
What is the Universe 
made of? 



Dude – where’s my 
cosmos? 





Cecilia Payne-Gaposchkin – stars are 
mostly hydrogen 





Fritz Zwicky – galaxies have dark matter.  
Gravitational lensing happens among galaxies. 
Other astronomers are stupid. 







Vera Rubin – flat rotation curves 
are universal among spiral 
galaxies. This requires huge 
masses and extended structure. 







J. Mis< 



ESA: XMM-Newton 































What is all this stuff??? 
Ordinary ma@er?  
Brown dwarfs?  

Cold gas?  

Hot gas? 

Black holes? 

Exo<c elementary par<cles? 

WIMPS? MACHOS? 

Misunderstanding large‐scale gravity? 









+ 

Primordial nucleosynthesis 

Light-element ratios in cosmic boondocks fit with only about 4% of the  
Mass density being in baryons. Black holes are included if formed from stars. 







Cryogenic Dark Matter Search (CDMS) 
Soudan underground lab; photon recoil+ionization  
No detection yet: 



DAMA 
Gran Sasso lab (Alps) 
See an annual modulation of signal! 

DAMA, CDMS results inconsistent at 99.8% confidence – there’s something to learn. 



Who ordered this? 

Cosmological constant Λ

Quintessence 

Dark energy 



Supernovae point to cosmic accelera<on 

Who ordered that? Einstein may have been right the first time… 

(HST) 



Figure 16.16 










