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Hot, Warm, and Cold Dark Matter?
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How could we know  
what is DM mass?

Howard Baer, Ki-Young Choi, 
Jihn E. Kim, Leszek Roszkowski

There are so many DM 
models located at 

different mass scales. 

Taken from Griest (2014).
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Professor Yanagida: Too many 
choices in the market. Yours has 
to be the unique and attractive.  

Sming: I want to do a model 
independent search...  

How to choose your DM model?



◉Dark Matter is EXPECTED to have weak interaction between SM and DM but it is not 
necessary to be.  

◉However, if it has no weak interaction between DM and SM, method 1-3 are useless 
and we are not able to determine the DM mass.



WIMP Dark Matter search
Signals at Experiments DM Hints

Coillders LHC, LEP, Tevatron, ... 750 GeV scalar

Direct detection XENON100, LUX, PandaX... DAMA, CoGeNT, 
CRESST at low DM 
mass region. 

Cosmic rays 
1. Positrons 
2. antiprotons 
3. neutrinos

1. PAMELA, Fermi-LAT, AMS02... 
2. PAMELA, AMS02 
3. IceCube

1. High energy 
positron excess 

2. 70 GeV excess 
3. TeV-PeV neutrinos 

Gamma rays Fermi-LAT, HESS, ... FERMI bubbles, GCE

X-ray XMM-Newton 3.55 keV line

Those signals are contradictory.   
Sounds like WIMPs search is pessimistic.  



How could we know  
what is DM mass?

 The most popular model is WIMPs but  
it seems to be killed soon... 

gDM<gW



How could we know  
what is DM mass?

So, it is nature to see that the next generation of CDM 
searches are shifting their focuses to different mass regions.



How could we know  
what is DM mass?

gDM<gW

Huo, Matsumoto,  Tsai, Yanagida,  
Published in JHEP 1609 (2016) 162 
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Howard Baer, Ki-Young Choi, 
Jihn E. Kim, Leszek Roszkowski

The mass upper limit we 
might be able to see in our 

lifetime. 

The reachable right edge is 

How about the left edge of mass?
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More sophisticated models of reionization  
may resolve the tension of Lyman-alpha.

David J. E. Marsh 
Phys.Rept. 643 (2016) 1-79



The CDM model through detailed N -body simulations, 
though successfully explains the observations in large 

scale, fails to account for the observations in relatively 
smaller scales,  

known as “small-scale crisis”:  
(i) the missing satellites problem,  
(ii) the cusp-core problem, and  
(iii) the too-big-to-fail problem.  

In order to alleviate the problems, a new mechanism of 
velocity boost is needed for the DM momentum 

exchanges beyond the collisionless picture of the CDM. 

Lambda Cold Dark Matter  
small-scale crisis



Supernova feedback on core-cusp issue

Pontzen, Governato 2014

Repeated starbursts cause DM particles to migrate 
outward and as a result reduces halos’ central densities.



Supernova feedback on Too-big-to-fail issue

Supernova 
feedback seems 

not solve  
too-big-to-fail 
problem. Need 
alternatives to 
decrease halo 
core mass.

Taken from slides of 
Jung-Tsung Li



– L. Hui, J. Ostriker, S. Tremaine, and E. Witten  
1610.08297

「 Heating and feedback certainly reduce the 
stellar luminosity of the satellite galaxies 

associated with sub-halos, but whether 
plausible parameterizations for these 

processes can match the observations over the 
full range of halo and sub-halo masses 

remains an open question. 」



Outline
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Motivations 
Axion and its Quantum Pressure 
 - Quantum Pressure 
 - SPH (smoothed-particle hydrodynamics) 
Simulation 
Summary and outlook 



Ultra light Axion
• T at H~m is 500 eV, z=2e6 (after BBN) behaves like matter, no 
contribution to Dark Energy.  

• It is unnatural for just looking the mass within the order 1e-22 eV 
but such mass can be natural to have correct relic density. In 
string theory, some mechanism can generate exponentially small 
mass.  

• It is fluid and its mass has some tension with Lyman-alpha forest. 
(Feedback processes, such as galactic winds or outflows, are 
assumed to have negligible impact on the forest.)    

• The matter wave length ~kpc if the velocity dispersion ~100 kms-1.  



Density

Numerical challenge 
is how to combine 
these two different 

behaviors.

Wave function



Quantum pressure from Schrödinger-
Poisson equations

The Madelung equations

A singularity of QP appearing at density zero.  
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Which delta should be replaced 
to the Gaussian kernel?

Quantum pressure from Schrödinger-Poisson equations  
(smoothed-particle hydrodynamics)



Quantum pressure in the N-body simulation

The quantum pressure as a short-range interaction in the exponentially decay term.

Let's see the N-body simulation Movie...



Solitonic Core

- There are two solutions in B=1. Problem with boundary! 
- The solitonic core is about 3 kpc.



Lyman-alpha forest 



Measurements
Idea







Four benchmark N-body simulations

WF: the bias introduced by thermal broadening 
and peculiar velocity distortions of hydrogen.



Comparision: Matter Power Spectrum 

Small scale structure  

The lower mass the larger discrepancy between  
Lambda CDM and FDM. 



FDM fits Lyman-alpha forest?

# The 1e-23 eV FDM is strongly disfavored. 
# The 1e-22 eV FDM is hard to say being excluded  

    at this level (no hydro-simulation).



FDM fits Lyman-alpha forest?

Hydro uncertainties is huge and the effects 
from QP can be hidden. 





Conclusion and Summary

• We have proposed to use a Gaussian kernel function to 
discretize the quantum pressure term in order to be used 
in PP method for N-body simulations.  

• We found it is still not yet to rule out mass~1e-22 eV by 
using lyman-alpha forest data, unless the hydro-
dynamical uncertainties are clear.



– L. Hui, J. Ostriker, S. Tremaine, and E. Witten  
1610.0827

「 Thus the "too big to fail" and "missing 
satellite" problems are addressed directly by 
FDM, but until our understanding of baryonic 
physics and feedback is more complete we will 
not know whether the change in the properties 
of the dark-matter sub-halos implied by FDM 

is either required or useful. 」



The End 
Thank you for your 

attention. 





Rotation Curves in an image system

• Rotation Curve can tell us 
the difference between CDM 
and FDM. 

• Future rotation curve 
measurement at the local 
will be exciting for FDM.  

• The most difference at the 
4 kpc right outside the 
solitonic core.  



Solitonic Core

The velocity dispersion is more or less flat  
inside the solitonic core.



Taken from Marsh, 1510.07633


