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The MOND/Dark Matter

conflict

* Every gravitating body we see outside the Solar
system refuses to follow the laws of General
Relativity/ Newtonian gravity
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The MOND/Dark Matter

conflict

* Every gravitating body we see outside the Solar
system refuses to follow the laws of General

Relativity/ Newtonian gravity

* Either gravity is fine, but there Is an extra source we
can't see: the dark matter.

* Or there Is no dark matter, and the observations are
telling us to modify gravity.
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Historically both approaches have been in

turn successful and disastrous
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Historically both approaches have been in

turn successful and disastrous

* |LeVerrier prediction of Neptune based on Uranus
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Historically both approaches have been in

turn successful and disastrous

* |eVerrier prediction of Neptune based on Uranus
orbital anomalies (first example of dark matter).

* He then tried to explain the anomalous precession
of the perihelion of Mercury with “Vulcanus”.
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Galactic anomalies - normal

surface brightness disks
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Galactic anomalies - normal

surface brightness disks
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Tully-Fisher relation
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Tully-Fisher relation
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Galactic anomalies - normal

surface brightness disks
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Acceleration, not length scale, is the key
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Dark matter paradigm

Each galaxy nested in a roundish extended dark halo
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Dark matter paradigm

Each galaxy nested in a roundish extended dark halo

P X l/r2 i ) = const.

N ~

Halo model parameters: 0. R., T = M/L

Dark clouds: N\

Need to fine tune

r 4
LK’ X V rot

~oo0e VM NEre is the dark matter 7



The MOND paradigm

i(lal/ag)a = —Vox

ag = 103 cm s2

In extreme MOND limit
ala/ag — —V(I)},

a| = v*/r IV®N| = GM/r?

M = L'4/Gag = zr*/TGag
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MOND fits to s
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Conceptual problems with MOND (Milgrom 1983)

al/ag)a = — VPN

@

a2|/aglaz = Gmyi/r°)r

0 =mu(lay|/ag)a; + mopu(|az|/ag)az = mia; + moas

~

1
® usllai|/ap)ar = (Gma/r7)r

The “part - whole” paradox

M 31

M35 and NGC 2158

o= 1 “Environmental” effect
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Conceptual problems with MOND (Milgrom 1983)

@

az|/ag)az = —(Gm, /r°)r

/ p(jaz|/ag)az

0 =mypu(lai|/ae)ar + mapuljaz|/ag)az # mia; + maa

Vg

|
. ,(}- ail/ag)a; = (Gma /77T

The “part - whole” paradox

M 31

ATt

M35 and NGC 2158

g=l “‘Environmental” effect
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MOND fits to
disk galaxies

Data for the Ursa Major
group: Verheijen (1997)

Fit: Sanders and
Verheijen (1998)
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Conceptual problems with MOND (Milgrom 1983)

al /anla = \—fln_.\_‘

'

a2 /aglaz = Gmy/r°)r

L f(|az 2

U= H!l.,t'fl al|/dg)Aa] T IH:J{} a2|/dp)ad2 F= 1mMiaA; + Mmoa2a»

~

1
® ullai|/ao)a; = (Gma/r7)r

The “part - whole” paradox

M31

p—

M35 and NGC 2158

g=l “Environmental” effect
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Conceptual problems with MOND (Milgrom 1983)
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Conceptual problems with MOND (Milgrom 1983)

al/ag)a = —V&x

@
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0 =mu(lai|/ag)a; + mopu(laz|/ag)azs = mia; + moas

-

1
@® ullai|/ag)a; = (Gma/r7)r

The “part - whole” paradox

M 31

.

M35 and NGC 2158

p=1 “Environmental” effect

Page 55/142



Missing mass in clusters of galaxies

® From galaxy dynamics e R T
random motions define v :
M =~ Rv?/G
lots of missing mass;

X-ray emitting gas explains part .
y 99 P P Abell 1835

® X-ray gas temperature distribution
gives independent measure of mass Abell 1639

e From gravitational lensing

—--
Ty
—
—



What to make of it ?

A. MOND is just an efficient way to parametrize dark matter

B. MOND reflects a departure of the effective theory of gravity
from general relativity on macroscopic scales

O:OConstruct such new gravity theory; ideally it should

&€ have Newtonian nonrelativistic limit for large
accelerations

& have MOND nonrelativistic limit for small accelerations
& reduce to GR for relativistic large acceleration situations
& cxplain anomalous large lensing by clusters of galaxies
& pass the post-Newtonian tests in the solar system

& tell us how to do cosmology
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& have Newtonian nonrelativistic limit for large
accelerations

& have MOND nonrelativistic limit for small accelerations
& reduce to GR for relativistic large acceleration situations
& cxplain anomalous large lensing by clusters of galaxies
& pass the post-Newtonian tests in the solar system
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We need a direct detection!

* Dark matter searches: the game is over iIf a
dark matter particle Iis detected!

