 2 2k2 -1
e (1—jA4WGQTa2) Or

“ o =0 mmplies v = 0.
JH-Noh, e-Print: 2410.10205 11/16
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Gauge issue

Gauge transformation: 7 = g% 4 £

% 7 0 A (T’)’ 0 C (T,)! 0
_— = — — . — — C| — ’ ﬁi: — }(: T }K: 2C\ —
G=a-7 @=q-c(Z)e a5 )¢

.« 0 =0 can be used as a gauge condition — v = 0 .. comoving gauge

/ T
. . ° ° - - L O' . i .
Gauge-invariant combination: 5y, = 6u — L, g with T-fluid
T C*
Momentum conservation Energy conservation

.. ) 5 35 2
By combining: a, i _op K L (3 o )
fo+ D a’ (i + p)

A : AtG , -
Foe +2HK, + (CQ_ ‘|‘914/5050 — ﬂ-—(olufcf —|—3/§’/J)
Raychaudhury eq. CLQ 62

Einstein eq.
JH-Noh, e-Print: 2410.10205
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Jeans criterion

Density perturbation equation: valid for a fluid without anisotropic stress and -
field, with A in the background

1+w{ H? (a,g,u,d )} » A Op,
a(

o — C

a*H La(p+p) \ H N a’

Zero-pressure background: o=l Oy =0y - %(% Gauge-invariant combination

L [ 59,.9/0c\"7 = . i 5 A 0Py

—— |a“H (—)} — 0, +2HO, — 471G oo, = ¢° '
a?H { H T ¢ az p

Jeans scale: Gravity Pressure

A= —k2—ky 41 GO0 >/ w. a1 —1/2

e )
a c2ops /1 K Iy Q

JH-Noh, e-Print: 2410.10205
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Perturbation constraint

21?
Model: K= K, — 1)+
ode (@ - 1)
f 20°Q — 1/ n+1 ~1/2
Jeans scale: ﬁ:{ o Q (”+ _|_jA>}
a Ip n@Q \n@+1 ’
_ 1. k. %
n=1: ZJ ~ \/1 T 7 Excluded already
n=2: M _ [ [V
a a’ 1+ jA |
I+TJa=1 : Newtonian
Ly = C/HO = 43G])C 1 —|—,_7A = ‘V‘D‘/&Mf <1 :MOND
l |
A , LygL,a3/? o
Lo Do [ (4 T 4) ~ T F Tad® 11 Mpe

or  ky —\ V600

JH-Noh, e-Print: 2410.10205



https://arxiv.org/abs/2410.10205

Baryon + T-field system:
In super-Jeans scale: T-field = CDM

Newtonian regime, 7 4 = 0:

Op + 2H 6, — 4w G (00p + 0,65) = 0,

. : A
0r +2H6, — AnG(0pdp + 070,) = 6362957

MOND regime, sub-Jeans scale

op + 2H 0y — 4G (0p0p + 0+65) = 0,
5T-|—2H5T—4’7TG(9555— 133 Q,rc?,r) —( r=14+TJ4

— L

The same as PN case .". no faster growth as expected in MOND
* non-MONDian!

JH-Noh, e-Print: 2503.20151 15/16



https://arxiv.org/abs/2503.20151

Summary

MOND = modified gravity in regions of low acceleration

* Direct evidence from wide binary systems supports MOND

» Early presence of galaxies 1s in tension with the CDM paradigm;
MOND has stronger gravity, thus provide faster growth of baryon pert.

» Numerous versions of MOND and several relativistic extensions

* We studied Blanchet-Marsat-Skordis’ relativistic MOND with

successful cosmology based on a Lorentz-violating vector field

In BMS theory: Cosmology aspects appear sound

» Dynamic nature of vector field 1s a challenge to achieve MOND

Difficult to remove the dynamic parts

BMS theory achieves MOND only 1n stationary systems

Dynamic parts lead to non-MONDian behavior of baryon density pert.

The rise and fall of BMS’ proposal as a relativistic MOND theory
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