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Outline:



The present universe according to observations: 

BSM needed to explain 95% of the universe. 

Important questions about DM:
What is the nature of DM?
How did it acquire its relic abundance?

Profound consequences for: 
Particle Physics (BSM)
Cosmology (thermal history)                             

Focus of this talk is on the second question

Introduction:
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In principle, thermal DM is a very attractive scenario:
- Predictive 
- Robust

In practice, however, there are issues:   
- Not a generic prediction of explicit models 
- Under pressure by recent experimental results
- Starting in a RD phase is an assumption  

DM should be considered as a probe of the thermal history well 
before BBN, and discriminate the early universe models.

In fact, in well-motivated classes of particle physics models the 
RD phase is established quite late.  

Alternatives to thermal DM must be considered in this context.   



Parameter space not generic in explicit models. 

Example: pMSSM.

WIMP miracle needs real miracle! 

H. Baer, A. Box, H. Summy JHEP 1010, 023 (2010)



WIMP miracle ruled out 
for a range of DM masses!
(for S-wave annihilation) 

Under pressure by indirect detection experiments.

Stringent bounds on annihilation rate from the non-detection of 
gamma-rays from dwarf spheroidals:

Thermal overproduction 
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Fermi Collaboration   PRL 115, 231301 (2015) 
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Standard thermal history altered in well-motivated models. 

Standard Non-standard 

G. Kane, K. Sinha, S. Watson  IJMPD 8, 1530022  (2015)

Long-lived scalar fields



Nonthermal DM from Early Matter Domination:
Consider a scalar field     with mass       and decay width     . 

The field is typically displaced from the minimum during inflation. 
It starts oscillating when               , behaves like matter.      
Oscillations dominate the energy density if the field is long-lived. 

Energy transferred to radiation due to decay of oscillations:

Decay completes at             , reheats the universe                         .

DM can be produced from thermal processes even if                .    
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DM particles can be produced from     decay.
M. Kawasaki, T. Moroi, T. Yanagida PLB 370, 52 (1996)   
T. Moroi, L. Randall   NPB 570,  455 (2000)
G. Gelmini, P. Gondolo PRD 74, 023510 (2006)
B. Acharya, G. Kane, S. Watson, P. Kumar   PRD 80, 083529 (2009) 
R.A., B. Dutta, K. Sinha   PRD 83, 083502 (2011) 
…
Can yield correct abundance for both small & large                .

DM particles can be produced via processes in the thermal bath. 
D. Chung, E. Kolb, A. Riotto PRD 60, 063504 (1999) 
G. Giudice, E. Kolb, A. Riotto PRD 64, 043512 (2001)  
A. Erickcek PRD 92, 103505 (2015)   
Can yield correct abundance possible for small                only.

We focus on the latter case.

May give rise to novel observational signatures.
A. Erickcek PRD 92, 103505 (2015)
A. Erickcek, K. Sinha, S. Watson   PRD 94, 063502 (2016)    
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A. Erickcek PRD 92, 103505  (2015)

Freeze-in production:

Freeze-out production:



Realistic models include more than one scalar field:

(1) Multiple string moduli

(2) Visible sector fields (e.g., AD field)

More exotic matter-like component also possible:

PBHs evaporating before BBN

They decay earlier and do not affect .

But they can considerably change T, even if subdominant.

This can significantly modify production of DM during EMD.



To illustrate the effect, consider two scalar fields        :

Now:

The EMD epoch has three stages: 
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Modified Early Matter Domination: R.A., J. Osinski (in preparation)



(2) (1)(3)

Γ

(1) & (2): 
Lower H at same T: DM production enhanced for smaller 

Lower T at same H:  DM production enhanced for larger 

Two-field effect

Memory 
erasure

Effective
one-field

R.A., J. Osinski (in preparation)

Single field

Two fields



To demonstrate the effect     , consider DM production in stage (1). 

Lets keep       and                fixed.

Ω ∝ ∝
Freeze-out production enhanced by:

(up to logarithmic corrections)

Ω ∝ ∝
Freeze-in production enhanced by:

(up to logarithmic corrections)

In EMD with a single field, DM abundance is too low for large        
and/or small                .             

In modified EMD, enhancement from the second field can bring 
the DM abundance up to the desired value.



Preliminary results: R.A., J. Osinski (in preparation)



Preliminary results: R.A., J. Osinski (in preparation)



• An era of EMD typical in well-motivated particle physics models

• Can yield correct DM abundance for a wide parameter range 

• Presence of additional fields can significantly affect EMD

• Considerable temperature enhancement during EMD possible

• Large masses and/or small annihilation rates can be viable

• Possible effects on observational signatures of EMD?  

Conclusion:


