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Regularities in the
dynamics of galaxies in HI
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Regularities in the
dynamics of galaxies in HI

Armed with this knowledge 41 years ago, Milgrom proposed his
MOND paradigm, or just Milgrom’s relation:

-If observed RCs are flat, then gravity must effectively fall like 1/r
-The discrepancy sets in at different radii in different galaxies, so a
more relevant scale than radius 1s the centripetal acceleration

g=(gxap)"” if g<<a, = Milgrom 1983

)~ 10_10 m/82



—> Velocity predicted to be flat (until the external field dominates),
and Tully-Fisher relation predicted to be a relation between the
total baryonic mass of galaxies and the asymptotic circular
velocity, with a slope of 4, with no dependence on secondary
parameters such as baryonic surface density

Very strong, bold and unintuitive predictions at the time!



Very strong, bold and unintuitive predictions at the time!

In Newtonian gravity, assume that one has a fixed factor between the
total mass and the baryonic one at fixed baryonic mass M,, one
would then expect something like V4 ~ M ?/R?> ~ M, X, where X, is
the surface density, but what is predicted is V* ~ M, , with no
dependence on size or Xy
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Verified prediction: Baryonic TF
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Diversity of rotation curves as a
function of baryonic surface density

“We predict a correlation between the value of the average surface density of a galaxy and
the steepness with which the rotational velocity rises to its asymptotic value.”

Milgrom (1983)
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Dark matter halos are (almost) a one-
parameter family (driven by mass)
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Dark matter halos are (almost) a one-
parameter family (driven by mass)

Too many cusps
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Modifying gravity ?
an = pu(alao) a
or for x < 1, one should have p(x) — x or v(x) — 1/ Vx
a = v(an/ap) an.

1, 1
Newtonian Lagrangian density in the non-relativistic limit : £ = —p ((I) — EV - V) — %LN

Ly=VO VO = (VD)? — LaguaL = agF (VD)*/ag)
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Modifying gravity ?
an = p(a/ap) a

or for x < 1, one should have u(x) = x or v(x) = 1/ vVx

a = v(an/aop) an.

1, 1
Newtonian Lagrangian density in the non-relativistic limit : £ = —p (CI) — EV - V) — %LN

Ly=VO VO = (VD)? — LaguaL = agF (VD)*/ag)

FY)>YforY>1land F(Y) — %Y?’/Z forY <1
F'(Y) =pu(VY) — V- (@u(V®l/ag)VP) = 4nGp

V2® = 47G(p - V - T) with [ = —(y@)/(4nG) and u(a/ao) = 1 + x(a/ao)
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Modifying gravity ?

Ly =VO-VO = (VDY —  Loumonp = 2V0 - VOy — a2Q((VON)?/a2)

V-(v(VOD VO
V20 = V- (v(VOy]) VDy) — pQMO = LN IO

wherev=v -1

=> very convenient for numerical solvers
(e.g., Phantom of Ramses patch of the RAMSES code)
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Modifying gravity ?
Ly =VO-VO = (VDY —  Loumonp = 2V0 - VOy — a2Q((VON)?/a2)

V-(v(VOD VO
V20 = V- (v(VOy]) VDy) — pQMO = LN IO

wherev=v -1

=> very convenient for numerical solvers
(e.g., Phantom of Ramses patch of the RAMSES code)

Note that :

a= V(lé_l)Nl/a())d)N can only be exact where VlV(I)Nl X V(DN = O,

d2 = yWWON - VO with V X d2 = Vy x VOy = ' V|VDy| X VOx
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Exact (and approximate)

solutions for disks
>k (R) = Mh/[2n(R?> + h*)*/?]  (the Kuzmin disk)

Ox N = —GM/[r* + (2> + h)*]'/

Outside of the disk : @ = v(|ldx|/ao)dn
with @n(R,h) = GM(R + h)/|R + |



JE
Exact (and approximate)

solutions for disks
>k (R) = Mh/[2n(R?> + h*)*/?]  (the Kuzmin disk)

Ox N = ~GM/[r* + (i1 + h)*]"/?

