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Asymmetric Dark Matter

•Asymmetric DM can emerge naturally in theories beyond the SM
•Alternative to thermal production
•Possible link between baryogenesis and DM relic density 

Nussinov ’85, Barr Chivukula Farhi ’90, Gudnason CK Sannino ’06
Khlopov CK ’07, CK ’08, Ryttov Sannino ’08, Kaplan Luty Zurek ’09, Buckley Randall ’10
Dutta Kumar ’10, Taoso ’10, Falkowski Ruderman Volansky ’11, Petraki Volkas ’13, Zurek ‘13

Light  WIMP ~GeV
I. INTRODUCTION

nTB = nB (1)

MTB = 5GeV (2)

1� 5 = 5 (3)

The accretion of WIMPs onto a typical 1.4MJ 10km neutron star in a globular cluster

taking into account relativistic e�ects has been calculated in... The total mass of WIMPs

accreted is

Macc = 4.3� 1046
�

⇥dm
103GeV/cm3

⇥�
t

109years

⇥
f GeV, (4)

We are interested in constraints coming from possible formation of a black hole that will

destroy the neutron star within its lifetime. Therefore one necessary condition for the

formation of the black hole isMacc > Mcrit. However, this constraint by itself is not su⇥cient

to guarantee the destruction of the star. Even if a black hole is formed, ti might evaporate

very fast due to Hawking radiation before it manages to destroy the star. A black hole loses

energy due to Hawking radiation as

dM

dt
=

c6~
15360�G2M2

. (5)

On the other hand a black hole accretes simultaneously mass from the star. If rotation is

insignificant (as we are going to argue later on), matter is accreted via Bondi accretion with

a rate
dM

dt
=

4�⇥G2M2

c3s
, (6)

where cs and ⇥ are the speed of sound and the mass density of the star at the core. Since

Bondi accretion scales proportional to the square of the black hole mass while Hawking

radiation scales inversely proportional, it is evident that the initial mass of the black hole

determines also its fate. If accretion wins at the formation of the black hole, more mass

is accreted and Hawking radiation gets smaller and smaller. Demanding this to be the

case, the black hole should have a mass at least M > 5.7 � 1036 GeV. We have used

⇥ = 5� 1038 GeV/cm3, and we estimated cs = 0.17c. Any black hole with an initial mass as

the one we mention above, will eventually destroy the whole star. Black holes with smaller

masses will evaporate fast producing no destruction.
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Why Dark Matter Self-Interactions?

Problems with Collisionless Cold Dark Matter 
• Core-cusp profile in dwarf galaxies 
• Number of Satellite galaxies 
• “Too big to fail”

2Numerical Simulations suggest    0.1cm/g< σ/m<1 cm/g2

Extra motivation: 
Provide seeds for the Supermassive Black hole at the center of galaxy 
Pollack Spergel Steinhardt ‘15



Asymmetric Fermionic Dark Stars

CK, Nielsen ‘15 

Tolman-Oppenheimer-Volkoff with Yukawa 
self-interactions



Asymmetric Bosonic Dark Stars
BEC Bosonic DM with λφ4

Repulsive Interactions: Solve Einstein equation together with the Klein-Gordon

Attractive Interactions: We  can use the nonrelativistic limit solving the the Gross-Pitaevskii with the Poisson

Eby, CK, Nielsen, Wijewardhana ‘15 



Gravitational Waves of Dark Stars



“Odd Neutron Stars & Weird Black Holes” 

Giudice, McCullough, 
Urbano ‘16

Observation
• Gravitational Waves: DS+DS->DS or BH (Solving numerically Einstein’s equations) with 

K.Kokkotas (Univ. of Tubingen)
                                      DS+NS-> DS*
                                      DS+BH->BH
                                      Spinning DS
• Gravitational Lensing (with L. Moustakas Caltech/JPL and K. Mack Melbourne)



Tidal Deformations of Dark Stars

How stars deform in the presence of an external gravitational field?

V=-(1/2)ε x xij
i j

Q =-λεij ij

λ= 

Similalry we can estimate the deformation due to rotation

Love number



I-Love-Q for Dark Stars

I-Love-Q relations

Maselli, Pnigouras,Nielsen,
CK, Kokkotas, 17



Probing New Territory in Dark Matter 
Direct Detection



Probing sub-GeV Dark Matter 

A given nuclear recoil requires a minimum velocity

Inelastic Scattering

The photon energy can be much larger than the nuclear recoil



Probing sub-GeV Dark Matter 

atomic state after nucleus has been boosted



New Limits on Dark Matter 

CK, Pradler PRL ‘17

• First time limits on sub-GeV DM with DM-nucleon interactions
• “Converting” a conventional detector to a directional one 
• Generalize to final states that leave the atom excited
• Different DM-nucleon operators



Looking for Dark Matter in the Earth’s 
Shadow

CK, Shoemaker ‘14

allowed 
phase space

There is light dark matter phase space that will not be covered by 
underground experiments even if they lower their energy 
threshold due to effective stopping by the rock.

Need for detectors in shallow sites or on surface
However this would increase the background!

• Ideal for portable detectors like DAMIC can be placed either on 
the surface or in shallow sites

• Best latitude at the south hemisphere ~43 degrees. Chile, 
Argentina, Australia, New Zealand 

The effect can be probed also in directional detectors manifesting
itself as a top-down asymmetry  CK‘15

Observing a daily varying dark matter signal
CK, Shoemaker ’14, Foot Vagnozzi ‘15



Re-visiting Direct Detection Limits

Emken, CK, Shoemaker ‘17



Re-visiting Direct Detection Limits

Essig, Fernandez-Serra, Mardon, Soto, Volansky, Yu, ’16,  Emken, CK, Shoemaker ‘17

Constraints weaken significantly



Daily Modulation in the Dark Matter 
Signal

The dark matter signal in underground detectors has three types of diurnal modulation:
• Shadowing effect
• Gravitational focusing
• Rotational velocity of the Earth



Daily Modulation in the Dark Matter 
Signal

The dark matter signal in underground detectors has three types of diurnal modulation:
• Shadowing effect
• Gravitational focusing
• Rotational velocity of the Earth



The Shadow of the Earth

(Kavanagh, CK, Catena ’17)



DAMASCUS: Dark Matter on  
Supercomputers

Performing a simulation of trillions of DM particles on ABACUS
• fully parallelized code
• Precise Recoil Spectrum
• Test self-consistency of experiments
• Probe Currently Elusive Dark Matter



Conclusions

Discovering Dark Stars
• Gravitational Waves LIGO
• Gravitational Lensing

Probing Light Dark Matter in Direct detection
 via Inelastic processes
•  New Limits
• Reducing effectively the energy threshold of current detectors
• “Converting” non-directional detectors to directional ones

Probing Light Dark Matter using the daily modulation DM signals from 
• Earth’s shadowing effect
• Gravitational Focusing
• Rotational velocity of the Earth


