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We reconsider the lower bound on the mass of a fermionic dark matter (DM) candidate resulting
from the existence of known small Dwarf Spheroidal galaxies, in the hypothesis that their DM
halo is constituted by degenerate fermions, with phase-space density limited by the Pauli exclusion

s e e e R

Portoroz, April 19, 2017



Dwarf Spheroidals

ONE-SLIDE RECAP .

log p, ry (Mgpc™?)

m Mass-to-Light ratio
striking evidence of DM

m (Globular Clusters likely
rule out modifications of
gravity for DM)

m Cored profile preferred for
small galaxies...?
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HYPOTHESIS OF DEGENERATE
FERMIONIC DARK MATTER HALOS

¥ Pauli exclusion can forbid a central density cusp

fermionic DM can explain cored profiles!

The largest density is observed in smallest systems, so

we need to focus on the smallest dwarf galaxies!

Dwarf galaxies, dark matter dominated, could be

guantum degenerate spheres of fermi particles (1070 of them) !

The particle mass is bounded from below, a la Tremaine-Gunn

[Tremaine-Gunn’79, ... Gerhard-Spergel '92,...,Chavanis+ ‘97, Bili" + 99, !
Boyarski+ ‘09...,Destri DeVega Sanchez '13; Domcke-Urbano '14]



AUTO GRAVITATING FERMION GAS

Spherical symmetry, isotherm@l).: average gravitational potentie

Fermi DiracStatistics: Poisson equation
m 2 | di (r) _ M (n)
plr) = mnr) = 5255 " Rdps L~ { i O
1 dM(r) _ ,, 2
i =4
Iro\E) = T BTy dr o

r-dependent chemical potential: u(r) = po! m! (r)

Thomas-Fernttquation

d°n 2dp 20Gm? ~ p?
e e S IV "(r) = | Ly
o = | 4l Gm"(r) = ! Yire ) dp prf S u(r)

du .\ _
i (©@=0
u©0) free parametedegeneracy at origin



THOMAS FERMI - DIMENSIONLESS

r=Ilo! , pr)=To"(!) y=p/v/2mTy

d!  2d i
Gt =1 L) L) =3 [ Pdyt (71 v)
b.c. {! (0)=0
' o only one free parameter

determines the dimensionless potentid)

Eand all solutions argist rescalings.
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MASS DENSITPROFILH (r) ~ o(})
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E.G.CDM MASS [ 7T
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SO : LOWER LIMIT ONI1 ?
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T+ 1 90 =1000M, /pc?
1 o = 100 M /pc?
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SO, QUANTUM NATURE PREDICTS

¥ A minimum for total mass Mn and sizeRn

¥ The shape of fully degenerate propé:

1.00 —

Degenerate |

ool (exact,approx)
020" Burkert .. L ane-Emden solutiol
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Ecan we test this profile?



NO: NONTRIVIAL PROBLEM ALREAD!
TO ESTIMATE THE HALO SIEEASS

¥ \We observe the STAR velocity DISPERSION
(line of sight only, ! ()

¥ Jeans equation predicts it, from given mass madgdel

# 2$# GM (r)
ﬂ-l- T (n!O/&): l N 2

¥ Dispersion anisotrdpynknown $" 1 % /%

¥ and itOward to measure stars for small galaxies



PREDICTED STARVELOCITY DISPERSI
WITH OR WITHOUT ANISOTROPY

¥ Small or largBM coreRs 4

[T

too large cores excludedz 2
by constant observed, '’
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PREDICTED STARVELOCITY DISPERSI
WITH OR WITHOUT ANISOTROPY

¥ Small or largBM core Ry

1]

too large cores excludedz 2
by constant observed, '’

e

¥ Effect ofanisotropy, e.b=1 o N

large core gives again % .
a Rattish! «  E ! s




TOTAL MASS LIMITED BY
DYNAMICAL FRICTION

Satellites would have fallen in the MW haloE
Edue to gravitational friction

_ [Chandrasekar formula, e.g. Binney Tremaine 2008 Read+ OQG:tdi:
¥ Time:

\ )2\ )\

[ v 2 410" My
In ! 60 kpc 220 km /s My,

)

liric —

should be larger than the age of Galagy}'°y.