Outside of the disk : @ = v(|ldx|/ao)dn
with @n(R,h) = GM(R + h)/|R + |

Dk (R,7) = VGMagylog(R? + [|z] + 1]*)/2  in deep-MOND
In the disk :
V2 = VGMaoR*/(R* + h?) # \GMaoR*?[(R* + h*)>/*

1/2
a = v(a;\} / ao) aN with a;(, = (alzv + (ZﬂGZ)Z) /
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External field effect
V. (lV(Dint - Ziextl (V(I)int - d)ext)) = 4r GaOp

when a,,, << a,,, <<a,, back to Newton with
renormalization of G

G — G/u and r — (1 + log’ (i) sin®(0))'/?r G — Gvand r — r/(1 + log’ (v) sin?(6)/2)

in AQUAL ~ 1n QUMOND
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External field effect
V. (lV(Dint - Eiextl (V(I)int - 5ext)) = 45 GaOp

when a,,, << a,, <<a,, back to Newton with
renormalization of G

G — G/u and r — (1 + log’ (i) sin®(0))'/?r G — Gvand r — r/(1 + log’ (v) sin?(6)/2)

in AQUAL omy. 1N QUMOND
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Kroupa et al. (2022) : denser leading tails (50-200 pc) of open clusters
close to pericenter, e.g. Hyades, Coma Berenices, NGC 752
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External field effect

Table 1. Summary of Fitting Functions of the EFE-dependent RAR for the Outer Part of Rotation Curves

case theory IMOND (y, e) for y = JI and e = 2=t (or ey = gl\;—;’“) references
(0) algebraic MOND (no EFE) generic v(y) (e =0) M83
—1/2
(1) asymptotic limit AQUAL (1 (1 + fi(e) — pi(e) =2 9) M10, C21
(2) asymptotic limit QUMOND  v(ex) (1+ g0 mm%) M10, C21
2
(3) 1D analytic generic s+ \/(— — e’z ) - % — e% FM12, C21
(4) Freundlich-Oria analytic =~ QUMOND v (min [y + 2 en o+ ]) F21, 021
37

(5) QUMOND numerical QUMOND  v(y1) [1 + tanh (°~82ySeN) b(¥1) 721

(6) AQUAL numerical AQUAL v(yg) [1 + tanh (B ZN)W ﬁ(gﬁ )] this work
(7) AQUAL numerical AQUAL %[1 + 0.56 exp(3.021og,,(y))] 368102 H19

Chae & Milgrom 2022
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Generalizations with more

dimensioned constants

Lemonp = A(®) F(VO)* /A(D))

LGQUMOND =2V - V(I)N — a(z)SD((DN, V(I)N, qu)N, coes an)N)

Lrimonp = 2V® - VO — agP(YON)* /ag, (V) [ag, 2V Oy - Vo) ag)
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Global fit to galaxy rotation curves

vn(z) =

1+ (1+4xn)1/2]1/n
9 )

—1/6
vs(xz) = (1—e_x5/2> :

_v/2\ L/ o/
@) = (1=e7) a1y
. Vgas Vgisk Vgulge
an (R) = TgasSlgn (Vgas) R + T disk R + Thul R

=> V(Ra)sini = sin ig; \/a(R)Ra.

Desmond, Hees & Famaey (2024)
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Global fit to galaxy rotation curves

IF family EFE model shape ao eN Q2 0Q2 Ograv ABIC ABIC(P)

RAR IF No EFE 1 1.0379:93 - 292102 87  0.7410-03 0 0
b No EFE 0971007 1.0270:0% — 204702 87 0781000  11.1 ~10.2
b AQUAL global ~ 0.98%0-0°  1.0370-07  0.001779057 204102 87 0777007 187 15.2
b AQUAL local 1147092 1.25100%  0.004875 0952 302702 89 0.71790% 1090 1480
b QUMOND global ~ 0.9870:07  1.03T907  0.0049700015  29.470% 87 0771000  13.9 ~1.98
b QUMOND local ~ 1.08%0-0%  1.1710-0%  0.0050*7-5979  29.9702 88  0.737007 1090 1470
v No EFE 1.037907  1.037003 — 201704 86 07117007 5.93 ~1.99
¥ AQUAL global ~ 1.0470:07  1.0470:03  0.0018700010  20.2%0-4 87 0717007  14.7 14.9
~ AQUAL local ~ 1.14%2:9% 1191002 0.0048%] 0070 308104 9.2 076129 1100 1510
v QUMOND global ~ 1.047067  1.04T00%  0.005070001%  29.270% 86  0.717000  9.69 8.32
v QUMOND local ~ 1.11+207  1.14750%  0.005075-99%0 3021041 9.0 0.7375:05 1080 1490
n No EFE 1.0279-04  1.081504 — 28.410% 84 087007 177 23.3
n AQUAL global ~ 1.0319:94 1007994 000187009099 2984704 g4 0867907  26.3 33.2
n AQUAL local ~ 1.1979:96 1317005 ¢ ggygt0-9094  99.4%05 g7 079207 1100 1490
n QUMOND global ~ 1.0370:07  1.097007  0.0049700013  28470% 84 086100 209 25.6
n QUMOND local ~ 1.1270:05  1.23%10-0%  0.00517 0072 201702 86 0827007 1080 1470
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Weak lensing

