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100	Million	Light-years	

Aquarius	Simulation	
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100000	Light-years	

Image:	Artist’s	composition	of	Hubble	image	and	Via	Lactea	simulation	



How Do We Know DM Exists? 
What is it ? 
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Motion  
Measures  

MAss 
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1. Virial Velocity in Clusters 
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Mass inferred >> Mass seen 
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2. Rotation Curves 
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Not	to	scale.	Obviously!	
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There is mass 
beyond the Galaxy 

- Vera Rubin 

Image:	Vassar	College	



Flat Rotation Curves 
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3. Bending of LighT 
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Image:	Karen	Teramura	
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Gravitational  Lensing 
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Bullet Cluster 
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Image:	Chandra/Hubble	composite	



4. Looking at The Big Bang 
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Image:	NASA	



Cosmic Microwave Background 

Basudeb Dasgupta, ICTS 2020, Bengaluru 

Gravity Pulls + Radiation Pushes 
= 

Primordial Plasma Oscillates 



Ripples In The Cosmic Pond 
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Less DM 

More DM 

Total Matter 



Perturbations 
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5. The Cosmic Net 
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Image:	SDSS	



Growth of Structures 

Basudeb Dasgupta, ICTS 2020, Bengaluru 



( At Least 5 ) reasons for DM 
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Dark Energy 
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Our Cosmic recipe 
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68%	

27%	

	
	



How Do We Know DM Exists? 
What is it ? 
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What IS The Universe Made OF? 
Basudeb Dasgupta, ICTS 2020, Bengaluru 



Modified Newtonian Dynamics 
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Mordehai Milgrom 

F = ma
⇣
1 +

a0
a

⌘�1

MOND explains rotation curves 
“Not a “Theory” but “Parametrization” 
Does not eliminate need for Dark Matter 



Mond and Galaxies 
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Credit: Ibarra



Spectacular Success 

Basudeb Dasgupta, ICTS 2020, Bengaluru 

McGaugh	and	Sanders	
a0 ' 10�8 cm2 s�1

<latexit sha1_base64="rsAQNLpW1gPg5fNhP9/vpi5N/VQ=">AAACGXicbVBNS8NAEN3Ur1q/qh69BIvgQUtSCtZb0YtHBatC05bNdtou3U3i7kQsIX/Di3/FiwdFPOrJf+P2A9TWBwNv35thZ54fCa7Rcb6szNz8wuJSdjm3srq2vpHf3LrSYawY1FgoQnXjUw2CB1BDjgJuIgVU+gKu/f7p0L++A6V5GFziIIKGpN2AdzijaKRW3qEtx9Ncwq3rNJPDSuodeAj3qGTCZNos/Tx1anw3beULTtEZwZ4l7oQUyATnrfyH1w5ZLCFAJqjWddeJsJFQhZwJSHNerCGirE+7UDc0oBJ0Ixldltp7RmnbnVCZCtAeqb8nEiq1HkjfdEqKPT3tDcX/vHqMnUoj4UEUIwRs/FEnFjaG9jAmu80VMBQDQyhT3Oxqsx5VlKEJM2dCcKdPniVXpaJbLh5flAvVk0kcWbJDdsk+cckRqZIzck5qhJEH8kReyKv1aD1bb9b7uDVjTWa2yR9Yn996QqCl</latexit>



More about Mond 
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Bullet Cluster 
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Image:	Chandra/Hubble	composite	
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Planets	(Jupiters)	 Old	Neutron	Stars	

Old	White	Dwarf	Stars	 Black	Holes	

Not a 
 
Massive 
Astrophysical 
Compact  
Halo 
Object* 

*	Terms	and	conditions	apply	



What do we Know? 
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No electric charge (else forms anomalous 
atoms) 
 
No baryonic interactions (else screws up 
CMB, BBN) 
 
Slow speeds at the time it was created (else 
smears out cosmic structures) 
 
Long-lived (else we won’t see DM in 
galaxies today) 



Which Particle is Dark Matter ? 
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Stable 
Neutral 

Weakly Interacting 
Cold 

Nobel Prize 



Which Particle is DarK Matter ? 
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More about 
models in 
Lectures by 
Neal Weiner 


