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We have a standard model of cosmology 

and structure formation 

• Three components 

– Dark matter: standard is cold particles ~ GeV 

– Dark energy: standard is Einstein Lambda 

– Baryons: standard from light element nucleosynthesis 

• Spectrum of power law gaussian perturbations of 

very low amplitude: P(k) ~ k-1 

• Gravitationally induced growth of structure 

• Add hydrodynamics and atomic physics 

 



Does it work? 

• CBR, microwave background comes out right. 

• Size, mass and formation epoch of galaxies 

comes out right. 

• Galaxy distribution, clusters and voids comes 

out right. 

• Intergalactic medium comes out right. 

• +++++++++++++++++++++++++++++++ 

• What is the problem? Details, important details. 

 



CBR Spectrum – Planck and all 

Precise measurements of 

the CBR specify the 

cosmological model. 



Where we are now…. 

2017 

1975 

1990 



In Detail: Representative Current 

Cosmological Model (prior: LCDM) 

•  tot  = 1 (assumption) [=1.010 +0.016] 

•  cdm = 0.241  ± 0.009 

•  baryon = 0.047  ± 0.001 

•  lambda = 0.71  ± 0.01 

•  n  = 0.97  ± 0.01 

•  H0  = 69.3 ± 0.9 km/s/Mpc 

•  8  = 0.83  ±  0.02 

•  scat =0.088  ±  0.013 

;  Spergel et al (WMAP9) 

“precision cosmology” ?? 



A More Critical Look at the Low Red-Shift Tests: 

103 > Z > 6 6 > Z > 0.5 0.5 > Z 

Photons 
CBR  SZ  Rdio Lns  

Baryons CBR  GalForm  LEN  

Dark Matter CBR  StrGrth  HlsClstrs 

Dark Energy CBR SN  Ages,BAO etc 

 

l  > 20Mpc/h CBR  Clstrs2pt SDSS  

20 > l >1 CBR ? Cltrs,LyA, 

StrGrth  

GrLensing 

1 > l ??????? X?? 

 

XXX??? 

But… 



FIRST: 

Let us look at 

observed galaxy 

properties: dwarf 

spheroidals are a 

separate low 

density sequence 

and the lower the 

mass the lower the 

density (Kormendy, 

2015 data) 

+++++++++++++ 
Elliptical 

Dwarf Spher. 



Let us now look at low mass galaxies in the local group 

Coral Wheeler, 2015 



Let us look at the “problems” at 

small scales 
• Absence of DM cusps in Dwarf Spheroidal Galaxies? 

• Orbiting GCs in Dwarf Spheroidal Galaxies? 

• Mass cutoff for low mass Galaxies? 

• Wrong red-shift evolution of low mass Galaxies? 

• +++++++++++++++++ 

• Lack of substructure in MW halo from streams?  

• Lack of gravitational lensing from halo substructures? 



An Alternative to Standard (eg 

WIMP) DM: Fuzzy Dark Matter 
 - Lam Hui, JPO, Scott Tremaine & Ed Witten 

Phys Rev 2016 

• Ultra light bosons – axions w mass 10-22 eV 

• Quantum limit: ħ = m * v * λ implies large size 
when v is small: M * R = (ħ2/(G * m2)) 

• Coupled with VT and cosmological formation 
give minimum halo mass vs redshift. 

• Can explain dwarf spheroidal results. 

• Testable predictions of reduced substructure. 



Mass-Radius relation at low mass 

end: from QM 

• v2 = GM/R = ħ2/(m2 R2) 

   M * R ≥ = ħ2/(G * m2) 

– or  

R ≥ Rmin = 1 kpc *  (M/109Msolar)
-1 * m-22

-2 



Mass-Radius relation at low end: 

combine w cosmology to get mass limit! 

• ρ ≥ 200 ρcrit = 600 * H2/(8 π G) 

• and 

   ρ ~ M/R3 ~ M4 

 M ≥  Mmin = (H2 ħ6/(G4 * m6))1/4 

–or  

Mmin = 1.2 108 Msolar * (1 + z)3/4 * m-22 
-3/2 



And the halos have a different shape: no cusp. 

Several papers 

show that the 

profiles match 

those of dwarf 

spheroidals 

better than does 

the standard 

NFW profile. 

“Burkert profile”  ?? 



Soliton structure 



Mass Function of Halos Computed: 
Bozek et al(2015) 

6 B. Bozek et al

F igur e 2. Sheth-Tormen mass funct ion for ULAs including scale-dependent growth, shown for each redshift in the range

0 6 z 6 14. T he result for CDM is shown for reference. Left -hand panel: ma = 10− 22 eV , ⌦a /⌦d = 0.5. Right -hand panel:

ma = 10− 22 eV , ⌦a /⌦d = 1.
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F igur e 3. T he DM halo mass–galaxy luminosit y relat ion,

M h (M U V ), for CDM (black) and aM DM models { ma =

10− 21eV , ‘1’ (purple); ma = 10− 22 eV, ‘3’ (cyan); ma =

10− 22eV , ‘1’ (blue); ma = 10− 23eV , ‘1’ (green)} at red-

shift s z = 7 (solid curve), z = 10 (dot–dashed), and z = 13

(dashed). T he t runcat ion in the M h (M U V ) relat ion for mod-

els ma = 10− 22eV , ‘1’ and ma = 10− 23eV , ‘1’ is due to

a t runcat ion in the corresponding HM F (as shown in the

right -hand panel of Fig. 2). T he turnover in the M h (M U V )

relat ion in the ma = 10− 22eV, ‘3’ model at z = 7 is the

result of a turnover (without a complete t runcat ion) in the

ma = 10− 22eV, ⌦a /⌦d = 0.5 HMF at z = 7 (left -hand panel

of Fig. 2).