¥ Puts a limit on halo mashk [Gerhard Spergel $92



Are rising velocity dispersion probles allowed?

Compare with data
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FIG. 4. Stellar line-of-sight velocity dispersions for Leo II.
The dashed line represents the best fit, achieved for 8 = 0.6.
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SO, BOUND ON DM MASS M

Tremaine Gunn
saved by
Dynamical Friction

Esubstantially

weakened to
m! 100 eV

dSph \
may be largerk

| 1" | #'$ 114 #'$ "4 (even If one does N
) il e want! kpc size)
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SO, BOUND ON DM MASS M

Tremaine Gunn
saved by
Dynamical Friction

Esubstantially
weakened to

m! 100 eV
dSph
may be largerE
i I .O##.\\ ............ $# -
| 1" | #'$ H'H #'$ I"# (even If one does N
R ey want! kpc size)

Nothing stronger from Dwarf Disk galaxiegle Things ©15 Hi suive



E.G. SEARCHES FOR X-RAY LINES
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FIG. 4: Constraints on sterile neutrino DM within vyMSM [9]. Recent
bounds from [16, 17] are shown in green. Similar to older bounds
(marked by red) they are smoothed and divided by factor 2 to account
for possible DM uncertainties in M31. In every point in the white
region sterile neutrino constitute 100% of DM and their properties
agree with the existing bounds. Within the gray regions too much (or
not enough) DM would be produced in a minimal model like YMSM.
At masses below ~ 1 keV dwarf galaxies would not form [4, 48].
The blue point would corresponds to the best-fit value from M31 if
the line comes from DM decay. Thick errorbars are =10 limits on
the flux. Thin errorbars correspond to the uncertainty in the DM
distribution in the center of M31.



E.G. SEARCHES FOR X-RAY LINES

Phase space & dynamical friction
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Dark matter mass M,, [keV]
The Lyman-alpha bound m > 1D7 keVE
more space E can be evaded if WDM is cold:) e.g.
' I - generated via decay
for sterile neutrinos Patraki-Kusenko O

- w/ dilution i
[Bezrukov+ O10]
[Nemevsek, Senjanovic, Zhang Q




E.G. SEARCHES FOR X-RAY LINES

Phase space & dynamical friction
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(and btw how to search for them?) |. g




ThatOs alfrom data.

Then, a serious question IS
|

Are degenerate fermionic galaxiesphysical?



PHASE SPACE DISTRIBUTIO

_ [Navarro Eke Frenk O96]
¥ For classical models

(~maxwellian, intermediate |
momenta dominate) 2}

¥ To be compared with
degenerate FD

Lower momenta, Denselr.

Will the distribution collapse?!
HOW’) Figure 2. “"FPhase-space” distribution of halo particles before and
4 after imposing the disk potential {upper and lower panel, repec-

tively). The salid line in each panel shows the escape velocity



RELAXATION IN GALACTIC
DYNAMICS

¥ Encounters?No - play a role only for few objects
(T =Tcrossindd.1N/logN, here N~10770, very large)
hus, we areollisionless

¥ Phase mixingRelaxation for ignorance.
Not relevant to get degeneration
(phase space has to be fully blled)

¥ Violent relaxation?!
changes energy per unit mass (i.e. independent of mass)
(collision independent - assumes motion Iin a changing potential)

¥ |In any case, need interaction!
e.g. dissipatioto increase phase space density



SO, CONCLUSIONS

* Quantum degenerate fermionic DM may avoid cusps in dwarfs

» Revisiting lower bound from existence of small galaxies:

Tremaine-Gunn + Dynamical Friction
m> 100eV
challenging Direct Search

» Missing satellite problem:
hint to upper bound m< few keV ?