* What is the equivalent “backyard” detection of
MONDian behavior?
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Tensor Vector Scalar theory
Bekenstein, Phys. Rev. D 70, 083509 (2004); astro-ph/0412652

Dimensionless parametersi'. &k and scale of length/

S, = (167G) " [ g°Ras(—g)'d's

K

S, = -
327G

/ [9°°g" U U3 — 2(N/ K)(g" Uy, + 1) (—g)" ?d*x
Sm = [ L@ I 17 s -+ )=9) '

Jos = € 2% (gap + Ualls) + e2°UU3

e - -1f [62h*3¢ .6 5 + ~GL 20 F(kGo?)| (—g)/2d*z
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AQUAL gravitational field theory (NR)
Bekenstein and Milgrom (1984)

i(lal/ag)a = —Voy

uﬁ f( Vo2

== 887G

) — p® (AQUAdratic Lagrangian)

2

V- [a(|Ve|/ag)VP®] = 47Gp

n(vy) =df(y)/dy

Compare with V- V@ = 47Gp

@/um =)+ Vxh
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Tensor Vector Scalar theory
Bekenstein, Phys. Rev. D 70, 083509 (2004); astro-ph/0412652

Dimensionless parametersiA'. k and scale of length/
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Tensor Vector Scalar theory
Bekenstein, Phys. Rev. D 70, 083509 (2004);: astro-ph/0412652

Dimensionless parametersi'. k& and scale of length/
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AQUAL gravitational field theory (NR)
Bekenstein and Milgrom (1984)

;-::'l al/dgl)a = _T(I)N

az f( Vo|?

8 n (..;

£ = ) — p®  (AQUAdratic Lagrangian)

ag
V- [a(|V®|/ag)VP®] = 4nGp

n(Vy) =df(y)/dy

Compare with V- V@ = 47Gp

@/u” X =E+ V xh
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Summary: accomplishments of AQUAL

™ Original MOND formula - an approximation

™ Energy. momentum and angular momentum
conserved

™ Resolution of “part - whole™ paradox
M Recovers the “environmental” effect
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A backyard detection of

MOND

* Solar system perturbations?
* |Lagrange points?

* Saddles?
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A backyard detection of
MOND

* Solar system perturbations?

* |Lagrange points?
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V-u=-4nGp

VAaA—=0
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V-u=—-4nGp
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V-U=0
A40+UHU VAU +U AVU? =0

Curl is zero under spherical symmetry

Curl Is subdominant when U is larger than 1
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383 Km Earth/Sun
9.6x10°Km Jupiter /Sun
[40Km Earth/Moon
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Near Newtonian field around
saddle

* Can separate curl
neatly
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* Can separate curl
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Near Newtonian field arqund
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The far-out region B field

* |t can be found analytically

* It's not negligible
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Angular profile of total

correction

* Maximal fractional

effect is at the border T N e R SR R
ellipsoid |~ - - X Ay s s e e =
/’ A e e o S -~ ‘\.r
- _/" /' e 1-._‘-»-.‘\. ‘\_
® > - . oy s -
Its value Is o e
~ ~ 0.0025 = -
F 4r e N R T W X A
_5-\ s P, S e * & » = S e g
* |t then falls off as 1/r*2 R i a8 =
P o i, el W N S e
_1[1:,,,_ - = w o+ 4 i A0y v o a ‘,,_
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The inner region

* Strong non-linearities do not allow separating
divergence and curl terms. They're intertwined.

* There Is a scale invariant solution (as expected)

B
U =(1] [F(p)e, +Gwe, ]

T

* Surprisingly

L ~1.528
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The inner region profile

* The angular profile Is

77T TTIAAN
i 77111 AN
* The radial dependence u.s/{//:; f : : i : ::i
Is different: the tidal e LT PP
stress divergence is C SRR o
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The physical effects

* The new physical force is

4w, saa U 4m, U
~V¢p=—="-(1+U") "———L——
k U k£ |UJ

* The fractional corrections to Newtonian gravity continue to grow
inside the border ellipsoid. but more softly than naively
expected

—-0.24

oF k|[r
F 4zl

* The divergence is still there because < 2
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The physical effects

* The new physical force is

-Vp=—T(1+U) ' —~—>——
k U] kU]

* The fractional corrections to Newtonian gravity continue to grow
Inside the border ellipsoid. but more softly than naively
expected

-0.24

o K|
F  4x\r,

* The divergence is still there because < 2
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LISA Pathfinder mission of ESA
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A target for LPF?

* No problems with radiation pressure well inside the Solar
system

* Accelerometers have a sensitivity of

AY -
=2 21057
Ar

* Target region for Sun/Earth saddle has size

Ar = 3830 km
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* No problems with radiation pressure well inside the Solar
system

* Accelerometers have a sensitivity of
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Conclusions

* When do you throw In the towel? What is proof
beyond reasonable doubt?
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Conclusions

* When do you throw In the towel? What is proof
beyond reasonable doubt?

* MOND should be a concern to everyone... if dark
matter is wrong we could all be wide off the mark.

* Clearly none of current MOND theories is serious;
but they are interesting if you're a masochist.
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Warning: it's all a big soup!

* The Solar system is a many-body problem, and
finding the exact location of the saddles involves
taking all components into account.

* |n general secondary bodies induce a quasi-elliptical
precession to saddle.

* There are several excellent many-body codes
capable of pinpointing exact saddle location.
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