1976) which has the following form:

φ(M ) = φ? (
ln(10)

2.5
)10

− 0.4( M − M ? )↵
exp(− 10

− 0.4( M − M ? )
),

(6)

where φ? is the normalizat ion, M ? is the characteris-

t ic magnitude, ↵ is the faint -end slope, and M U V is

used when applying equat ion (6). We use two sets of

Schechter funct ion parameters, respect ively, taken from

Bouwens et al. (2014) and Kuhlen & Faucher-Giguère

(2012) (their ‘FIT ’ model), since di↵erent values for the

Schechter funct ion parameters (part icularly the faint -

end slope) can have a significant e↵ect on the result ing

reionizat ion history. Each Schechter funct ion fit is ex-

t rapolated to fainter magnitudes and redshift s where

there are not current ly observat ions by assuming the

values of the parameters evolve linearly with redshift

consistent with the t rends in the data at redshift s 6–10

(see the above cited works for the model details). The

data that the Bouwens et al. (2014) luminosity func-

t ion is based on includes more recent data than that of

K uhlen & Faucher-Giguère (2012), but both models are

consistent with the current data set .

The paramet rized fit to the observed galaxy lumi-

nosity funct ion and the DM HMF of a given model are,

at each redshift , integrated to obtain, respect ively, the

cumulat ive galaxy luminosity funct ion, Φ(< M U V ), the

number density of galaxies brighter than M U V and the

cumulat ive DM HMF, n(> M h ), the number density of

haloes more massive than M h . For each DM model, an

absolute magnitude, M U V , is assigned to a dark mat -

ter halo mass, M h by matching number densit ies in the

cumulat ive funct ions, i.e. according to the relat ion:

Φ(< M U V , z) = n(> M h , z). (7)

This gives the DM halo mass–galaxy luminosity rela-

t ions, M h (M U V ), shown in Figure 3. The M h (M U V ) re-

lat ion is then used to convert the cumulat ive DM mass

funct ion of a given model into a predicted cumulat ive

galaxy luminosity funct ion.

This may appear to be a circular process but the

predicted cumulat ive luminosity funct ion for each DM

model will match exact ly with the input cumulat ive
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High 

redshift 

luminosity 

functions 

are 

consistent w 

FDM if  

m-22 >1.2 .  

 

(Schive et 

al, 2015) 



But there are more stringent high redshift tests 

• Does the universe re-ionize early enough ? 

• Is the optical depth to electron scattering high 

enough? 

• Is the Lyman alpha forest predicted correctly? 

• Is the evolution of low mass galaxies 

consistent with observations? 

 



Re-ionization barely ok. 



Optical depth barely ok. 



Basic low redshift tests 

• Cusp-core issue? 

• Dwarf galaxy satellites? 

• Dynamical friction in dwarf systems? 

• Substructure in MW and other halos? 

• Too big to fail problem? 

• Sizes of small systems? 

 



Cusp-Core issue in dwarf systems 

 “We conclude that one or more 

of the following statements must 

be true: (i) the dark matter 

is more complex than envisaged 

by any current model; (ii) 

current simulations fail to 

reproduce the diversity in the 

effects of baryons on the inner 

regions of dwarf galaxies; 

and/or (iii) the mass profiles of 

“inner mass deficit” galaxies 

inferred from kinematic 

data are incorrect.” 



And, typically, low mass satellites of dwarf galaxies 

are predicted to exist by standard theory: 

M*= 104 Mo ?? 



Some Predictions 

• No dynamical friction in small systems. 

• No cusps in small systems. 

• No sub-halos smaller than 108 Msolar  at z = 0. 

• By z = 10 minimum halo mass is 109 Msolar  

– and low mass galaxies form late. 

• MW tidal streamers not broadened by 

interactions with sub-halos. 

• Gravitational lensing by intervening subhalos 

is reduced. 



Conclusions 

• Proposal: Bulk of DM is FDM: m = 1.2 x10-22 eV. 

• All large scale structure successes remain unchanged. 

• Absence of direct detections to-date is understood. 

• Absence of DM in globular clusters is understood. 

• Anomalies in dwarf galaxies can be understood. 

– absence of dynamical friction 

– low inner rotation curves 

– absence of satellites 

• Specific tests predicted, so hypothesis is falsifiable by 
experiments/observations underway. 

• Most critical potential inconsistencies: high redshift 
galaxy formation and Lyman-alpha forest. 