» Smallest galaxies are the frontier - confrontation with data hard
dispersion anisotropy the main nuisance.

* Physics of fermionic galaxy formation the outstanding question



SO, CONCLUSIONS

* Quantum degenerate fermionic DM may avoid cusps in dwarfs

» Revisiting lower bound from existence of small galaxies:

Tremaine-Gunn + Dynamical Friction
m> 100eV
challenging Direct Search

» Missing satellite problem:
hint to upper bound m< few keV ?

» Smallest galaxies are the frontier - confrontation with data hard
dispersion anisotropy the main nuisance.

* Physics of fermionic galaxy formation the outstanding question

Thanks!
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OTHER DWARFS

Log po do lower bound

DS No/pe’] o onm
Triangulum II 0.3 30 127eV
Segue 1 —0.4 32 100 eV

Leo T —0.6 417 26eV
Reticulum II —0.8 32 89eV
Ursa Major I —0.8 106 49eV
Coma, Berenices —0.8 44 76eV
Sculptor —0.8 86 54 eV
Fornax —1.1 147 38eV
Ursa Major 11 —1.2 32 80eV
Leo I —1.3 254 27eV
Canes Venatici II —1.4 151 34eV
Hercules —1.4 132 37eV

( Pisces 11 —1.5 180 30eV
Leo IV —1.7 158 31eV

Leo 11 —1.7 233 25eV
Draco II —-1.9 20 82eV
Sextans —2. 86 38eV
Canes Venatici I —2.2 224 22eV
Carina —2.2 106 33eV
Bootes I —2.4 66 39eV
Leo V —2.6 178 22eV
Draco —2.7 76 33eV
Hydra II —3.1 134 22eV
Segue 2 —3.2 35 43 eV

TABLE 1. Estimated lower bound on the fermionic DM
mass m adopting the central densities of a number of dwarf
spheroidal galaxies as determined in [38].



PHASE TRANSITION
TO DEGENERATE?

possible, because gravity Is attragteve! Thirring O71]

S/ R=20

& | g
6 _
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=

_1 5-

_—’,/’ \/‘ / g
Bl e L : T
-2 1 1 1 e s 1 | | | - C |
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[Bill Viollier 098]



RELAXATION IN GALACTIC
DYNAMICS

What about for fermions?

¥ Fermions interact only with near-fermi-surface states, so €
reduced encounters? (and slow ones bounce off)

¥ Violent relaxation only possibility? (collisionless interactior
But are timescales of Potential variation sufbciently long?
Still an open problem it seems [Chavanis ©01-O0:

¥ gTW:Violent relaxation leads to Fermi Dirac - like distributic
even for bosonskE [Lynden-Bell ©67]
(thus, we may say itOs compatible)



SO IS IT ACTUALLY REALIZED™

Favourable (free)energy budget necessary for phase transition, not st
Self-gravitating systems like DM halomaiesically non equilibriumEg

So what matter are the timescal@=laxation, thermalization, evaporation. ?

¥ Fermionic jeans instability has lower k bound, degeneracy historically relevant
[Chavanis+ 1409xxxXx]

¥ |deal violent relaxation leads to core plus 1/rA2 [Lynden Bell 67]!
but incomplete violent relaxation can lead to large distance cutoft!

as also evaporation

¥ Simulations of classical violent relaxation lead to core plus 1/r*4
[Henon O64;van Albada+ O82; Roy+ 004; Joyce+C

due to thermalization evaporation after core formation (but it appears to be slow?).



SO IS IT ACTUALLY REALIZED™

Favourable (free)energy budget necessary for phase transition, not st
Self-gravitating systems like DM halomaiesically non equilibriumEg

So what matter are the timescal@=laxation, thermalization, evaporation. ?

