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Scalar-field dark matter (SFDM)
“a zoo of (similar) animals”

Ultralight axions (ALPs)      Bose-Einstein-condensed DM   
(axion-like potential)                               (BECDM)

fuzzy / quantum wave DM, free SFDM 

          (no self-interaction)

                                                        repulsive / fluid DM             
                                                      (strong, positive self-interaction)

They all obey a similar EoM, if an effective classical field description is 
adopted; its physics gives rise to a minimum clustering scale.  To “resolve” 
galactic small-scale problems, need ultralight particles

                          10-23 eV  > m >  10-20 eV 



  

SFDM and power spectra

                                                                      Ureña-Lopez & Gonzalez-Morales (2016)  
 
       Hlozek et al (2015)

  

                                                                                                                 



  

Note:  my talk focuses on deviations from CDM 
on a grand scale, in fact wrt the                     
evolution of the background universe !!

How much “deviance” is allowed ?

→  Neff and GWs help to find out                          
 →  constrain SFDM particle parameters  



  

Scalar Field Dark Matter (SFDM)

 
real or complex scalar field  ψ  ( model-dependent)  

                             
                               

units:   [L] = [eV/cm3], [ψ] = cm -3/2  , (+,-,-,-)

V(ψ)  is model-dependent

QCD axion, ALPs:  
                             
                                                       → upon expansion: quadratic (+ quartic)  
                               
 phi^4 - potential: 

Quartic term:  λ is an energy-independent coupling constant,  λ > 0: repulsive,  λ < 0: attractive 

                        →  fundamental SFDM parameters:  m  and  λ



  

Scalar Field Dark Matter (SFDM)
 
   

  
 
 if ψ is complex →  U(1)-symmetry, particle number conserved 
                            → no self-annihilation !

    if ψ is real → no U(1) symmetry, self-annihilation, but particle number  
                         approximately conserved in the non-relativistic limit

Equation of states (EOS) encountered:    „oscillation“  0 < w < 1/3                                                 
                                                                  „slow-roll”     w = -1
                                                                  „fast-roll”      w = 1

Eventually, in order to behave „CDM-like“ (waverage = 0) :   need quadratic term 

    (all models require waverage = 0 after zeq  → imposes important constraint !)



  

Equations of motion (EoM)

Klein-Gordon equation for the SFDM field ψ    

...which is minimally coupled to GR  

A standard flat FLRW background Universe is usually assumed.

( side remark: In the „CDM-like“ SFDM-dominated epoch, well within the horizon, the non-
relativistic limits yield a nonlinear Gross-Pitaevskii („Schrödinger“) equation:)  



  

Compare size of SF oscillation freq ω to Hubble expansion rate H

• Fast oscillation regime („oscillation“):  

                ω / H >> 1

 disp.relation: ω = ω (V),

  e.g.

“easy”

• Slow oscillation regime:  

                ω / H << 1 

“hard”                                                                                 

kinetic energy Ñ 0:   w = - 1  CC EOS  (“constant energy density”)  

kinetic energy ≠ 0:   w = 1  stiff EOS (“kination”, „stiff phase“)                 

                                    

                                   Non-standard expansion histories and 
consequences for structure formation !

Evolution of background SFDM in an FLRW Universe



  

• Real e.g. QCD axion, axion-like particles:

  first w = -1 (CC phase), later w = 0  (CDM-like phase)

•  Complex e.g. our model, Arbey et al.(2002), Boyle et al.(2003): 

   first w = 1 (stiff phase), later w = 0 (CDM-like phase)

     if λ > 0 → w = 1/3 (intermediate rad.-like phase)

Real: whether EOS stiffer than w = 0 depends on choice of potential and 
initial condition.  That choice is usually set the same than for axions → CC

Complex: the requirement of setting the (conserved) charge density to 
the present-day DM abundance leads naturally to the stiff phase !

• SFDM with w ? 1/3 affects ΔNeff = Neff – 3.046  !

While w = 0 required not later than zeq, deviations are allowed 
before BBN, but lead to constraints on the SFDM model !

real vs. complex SFDM 



  

Field oscillations of SFDM: real vs. complex

e.g. in the “CDM-like” SFDM-dominated epoch (“matter domination”):

the average w oscillates around zero, however:

Real field:                                                          Complex field (large-charge limit):

w oscillates between -1 and 1                             w oscillates between -c and +c  where c <<< 1

     

                                 

                             

                            

                               

                                       impacts structure formation, down to 
pulsar-timing signals within the Milky Way !



