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log p, ry (Mgpc™?)

ONE-SLIDE RECAP

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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- 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

‘R HALOS

guantum degenerate spheres of fermi particles (1070 of them)

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

[...,Chavanis+ ‘97, Bilic+ '99,...,Destri DeVega Sanchez ’13; Merafina
Alberti '14; Domcke Urbano ’14]



AU O GRAVITATING FERMION GAS

Spherical symmetry, isothermal. ¢(r): average gravitational potential

Fermi Dirac Statistics: Polisson equation

p(r) =mn(r) = 27{;23 OOOPZ dp f [% = u(?“)] { dqugar) = GMr(;)
frolE) = 77 expl(E/TO) d]gy) — e

r-dependent chemical potential: ~ p(r) = po — me(r)

Thomas-Fermi Equation
WP LU

dr2 ' rdr

9 sz o0 p2
— —tnGmptr) = -2 [T apgir | 2 i)

dp
S =0
i dr
1(0)  free parameter: degeneracy at origin
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I,(¢) ~ mass density profile p(7)

Fermi-Dirac Maxwell-Boltzmann
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e Diguiele feziure: |
0~ > degenerate core plus isothermal halo
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..a minimal galaxy, for given mass m
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CDM MASS
DISTRIBUTION OF
SUBSTRUCTURES

unseen low masses

Dramatic slope,

T extrapolated
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SO : LOWER LIMIT ON m
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SO : LOWER LIMIT ON m
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HOW DOES THE GALAXY PROFILE CHANGES

i 2
fix two 2o = 120 M /pe } Only parameter left: 770

Parameters — af, ~2.6 x 105Mg I Or: 2

And let’s see If we can discriminate m with the profile.

Recall

20 S —4 » classical

vy = —4 p starts to be degenerate

Y

vg = 10  » highly degenerate, Ty Independent



FIX A GALAXY, VARY DM MASS m

L[
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transition to degeneration fast: m varies by |% only



FIX m, GALAX

DIFFERENT MASS
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smallest are near the degeneration

Can we probe these profiles?



WE OBSERVE
e S AR VELOCITY DISP

(LINE OF SIGHT ONLY, o)

RSION

* No: nontrivial problem already to estimate the DM mass

* Use Jeans equation for matter, from given mass model M(r)

(a ' 25) (n,0%) = —n, ZM7)

|
or r " r2

» Dispersion anisotropy f unknown B=1-02%/c?

* hard to measure stars for small galaxies
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* Small or large DM core Rn

too large cores ruled out

by constant observed o+,
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DICTED STARVELOCITY DISPERSION
WITH OR WITHOUT ANISOTROPY

* Small or large DM core Rn

too large cores ruled out
by constant observed o+,

» Effect of anisotropy, e.g. =1 o= (o e Y

e v e
§ % \\\ \\\ b
large core gives again S ) e R
; 5 : D N ]
a flattish ox, ... ! = RV
e e A

To=1, B=1 ~8
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Are rising velocity dispersion profiles allowed?

Compare with data
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constrain Rn, Mh, m by fitting with predicted profiles
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MARGINALIZING BETA - LEO Il

Parameter estimation
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FIG. 4. Stellar velocity dispersion for Leo II. The dashed line
represents the best fit, achieved for g = 0.7.
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Parameter estimation
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FIG. 4. Stellar velocity dispersion for Leo II. The dashed line
represents the best fit, achieved for g = 0.7.
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MARGINALIZING BETA - LEO Il

\
\
160\

2L

Parameter estimation

\

Mt

r [kpe]

FIG. 4. Stellar velocity dispersion for Leo II. The dashed line
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TOTAL MASS LIMITED BY
DYNAMICAL FRICTION

Satellites would have fallen in the MW halo...
...due to gravitational friction

[Chandrasekar formula, e.g. Binney Tremaine 2008 Read+ '06; Just '| |, etc]

: PR ) v 2-10'° Mg
" I A\ 60kpe 220km /s My,

should be larger than the age of Galaxy ~ 1010y.

