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History

The Darkness started from the following two  

observations:
* The matter/luminosity puzzle from coma cluster 

observation (Fritz Zwicky, 1933)

* The anomalous rotation of spiral galaxies.
(Louis Volders 1959 from spiral M33)



Matter/Luminosity Puzzle
*  The ratio of mass to light was measured to be                   

in Coma cluster of galaxies where as 
individual galaxies were found to have mass to light 
ratio of

*  Extended observation with X-ray frequencies revealed 
hot intracluster diffuse gas (107-108 K) which constitutes 
15%-20% of mass fraction (ROSAT satellite)

About 80% mass fraction  are still missing!!
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Anomalous Galactic Rotation

Possible Candidates:

• Modified Newtonian 
Dynamics (MOND)

• Invisible Halo mass with 
mass fraction of 80%

Rotation curves for NGC 1560 



GLOBAL MASS INVENTORY

According to modern cosmology  based on CMBR measurements 
(BOOMERANG and MAXIMA 2000) and counts of distant Type Ia -
supernovae (Perimutter and Reiss 1999) the following mass fractions are 
generally accepted: 

0.3  and  0.7m dark�: �| �: �|

0.04baryon�: �|

Where baryonic matter is less than 10% 

But current astrophysics failed to locate ~ 1/3 of this baryonic matter 
in any known form and hence will be referred as:

DARK BARYON



GLOBAL BARYONIC INVENTORY
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Total 0.03 (~75%) Still missing ~ 25%

POSSIBLY DARK 
BARYON?



GALACTIC BARYON INVENTORY

• 15% galaxy cluster mass fraction was found to be in 
the form of diffuse gas but about 80% were 
unidentified (dark HALO mass)

• There is no room for any further baryonic component.

So,  

WHERE ARE THE REST OF 
THE BARYONS HIDING ?



POSSIBLE HIDDEN PLACES

1. REGULAR FORM: in dense, cold clumps in 
the outer Halo but too large to detect using 
microlensing

2. MACHO FORM: being revealed by 
microlensing.

3. OUTFLOWS: ejected from protogalaxies in an 
early wind. Supported by Ly-alpha absorption 
spectrum



GRAVITATIONAL LENSING-I



GRAVITATIONAL LENSING-II



MICROLENSING

• If lensing object is too small to create large 
Einstein ring (very low resolution), images 
may not be be separated but luminosity 
will still go up. This is formally known as 
microlensing.  

• Microlensing has become a highly efficient 
tool to observe compact halo objects 
smaller than solar mass.



Option 1: Dense Cold Clumps 
• If hidden baryons were in this form it would be hard to detect by 

microlensing because of its gigantic size. (Jupiter like mass and sizes of a
few astronomical units)

• Such halo clumps orbits the galaxy about 100 times over the age of the 
galactic disk and therefore potentially detectable via gaseous microlensing
events using the back ground stars in a MACHO type experiment that 
monitors millions of stars several times per night

• But the down side for the arguments of such entities is such clouds would 
cool to a few degrees Kelvin and collapse, unless heated by the only 
possible source ‘cosmic rays’.  Its still not clear whether such clouds will 
maintain a stable equilibrium.

Still an open question !



Option 2: MACHO
• The detection of MACHOs using microlensing has been going on for over a 

decade. The first detection of such candidates was reported in 1993 
towards LMC, SMC and the Galactic Centre by MACHO, EROS and OGLE
collaborations. By now ~ 30 events have been reported by these groups.

• While MACHO and EROS used LMC and SMC stars, OGLE microlensing
studies have concentrated on the Galactic bulge.

The location of the MACHO (black 
stars and empty diamonds) and 
EROS (triangles) microlensing
candidates towards LMC are shown. 
The x�íy axes are directed towards 
West and North respectively.



MACHO recent detection results

• MACHO group reported the detection of 13-17 microlensing events towards the LMC, 
and   concluded that a rather significant (mass) fraction of the Galactic halo, f ~ 20%, 
is made up of compact objects of 0.4

• EROS reported the detection of 1 event towards the SMC and no events towards the 
LMC, whereas they evaluated, for a full halo of 0.4      MACHO, an expected number 
of microlensing events ~ 39. Correspondingly, EROS put a rather severe upper limit 
on the halo fraction in the form of MACHOs, f < 0.08 for 0.4      MACHO objects.

M�†

M�†

M�†

The disagreement between the results obtained by the MACHO and 
the EROS collaboration leaves the issue of the halo content in form of 
MACHOs open.



PIXEL-LENSING towards Andromeda (M31)

The contradictory results of the microlensing campaigns towards the 
Magellanic Clouds challenge to probe the MACHO distribution along 
different line of sights. The Andromeda galaxy, M31, nearby and similar to 
the Milky Way, is a suitable target for this search

As compared to that to the LMC and the SMC,  50 kpc, the distance to 
M31 is, by more than an order of magnitude, larger,  770 kpc. This calls 
for a peculiar technique, usually referred to as “pixel-lensing”, whose 
key feature is the fact that one monitors flux variations of unresolved 
objects in each pixel element of the image.



OPTION 3-GALACTIC OUTFLOWS

• An alternative possibility: unaccounted baryons were ejected from the 
protogalaxy via events like hypernovae.

• There are strong observational evidence that many galaxies presently 
undergoing star-bursts are driving superwinds, with outflows on the order of 
the current star formation rate. Ly-alpha absorption spectrum by background 
quasars reveal Mpc size holes in galaxies. 

• A successful wind requires enough energy to gain escape velocity
(~100km/s) which cannot be provided by ordinary Type II super novae. The 
solution lies with Hypernovae with characteristic kinetic energy ~1053 erg. 
Hypernovae are associated with 30 M�†
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