  

                                    

                                                      Li,TRD,Shapiro (1310.6061)       
 Magaña, Matos (2012)

m = 10-22 eV

 real vs. complex SFDM:  evolution of Ω's   

← aeq



  

cSFDM with repulsive SI has 3 phases:

 
  EOS:  (p/ρ)SFDM = w(t)
 
 (1) Early: w = 1                                                         
       (stiff EOS)
 (2) Intermediate: w = 1/3   
       (radiationlike, if positive SI)
 (3) Late: w = 0   
        (non-relativistic matter)

 → change of standard 
      expansion history !

        ΩSFDM → 1  at early times 

                                    Early Universe dominated by stiff cSFDM !
                                →  implies additional Neff during (1) and (2) ! 

                         → amplifies primordial GWs from inflation during (1) !   



  

2014: take the same cosmic inventory as the basic ΛCDM model, except that 

           CDM is replaced by SFDM  →   ΛSFDM     

2017: add stochastic GW background (SGWB) from inflation self-consistently to it

                                                                                                          Ωm = Ωb + Ωc 

Cosmological parameters from Planck 2013/2015                  (assume massless SM  neutrinos)                      

                                                                                                                 ΩΛ  = 1 – Ωm – Ωr  (2014)           

                                                                                                              ΩΛ = 1 – Ωm – Ωr - ΩGW (2017)

• Tensor-to-scalar ratio:  r = AT/AS

• Reheating temperature:  Treheat      

ΛSFDM Model (2014) + GW (2017)



  



  



  



  

ΛSFDM+Inflation: the Universe has 6 eras 



  

Neff  during BBN



  

                                                                              
Limiting the duration of the stiff phase after reheating and before BBN 

 constrains SFDM parameters via their contribution to Neff

• for given r:

the smaller the DM mass,

the later must 

reheating occur

• Matter-radiation equality:

• Neff  during BBN:

                                                                                     

ΛSFDM + SGWB  



  

Constraints from 
zeq and BBN 

on the SFDM 
parameters with 
GW background

included 



  

Constraints from 
zeq and BBN 

on the SFDM 
parameters with 
GW background

included 



  



  



  

     
Stiff-SFDM-dominated era amplifies SGWB from (standard) inflation:

can be measured/constrained by GW laser interferometers !

                                                     Case 2 

                                                                                     

ΛSFDM + SGWB: 
enhanced signal of inflationary SGWB due to DM !  

ΛSFDM

ΛCDM



  

  
Stiff-SFDM-dominated era amplifies SGWB from (standard) inflation:

can be measured/constrained by GW laser interferometers ! 

                     

Upper limit from LIGO O1 data excludes case 2 at 95% CL

→  The Age of DM Search/Constraints by GW Detection has begun !             

ΛSFDM + SGWB: 
enhanced signal of inflationary SGWB due to DM !  

Case 2



  

Stiff-SFDM-dominated era amplifies SGWB from (standard) inflation:

can be measured/constrained by GW laser interferometers ! 

                                                                                     

ΛSFDM + SGWB:  

Case 1



  

                                                    
Stiff-SFDM-dominated era amplifies SGWB from (standard) inflation:

can be measured/constrained by GW laser interferometers ! 

                                                       

                             Example 3 prediction for aLIGO/Virgo 

                                                                                     

ΛSFDM + SGWB:  

Case 3

ΛSFDM

ΛCDM



  



  

                      
Limits from O1 of LIGO (1612.02029): 

                                                                                     

ΛSFDM + SGWB:   



  

A detection of the inflationary SGWB is possible by looking 
for signals:

a wide range of SFDM particle parameters and reheat temperatures can 
be already tested by aLIGO/VIRGO limits on the SGWB:

• some models (e.g. „Case 2“) are already ruled out from O1 limits
• the newest O2 limit does not exclude „Case 1“ and „Case 3“, but other 

models are ruled out, which may push beyond the allowed limit 
• even more models will be tested by the time of O5    

→ current(!) GW laser interferometer experiments can already   
   constrain DM models !



  

 
• SFDM candidates may resolve small-scale problems of CDM 

structure formation

• However, deviations from CDM are also possible on large 
scales: 

- non-standard expansion histories before and after BBN
 
- manifest field oscillations distinguish SFDM from CDM, and 
amplitudes differ between real and complex scalar-fields 

• As a result: SFDM model parameters are constrained by the 
CMB, BBN, stochastic grav.wave background from inflation, 
large-scale structure, pulsar-timing, etc.

• Some of these constraints are already tighter than those 
inferred from small-scale structure 

Conclusions
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