* [Ime;

» Puts a bound on halo mass M [Gerhard Spergel '92]



BOUND ON DM MASS m?
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BOUND ON DM MASS m?
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Nothing stronger from Dwarf Disk galaxies [Little Things 15 HI survey]



B0 SEARCHES FOR X-RAY NS
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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.
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e SEARCH
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FIG. 4: Constraints on sterile neutrino DM within vMSM [9]. Recent
bounds from 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.
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...now go tell to

Lyman-alpha collegues...

[m>0(1) keV ]




B SEARCHES FOR X-RAY LIS

0.1 0.2 0.5 1 2 5 10 50
Dark matter mass M,, [keV]

is there
more space ...now go tell to
for sterile neutrinos? Lyman-alpha collegues. ..

[m>0(1) keV ]

(and btw how to search for them?)




That’s all from data.

Then, a serious question is

Are degenerate fermionic galaxies physical?



EEIASE | RANSIFICHS
1O DEGENERATE!

possible, because gravity Is attractive [Hertel Thirring '71]

0.10 0.20 0.30 T 0.10 0.20 0.30 T 0.002 0 003 0 004 0. 005 T/m))

[Bili¢ Viollier 98]




EEASE SPACE DIS TRIBUFICHNS

| [Navarro Eke Frenk ’96]
* For classical models

(~maxwellian, iIntermediate |
momenta dominate) 2}

3_III'IIIIIIIIIIIIII'III'I_

* o be compared with
degenerate FD

L ower momenta, Denser;

Will the distribution collapse?

How7 Figure 2. “"FPhase-space” distribution of halo particles before and
E 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 = Tcrossing 0.1 N/logN, here N~107/0, very large)
Thus, we are collisionless

- Phase mixing? Relaxation for ignorance.
Probably not relevant to get degeneration
(phase space has to be fully filled)

* Violent relaxation?
changes energy per unit mass (I.e. iIndependent of mass)
(collision independent - assumes motion In a changing potential)



RELAXATION IN GALACTIC
DYNAMICS

What about for fermions?

* Fermions interact only with near-fermi-surface states, so even
reduced encounters! (and slow ones bounce off)

* Violent relaxation only possibility? (collisionless interaction)
But are timescales of Potential variation sufficiently long?
Still an open problem it seems ‘Chavanis ‘01-'03]

- BTW: violent relaxation leads to Fermi Dirac - like distribution,

even for bosons...... [Lynden-Bell '67]
(thus, we may say Iit's compatible)



S || ACTUALLY REALEZESS

Favourable (free)energy budget necessary for phase transition, not sufficient.

Self-gravitating systems like DM halos are intrinsically non equilibrium...

So what matter are the timescales... Relaxation, 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/rA\4
[Henon '64;van Albada+ '82; Roy+ '04; Joyce+'09]

due to thermalization + evaporation after core formation (but it appears to be slow?).
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Favourable (free)energy budget necessary for phase transition, not sufficient.

Self-gravitating systems like DM halos are intrinsically non equilibrium...

So what matter are the timescales... Relaxation, 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/rA\4
[Henon '64;van Albada+ '82; Roy+ '04; Joyce+'09]
due to thermalization + evaporation after core formation (but it appears to be slow?).

L ooking forward for quantum simulations?



o j i)

* Quantum degenerate fermionic DM may avoid cusps in dwarfs
* Basic Thomas-Fermi approach

* Revisiting Tremaine-Gunn-like bound
from existence of small galaxies:

m > 100eV
even more challenging Direct Search? Lyman alpha!?

* 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
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* Quantum degenerate fermionic DM may avoid cusps in dwarfs
* Basic Thomas-Fermi approach

* Revisiting Tremaine-Gunn-like bound
from existence of small galaxies:
m > 100eV

even more challenging Direct Search? Lyman alpha!?