Mistele et al. (2024)

B Kkinematic
o lensing

— — MOND (isol. )
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Hyperpriors on stellar M/L

M /L model EFE model shape () ao Cint J7%} Ub Q2 0Q2 Qgray
Free hyper No EFE L8 Aetign) 0084 Oaty s 06205 25E0E W2 Ui
I Free hyper ~AQUAL local 1501003 1.21%0-0% 0.032 0721005 0621002 256705 7.2 0.341002
Const hyper No EFE l24r0-00 1050000 0084 068%HZ 0697 02 263F0 L TE 0442
Const hyper AQUAL local 1.4510:07  1.23700%  0.032 0697002 0707092 26,6705 7.6 0.39100°
Free unif No EFE 1.287008  1.1010:03 0031 0.73F7 7% 0.68F)4 265107 7.6 0441303
Free unif ~ AQUAL local 1.527008 1241004 0029 0741070 60102 259199 73 034100
Const unif No EFE 106703 448729 0082 058700 078007 Fodrdcs 89 07t lE
Const unif ~ AQUAL local ~ 1.24799% 1397005 0031 0.577072 o0.74*5-8% 308702 91 06819098
No bulge No EFE L7 55 O0orps: 004  0.81050 — 148755 2 D0sg,;
I No bulge ~ AQUAL local 2497033 1.10790% 0.039 0.817553 — 100722 18 @00 50
Only bulge No EFE 099t o0e 18007000 0026 0B89FSE 068007 3ATLE 94 00970
Only bulge AQUAL local 1.191700% 1571009 0.024 0.627905  0.691097 327757 96 0871015
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Hyperpriors on stellar M/L
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Modified gravity vs algebraic

1
= v(a;(, Jag)an  win ay = (a]zV + (27rGZ)2) /

M/L model shape (n) ao Cint d b Q2 0Q2 Qgrav ABIC
Fiducial ~ 0.78T00% 0961002 0.046 0.5 0.7 292793 87  1.34799% 2050

+0.09 +0.03 +0.03 +0.04 +1.0 +0.05
Free hyper  1.5710:0% 1127093 0.042 0977303  064%30% 228710 63 033759 2290
Free unif — 1.34700% 1107003 0.041  0.88F7 /0 0.647747 252%0% 71 0497008 2120

No bulge  1.9370-19  1.017003 0.049  1.0875:0% — 175734 3.8  0.15100% 3680

Slight preference for algebraic relation
over modified gravity approximated correction
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Small scales

Object Distance (AU) ap (1078 cm/s?)
Mercury 0.39 0.04
Icarus 1.08 6.3
Mars 1.52 . 0.1
i Maximal anomalous
Jupiter 5.2 acceleration allowed 0.12
Uranus 19.2 0.08*
Neptune 30.1 - 0.13*
Sanders (2006)
9
u(a—o)xg=gw or v(z_’;’)xgl\,:g
X 1
xX) = v(x) =
1) 14+x 1 — exp(—x)
Ruled out Allowed
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Small scales

Gravitational field of the Milky Way acting on Solar
neighbourhood ~ 1.8 x a,

For local Wide Binaries with mutual attraction below a,
n=1=>(<g,>/gy)"?~ 1.2
hence a 20% enhancement of relative velocities

In the Solar System, AQUAL/QUMOND also creates a
quadrupole field (e pointing towards the Galactic center) :

b = —GM — Q2 xixj €i€; — 1523
F 2 3

Q2 (in s 2) can be constrained
at Saturn (Cassini data)
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Wide Binaries

Gaia DR3 provides parallaxes, prop. motions and v,., for ~3.3 x 107 stars

Isolate ~10* wide binaries (within 300 pc from the Sun, mass ranging
from 0.2 to 1.3 M,,,) with separations up to ~0.15 pc

Model their relative velocities with a 6 parameters model :

—1

, if @ < Gbrea
P(a) o {aﬂ o e P(e) = (y+1)¢
a”, if @ > abreak

+ fraction of close binary contamination (triples) + the CBs maximum
semi-major axis + line-of-sight Galactic contamination

=> Likelihood ratio favours Newton over n=I MOND interpolating
function by orders of magnitude (Banik et al. 2024) but high fraction of
triples (close to 70%) ... very hard to draw definitive conclusions !
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Solar System quadrupole

Wide
Binaries

vn—1

Cassini|(Hees et al. 2014) : 0703

Agrav =

Q= (3+3)x10 "5

(Banik et al. 2024)

where n = (g,,_,)/_gN.

