
07 June 2017Pijushpani Bhattacharjee                     CANDARK, ICTS-B'lore 1/38

Mass Discrepancy in Rotating Galaxies:
Visible-Invisible Conspiracy, MOND, and all 

that

Pijushpani Bhattacharjee

AstroParticle Physics & Cosmology Division

Saha Institute of Nuclear Physics

Kolkata



07 June 2017Pijushpani Bhattacharjee                     CANDARK, ICTS-B'lore 2/38

Oort (1932) … 

Jan Hendrik Oort (1900-1992)
To explain the kinematics of vertical motion 
of the disk stars, Oort needed 
“invisible mass” of density ~ 2 GeV / cc 
at the solar neighborhood.
 
Modern value ~ 0.3 Gev / cc 

But Oort was probably referring to objects 
too faint to “see”.  
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“Discovery” of Dark Matter
Fritz Zwicky (1933)

Fritz Zwicky (1898 - 1974)

F. Zwicky, "Die Rotverschiebung von extragalaktischen Nebeln", Helvetica 
Physica Acta 6: 110–127 (1933)

F. Zwicky, "On the Masses of 
Nebulae and of Clusters of 
Nebulae", Astrophysical 
Journal 86: 217 (1937)
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PB, S.Chaudhury, S. Kundu, ApJ (2014)
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Dark Matter in the Galaxy

PB, S.Chaudhury, S. Kundu (2017)
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Mass Discrepancy (Radial) Acceleration Relation (MDAR) 
for Rotationally Supported Galaxies
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S. McGaugh et al, PRL 117 (2016) 201101
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The Mass-Discrepancy (MD), 
and hence Dark Matter (DM), 
are strongly (anti)correlated 
with Visible Matter (VM). 

The MD/DM is determined by 
VM ! VM-DM conspiracy!

S. McGaugh et al, PRL 117 (2016) 201101

Characteristic acceleration scale

Mass Discrepancy Acceleration Relation (MDAR) for Spiral Galaxies 
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DMAR Relation in CDM simulation

● Simulations used to be DM-only ones. Recently, more and more simulations are 
including baryons (hydrodynamic simulations)

● Still, they cannot capture all the important aspects of complex, dissipative baryonic 
physics in the galaxies.  
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Tenneti et al, arXiv:1703.05287

The MDAR correlation is 
reproduced, but the form 
of the relationship is different.  

Is the form of the correlation 
Universal? 
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Mass Discrepancy – Acceleration Relation for the 

Milky Way 
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(Re)constructing the RC of Milky Way

For a particle in a circular orbit 

* Measure v_c(r), get total M(r). Not so simple!

* Stars on the disk have approximately circular orbits. 
But stars beyond the disk (> 30 kpc) have non-circular 
Orbits. Also, there are not many tracer stars beyond the disk.  
Use 21cm line emission from atomic H as tracer. 

*Also, you only measure the line-of-sight component of 
the velocity. 

*Thus the RC,   is not directly measured.

It has to be (re)constructed from l.o.s. velocity data 
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Rotation Curve of the Milky Way out to ~200 kpc
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For disk tracers: 

The disk RC depends on the Galactic Constants 

For non-disk tracers: Use Jeans eqn. : 
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Disk Rotation Curve of the Milky Way
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Beyond-disk Rotation Curve of the Milky Way 
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The Grand Rotation Curve of the Milky Way

The RC is not really flat beyond the disk!
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Mass of the Milky Way
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Milky Way Mass Models from RC fit 

PB, S. Chaudhury, S. Kundu (2017)
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Best-fit density profiles

PB, S. Chaudhury, S. Kundu (2017)
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PB, S. Chaudhury, S. Kundu (2017)

Best-Fit Mass Profiles
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Mass Discrepancy Acceleration Relation (MDAR) for the Milky Way

P.B., S. Chaudhury, S. Kundu (2017)S. McGaugh et al (2016)
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Modified Newtonian Dynamics (MOND)
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The Tully-Fisher Relation
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Tully & Fisher, A&A (1977) S. McGaugh (2010), D. Bugg (2015)

Tight correlation between rotation speeds (→ total mass) and luminosity (→ Baryonic mass) 

Tully-Fisher relation
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Milgrom (1983)
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Milgrom (1983)

A “fundamental” acceleration 
scale 

,

(1)

(1) violates momentum conservation 
→ Bekenstein & Milgrom (1984) gave a 
“modified” Poisson equation: 

If M/L is const.

T-F relation!
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Criticisms of MOND

● No fully relativistic version of the “theory” is available yet

● Has difficulties in explaining the MD/DM in clusters of galaxies

● “Bullet cluster” ? 

● Cosmology : CMB, structure formation, … 

●

●

But the origin of MDAR in rotationally supported galaxies remains to be explained. 
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Visible Matter – Dark Matter Conspiracy?
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THANK YOU!

Rig Veda (1st Millenium B.C.) 
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Back-up miscellaneous slides 
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Planck 2015

Parameters of the Universe 

Is all we can “see” all there is in the Universe? Evidently, no! 
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Dark Matter Density near the Solar System
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Wither WIMP Direct Detection? 

Courtesy: Viktor Zacek (adapted from R. Gaitskell)
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Ultimate Background: The Neutrino “Floor”

Cushman et al, arXiv:1310.8327

DM detectors will start detecting astrophysical neutrinos through Coherent Neutrino-Nucleus
Elastic Scattering (SM process)!  
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Colliding Galaxy Clusters

“Bullet Cluster”
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