* 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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£.G. BULBULH, 3.5 KEV ANALYSIS
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Figure 13. Constraints on the sterile neutrino model from the literature. Our full-sample MOS line detection (assuming that the line
is from sterile neutrino and that all dark matter is in sterile neutrino) is shown by red symbols in both panels; error bar is statistical
90%. Left: historic constraints from ‘Abazajian‘ q2009[]. Red curves show theoretical predictions for the Dodelson-Widrow mechanism
assuming sterile neutrinos constitute the dark matter with lepton numbers L=0, 0.003, 0.01, 0.1. See|Abazajian| (2009) for explanation of
the various observational constraints that come from Tremaine & Gunn‘ (11979D; ‘Bode et al. ﬂ2001[];| oyarsky et al. 006[]; |Strigari et al.|

2006D; [Abazaji:dn et al.| (2007). Right: most recent X-ray constraints (reproduced from Horiuchi et al. , based on deep Chandra
Horiuchi et al.|: an M-Newton (Watson et al.|2012) observations of M31 and Suzaku observations of Ursa Minor (Loewenstein|
et al. . e red band marked “Dodenson & Widrow” is same as the L = 0 curve in left panel. Our measurement lays at the boundary

of the constraints from M31.

DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED X-RAY SPECTRUM OF GALAXY
CLUSTERS

Esra BuLBuL'?, MAaxiMm MARKEVITCH?, ADAM FOSTER!, RANDALL K. SmiTH! MICHAEL LOEWENSTEIN?*, AND
ScoTrT W. RANDALL!
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Basic Virial estimate:
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THOMAS FERMI - DIMENSIONLESS

@ stlolg e o) = T (&) SRS i

d’v  2dv 2
| L I = 2 dy U (y? —
22 Ve I>(v) 2 (V) 3/0 IRt — )
P V' (0) =0
Vo only one free parameter

determines the dimensionless potential v(§)

...and all solutions will be just rescalings.



REPRESENTATIVE DM PROFILES
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(Still, mistery of ¥g compare with neutron star, Mi~R:>)
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THERMODYNAMIC QUANTITIES

e, 8 s
B P =g [ don's |~ utr)
- non relativistic DM 1 1 g % = (7“)_
el = s Ooo - :
o dpp?f 5w — wl(r)
—~—g—

Thomas-Fermi automatically includes

(V) () p(r) = o2 () p(T) Local eq of state




THOMAS FERMI - DIMENSIONLESS

r=h¢ , pr)=TovE)  y=p/V2mT

To = temperature

lp = characteristic length scale
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v(£€) associated to (chemical) potential

Fermi-Dirac Maxwell-Boltzmann
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Y X —4  » degeneration starts to appear



Back to physical unrts

(&) V' ()
} o(r), M) , o(r), P()
I(v(&)) Ii(v())

2 3 e UG
IO(T) 2 312hH3 (ZTO) IQ(V(S)) — PO IQ(V())
po = skl (2T5)2 I(vy) connection between po and Tp
S

three free parameters o m Ty

to be traded for

A 0 PO



Pressureg

m 2
e~ 1572h3

(2T0)3 I4(v(€))

Velocity dispersion

P(r) 2Ty L(v(S))
o(r) ~ 5m L(n(©))

G —

nontrivial dependence only on vy
Enclosed mass

T 3 &
M(r) = 477/0 ridrp(r) = 47?1'20Ei2) /0 dx z* 15 (v(z))
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3
With My = 4n Mg <—> = 5.144 10% Mg




Finally we wish to use surface density
{ wi = % Burkert-like definrtion of r

210 = ThP0 surface density

------------------------------------------

------------------------------------------
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in general, or in
classical regime
3 parameters

quantum degenerate
limit
) parameters
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VIRIAL
MASS & RADIUS
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MASS & RADIUS  _
§ 107§ =
M E
: (28 .
V1r E ;
TViI‘ 1000 ¢ m="TkeV ?
— 20keV ZO =20 M@/pCQJ
0001 . 001 Ny
both could identity T, R Bty
10
..unfortunately, not ;
directly measurable. =
(@F E
=2, .
0.1; = «
Still, prediction: sl m = TkeV i
a lower limit on total mass W L %o =120M/pc’

: IV ; A~ Y ) , , (0 P ,
0.001 001 0.1 1
r nlkpc]



so Bimodal profile of dispersion velocity
inside and outside the core,
for degenerate galaxies

h

1
3
4 70
3

a) Quantum drives the dispersion In the core o = p

™

D) Classical dispersion In the halo: o = \/Tg/m

Recall, small m
galaxies are
more degenerate

by looking at profiles -
could we find m ¢