M /L model EFE model shape () ao Cint J7%} Ub Q2 0Q2 Qgray
Free hyper No EFE L8 Aetign) 0084 Oaty s 06205 25E0E W2 Ui
I Free hyper ~AQUAL local 1501003 1.21%0-0% 0.032 0721005 0621002 256705 7.2 0.341002 I
Const hyper No EFE l24r0-00 1050000 0084 068%HZ 0697 02 263F0 L TE 0442
Const hyper AQUAL local 1.4510:07  1.23700%  0.032 0697002 0707092 26,6705 7.6 0.39100°
Free unif No EFE 1.287008  1.1010:03 0031 0.73F7 7% 0.68F)4 265107 7.6 0441303
Free unif ~ AQUAL local 1.527008 1241004 0029 0741070 60102 259199 73 034100
Const unif No EFE 106703 448729 0082 058700 078007 Fodrdcs 89 07t lE
Const unif ~ AQUAL local ~ 1.24799% 1397005 0031 0.577072 o0.74*5-8% 308702 91 06819098
No bulge No EFE L7 55 O0orps: 004  0.81050 — 148755 2 D0sg,;
I No bulge ~ AQUAL local 2497033 1.10790% 0.039 0.817553 — 100722 18 @00 50 I
Only bulge No EFE 099t o0e 18007000 0026 0B89FSE 068007 3ATLE 94 00970
Only bulge AQUAL local 1.191700% 1571009 0.024 0.627905  0.691097 327757 96 0871015

Desmond, Hees & Famaey (2024)
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Solar System quadrupole
_ V-1

Cassini (Hees et al. 2014) : Qgrav = ~5 =0

—27 —2
Q2= (3£3) x10 ""s where n = (g,)/9gn.
— no EFE - AQUAL global — AQUAL local — QUMOND global = QUMOND local == Cassini
Fiducial M/L M/L hyperprior M/L hyperprior, no bulges

Probability density

28 29 30 31 32 24 26 28
Q,/107%7 572 Q, /1077 572 Q; /10727572

Desmond, Hees & Famaey (2024)
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Cassini (Hees et al. 2014) :
Q= (3+3)x10 "5

Probability density

Fiducial M/L

agrav —_—

_vn—1
0.193 ’

where 1 = (gr)/gn

M/L hyperprior M/L hyperprior, no bulges

Qgrav

Qgrav

\

—— no EFE

- AQUAL global

—— AQUAL local

—— QUMOND global

= QUMOND local
\ — = Banik et al (2024)

Desmond, Hees & Famaey (2024)
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Cassini (Hees et al. 2014) :

Q= (3+3)x10 "5

—— Newton /
——— Vrar, NO transition
102 _
SPARCMAX Q. | o’ o vone =0
—— VRAR, @N,trans = 380
101 i
=
w (Gext,Sun________ A
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SPARCMIing & | ]
10-1 100  10° 102

Q, [s72]

—-26 |
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10727 4
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0.193 °
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Desmond, Hees & Famaey (2024)
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Cosmology ?

ag F(IV®[*/ag)

3
e d°x dt.

Classical action: SgravBM = — /

— Add some k-essence like scalar + a vector field for lensing

—> Latest version by Skordis & Zlosnik (2021), « AEST »:

Q=A"V,¢ ——> ¢

V= (o) N

22— K
[ f:—ZICg(Q—Qo)2+(2—KB)y+ ( 30 B)y3/2+... }
l I |
v v v
“dust” cosmology Mixing MOND

Bonus: GW and light speeds are equal
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Cosmology ?

x107°

— ACDM

1.2 - ReIMOND: Kg = 0.5,
Qo = 1Mpc!, wy = 10~17

ReIMOND: K = 0.1,

109 —— Qo = 1Mpc~t, wo =10"%7
< ReIMOND: Kp = 1074,
O 0.8 Qo = 50Mpct, wy = 10772
Ve
A
_|_
R
N—"
)

0.0 1

W
14

Skordis & Zlosnik (2021)
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Conclusion

Baryonic Tully-Fisher relation between baryonic mass of spiral galaxies and
asymptotic velocity is captured by Milgrom’s relation, while the high-end slope
and the scatter remain challenging in ACDM

The diversity of RC shapes driven by the surface density of baryons is also
captured by Milgrom’s relation, and remains challenging for simulations that

either produce too few or too many cores

MOND 1s successful at predicting the dynamics of galaxies, especially
rotationally-supported ones: the question 1s why does it make successful

predictions ?
- Emergence in ACDM?
- Fundamental nature of DM?
- Modified gravity?
- All of the above or something even more exotic?

The interpolating function and or EFE seem to need to be scale-dependent



