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Modified Newtonian Dynamics
MOND → new physical constant 
ao=1.2x10-10ms-2 (Milgrom 83)

when g»ao  Newtonian dynamics → (g=gn), 
when g«ao  MOND g=(g→ nao)1/2

Two regimes connected by an interpolating
fcn like γ in special relativity.

 → 1/r gravity → flat RCs

Data: Sanders & Verheijen 98
Models: Bell & de Jong 01
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Tully-Fisher relation & Rotation curve shapes
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Challenges for CDM to reproduce
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Tidal Dwarf Galaxies
Bournaud et al.(2007) observed the 
RotCurves of 3 TDGs formed from the 
gaseous debris of colliding galaxies.

Virtually no CDM can exist in the TDG – but 
they have an acceleration discrepancy!

Lynden-Bell (1983) pointed out  that the 
dwarf galaxies are positioned around the MW 
in 1-2 great circles.

Kroupa et al. (2010) uses this and other 
evidence to “exclude CDM at high 
significance”.

Peebles & Nusser (2010, Nature) 
showed that numbers of galaxies in the local 
void has a probability of 1 in 10000 in LCDM. 

“more rapid structure formation is required to 
clear out voids.”



  



  

Clusters in MOND
For spiral galaxies: take mass of cold gas and 
stars and apply MOND formula  fit RCs→

In galaxy clusters: have galaxies and hot gas.

Applying the MOND formula to clusters 
Doesn't work. > 80% of mass is still DM.
T&W(88),Sanders(99,03,07),PS(05)
Angus et al(07,08).

Proved by weak lensing observations of the 
bullet cluster (Clowe et al. 2004,2006).

High speed collision ~4500km/s has ram pressure 
stripped the hot gas from each cluster and offset 
from the galaxies and DM which are collisionless.



  

DM needed in clusters in MOND what about 
other cosmological tests? 
CMB, BAO, Structure Formation, Expansion history.

TeVeS, BSTV, Einstein-Aether other relativistic MOND?

CDM + MOND? Tully-Fisher Rel and fits to RotCurves 
would be destroyed. Any MONDian DM candidate 
must free stream from galaxies.

Active neutrinos? mυ < 2eV – no help to 
clusters/CMB. Angus, Famaey & Buote (2008), 
MNRAS.

Sterile neutrinos? Right-Handed neutrinos. Immune 
to Weak interaction. Feel gravity and can mix with 
active neutrinos via QM oscillations.

Theoretical basis? See-saw mechanism proposed in 
extensions to the standard model to naturally give 
the tiny masses of the active neutrinos.

Kusenko et al. (2010) proposed using 3 sterile 
neutrinos: 2 - m>250GeV (EW scale) the other has 
small mass <<MeV.

Oh dear, what can the DM be?



  

11eV Sterile Neutrinos and the CMB

(Angus 2009, MNRAS,394,527)

1x11eV  sterile ν   : Ων=0.225
2x5.5eV sterile ν’s : Ων=0.225
3x2.75eV active ν’s : Ων=0.17

Taking the ansatz that MOND is unimportant at 
z>100 & FRW metric holds can use CMB codes.

If in thermal equilibrium before decoupling 
(T~1MeV), distribution frozen in like active
neutrinos (112cm-3) because ultra relativistic.

Best fit to CMB is with an 11eV SN
Ων=0.0205mν~0.225 (= Ωcdm). 

Values of Ωb, Ho and ns are standard.



  

Neutrino Oscillations & Tremaine-Gunn limit
Neutrino experiments like LSND and 
Miniboone can potentially provide laboratory 
evidence for SNs.

Explanation (Giunti & Laveder 2008) of the 
Miniboone anomalous low energy excess of 
electron neutrinos, by simple rescaling of 
initial flux of muon neutrinos and oscillations 
mediated by SNs in the mass range 11±7eV.

SNs must solve missing mass problem of clusters in 
MOND.

Constraint: Tremaine-Gunn limit.

Maximum course grained phase space density in 
clusters cannot exceed initial phase space density.

For the 11eV SNs in clusters, we know their density 
and can solve for their velocity dispersion (Angus, 
Famaey & Diaferio 2010, MNRAS).



  

Tremaine-Gunn limit (dashed)
SN density (solid)

ICM density (dotted)

ICM Vel Disp (dotted)
SN Vel Disp (solid)

Newt Dynamical Mass (dashed)
MOND Dynamical Mass (dot-dashed)

ICM Mass (dotted)
BCG Mass (solid) M/L=1
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Tremaine-Gunn limit is reached by the centre of every group and 
cluster. As would any neutrino with mass < 11eV.

Part of the dynamical mass in the centre must always be covered by 
the central galaxy (BCG).

Maximum K-band M/L is 1.2, majority around 1.0, which is 
consistent with stellar population synthesis models.

Some groups have no margin for error.