¥ Fermionic jeans instability has lower k bound, degeneracy historically relevant
[Chavanis+ 1409xxxXx]

¥ |deal violent relaxation leads to core plus 1/rA2 [Lynden Bell 67]!
but incomplete violent relaxation can lead to large distance cutoft!

as also evaporation

¥ Simulations of classical violent relaxation lead to core plus 1/r*4
[Henon O64;van Albada+ O82; Roy+ 004; Joyce+C

due to thermalization evaporation after core formation (but it appears to be slow?).

Looking forward t@guantum simulations?
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SOME MEANING OBy 7

Basic Virial estimate:
Egrcw ~ —2 Ekzn
GM?

T'h

~ Nmuv? ~ Myv? ~ My o?

Gives velocity dispersion ! ° I__Gliwh
h

~ M, |73
But, for cored proble { i h/Th
0* =~ P/po
M,

Th

thus the observed constant surface defgity —-

Implies a

2
Constant Pressure (?) .



HOW DOES THE GALAXY PROFILE CHANG

N 2
PX two 20 = 120M, /pc } Only parameter leftiT
RIRICIErs 8. | 26" 1P M, Or: o

And letOs see if we can discrimimatgth the proble.

Recall

lo! 1'4 » classical

10! 14  starts to be degenerate

lo! 1C » highly degenerateT, Independent



FIX A GALAXY, VARY DM MASH
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FIXIM, GALAXIES OF DIFFERENT MASS
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smallest are near the degeneration

Can we probe these probles
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Mh[Msun]
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THERMODYNAMIC QUANTITIES

O R p° '*
- f(E) P(r) = 6 2mi3 | dp p'f %! p(r)

- non relativistic D 1 o dPPf o # W),

1
BEr = = 2 i (= | H
2 | 2
x SMET0 dpt £ # u(r)

——
Thomas-Fermi automatically includes

1) P(r) = %!VZ"(r) L(r) = "2(r)! (1) Local eq of state

dP d"
2) o | (r)a =0 Idrostatic equilibrium (newtonian)



THOMAS FERMI - DIMENSIONLESS

r:|o! , u(r):To"(!) y:p/\/ZmTO

To = temperature
lo = characteristic length scale

W~

H Pl
! 2 ol [ ,5(" :
|o =SIIEY 2( O) =
8G ¢ M°#o
1 4 1 1+ Pl
2kev 3 2 3 |2(| o) M, 6
= 3 Ro = 7.425pcC

In(!):(n+1)- | y? dyl (y2I 1) S =eoe
0

g=2 for spin 1/2 particles



v(&) assoclated to (chemical) potential

Fermi-Dirac
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I,! !4 » Qquantum and classical regimes

lo coincide

'o! 4 » degeneration starts to appear



Back to physical units

v(§) V' (§)
} L(r), Mm(r) , '(r), P(r)
2(H (7)) Ta(t (7))

S

i me 3 _ . L(#9)

16 = 3--2!3(2TO)2|2(#($)) = lg |2(#O)

o = 3,',7127 _(2To)?12(#) connection betweery  arid
three free parameters : m i

to be traded for

' o m '0



Pressure

m ¥ ! !6 % $O %
SO BRI LR T

Velocity dispersion

12(r) = P(r) _ 2To 14(#(9))
| “(r)  Sm I2(#(9))

nontrivial dependence only op

Enclosed mass
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Finally we wish to use surface del
{ | (rp) = ZO Burkert-like debnition of
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in general, or in
classical regime
3 parameters

quantum degenerate
limit
2 parameters
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MASS & RADIUS.
28 1075
=
M vir i
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VIRIAL

MASS & RADIUS.

M VIr

I vir

both could identifr

...unfortunately, not

directly measurable.
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so Bimodal proble of dispersion velocity
Inside and outside the cdre,
for degenerate galaxies

O wir

a) Quantum drives the dispersion in the core —;
m 3

h) Classical dispersion in the halb:=  To/m

Recall, smath
galaxies are
more degenerate

by looking at probles -
could we Pndn  ?