Sample includes NGC 720 (Buote & Canizares 1994) which 
demonstrates geometric evidence for DM; the bullet cluster etc.

Only works for 11eV SNs, 10eV would require M/Ls 50% greater and 
12eV SN would not reach the TG limit in some clusters.

The completely separate phenomena of the CMB and clusters of 
galaxies converge on same sterile neutrino mass.....

Ultimate test is to run cosmological simulations in MOND with SNs.

Some results



  



  

Used AMIGA code of Knebe et al. 
(2001); Llinares et al. (2008).

Refining grid, MOND gravity.

512Mpc/h box with 2563 particles 
at z=0.

Difference between MOND and no 
MOND is enormous.

Each blob in MOND simulation is a 
cluster.

Bright patches in top fig are 500x 
the cosmic mean. In bottom fig 
they are 1.5x cosmic mean. 

MOND cosmo sims



  



  

Power spectrum from 256Mpc/h 
box with 2563 particles at various 
redshifts.

Growth is very rapid and seems to 
asymptote to observed slope.

Final power spectrum amplitude is 
much higher than observations.

But, orange P(k) here is not the PS of 
galaxies.

Although k=1.26h/Mpc should initially 
have P(k)=10-15h3/Mpc3, it is 
feasible that this mode can grow fast 
enough.

Rapid Growth



  

Constraining the mass function of clusters

We know the number 
of observed clusters as 
a function of 
temperature (e.g. 
Markevitch 2008).

Need a simple gauge of 
cluster  temperature 
that we can compared 
with simulations.

Correlation with mass 
within 200kpc for 
observed clusters in our 
sample.

Choose to compare 
4keV & 6keV.

Varies with 
interpolating function



  



  



  

Summary & Future Work
Combining MOND with a thermal 11eV sterile neutrino relic creates 
 an interesting framework, which seems consistent with CMB and 
clusters, and preserves success in galaxies.

Neutrino exps with near detectors (like T2K) will provide 
interesting tests of 11eV SNs.

Need a parallel+hydro code to test low mass end of the cluster 
mass function, and eventually galaxy formation, Lyman-alpha, 
high-z.



  

There are 8 classical dSphs :-

Luminosities 4 – 150 x 105L๏ or 
need 4000-105 for 1xL

MW
.

Sizes ~ 0.5-2kpc.

For Carina, R
MW

~100kpc  and

L
*
=(4.4±1.0)x 105L๏

Walker et al. (2007) measured the 
los velocities of 1000s of stars at well 
sampled projected radii.

Random motions of the stars require 
10-100x more acceleration than from 
stars.

Dwarf Spheroidal Galaxies



  

In MOND, the dynamics of dSphs are 
determined by their mass profile and  and the 
gravity of the MW.

 → dSph internal gravity is a fcn of surface 
brightness and distance from MW.

R
MW

 and surface brightness are fixed.

Free parameters include velocity anisotropy,  β
and M/Lv.

Angus (2008) fitted the losVDs of all 8 dSphs.

Must have tangentially biased orbits  → <0β

Apparent correlation between ability to resist 
tides (surface brightness) and tidal strength, 
R

MW
, suggests possible tidal origin of large M/Ls. 

dSphs in MOND



  

The Carina dSph has a well measured proper 
motion (Piatek et al. 2003).

Vf for the MW is 170km/s 
(McGaugh 2009)
Apocentre is unchanged at 1-sigma
→ 110kpc.
Pericentre is
→   35±20kpc.
Orbital period is ~ 2Gyrs.

Realistic orbits



  

Modified code of Nipoti, Londrillo & Ciotti 
to include tides and EFE according to the 
orbit.

Sent Carina-like dSphs on 2 orbital passages 
to 35kpc to appreciate impact of tides.

Red triangles are measurements from 
Walker et al. (2007) which have around 50-
100 stars per bin.

Black lines are 200 random realisations of 
the losVD choosing the same number of 
stars as observed in each bin.

After 2 orbits (4 Gyr in total) not much 
difference from ICs.

Seems that M/L~5 is required.

Importantly, strongly tangentially biased 
orbits are stable.

M/L=3

M/L=4

M/L=5

dSph Simulations



  

Took a M/L=3 core and added 2 different 
massive halos of artificial stars.

Upper fig has initially radial orbits and lower 
fig has tangential.

Seems impossible to increase the <0.25kpc 
VDs substantially without inflating the 
>0.25kpc VDs.

Basically would require an R<0.2kpc dense 
cylinder of stars. Perhaps possible for one 
dSph.....

If MOND is correct, intrinsic M/L of Carina 
and the other nearby dSphs must be ~5.

This means non-standard IMFs like in Mieske 
et al. (2008/9), J. Dabringhausen's talk to 
explain VDs of ultra compact ellipticals.

dSphs, dEs, S0s need non-standard IMFs in 
MOND.

Artificial interlopers
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