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dark energy
68.3%

What we can observe by means of telescopes
Is the light emitted by stars, dust and gas,
but they are only the tip of an iceberg.



Dark matter (DM) Is a type of matter hypothesized to account for effects

that appear to be the result of invisible mass.

The existence and properties of dark matter can be
inferred from its gravitational effects on visible matter.
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What is the NATURE of dark matter (DV)?

It must barely interact with ordinary baryonic matter and radiation,
except through gravity

It remains unknown



DM particle CANDIDATES

WIMP (Weakly interacting massive particles)
Relic DM particle from the early Universe

DM abundance in the Universe 100 GeV
= =
Interaction via the electroweak force mass range

Clump in small structures (galaxies) and
aggregation to form larger structures
(bottom-up theory)

with non-relativistic velocities
since its decoupling time

Supersymmetric extensions of the standard model of particle
physics predict a new particle with these properties



Cold Dark Matter (CDWV)

Collisionless CDM
ACDM N-body simulations

CUSPY profile
Ps
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WIMP particle has not yet been observed directly

— ionization electrons
VN UV scintillation photons (~175 nm)
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Issues with the main DM scenario
N-body simulations ACDM

Success on large scale structure 2 50 kpc

missing satellite problem
too big to fail problem

Core - cusp problem in any galaxy:

cusp . NFW
pr)~r=h % .

- CDMm g

- Observations »» | core

p(r) = const.

001 0.1



Different DV particle CANDIDATE

WDNM : 0.5 keV

Warm dark matter particle (VWD)
keV mass range

DM particles decouples from It overcomes
the cosmological plasma - the problem

.y s . : . .. on small scales
when it is still mildly relativistic.

. . ibilit
WDM is fermionic a quantum gf?::n:i:,y
e 9
pressure emerges cored
distribution

CDM
Viel at al. 2016



CDM Proposed solution:

baryonic matter feedback from supernovae explosions,
stellar winds, gas outflow

However:

- challenges in dwarf and large spirals

- challenges in fine-tuned process

in Low Surface Brightness galaxies?



DM distribution in galaxies

- dominated by random motions

- kKinematics is very uncertain

“nuisance anisotropy parameter,
which is font of degeneracy

- rotational supported systems
- rather simple kinematics

’ d : : :
Vialr) = Tﬁqstot('r) = Vi (r) + Vg (r) + V& (r) + Vii(r)




Universal Rotation Curve
(URC)

stacked analysis
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The velocity rotation curves v(r) in km s,
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DM distribution in galaxies

Observations
from 21 ¢ il

circular velocity
rotation curves

(RC)

R (x 10001y)

Corbelli and Salucci, 2000
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u(R) = poe™ /1%

1G My
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Exponential
(Freeman)




V2(r) = 1+ G (r) = V2(r) + VA, () + V() + V()

Exponential opfical radius
(Freeman) Ropt = 3.2Rq  size of the stellar disk
( 83 %of total luminosity )
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Low Surface Brightness ( ) disc galaxies

rotating disc systems
which emit an amount of
light per area smaller
than normal spirals
(4-10 times fainter)

1o B = 23 mag arcsec™*

to.r = 21 magarcsec™?

diffuse, low-density
exponential stellar discs

¥, ~ 12.3 My /pc?

Cohen et al., 2018



Low Surface Brightness (LSB) disc galaxies

full population of galaxies, ranging from small ( 10" M)
to very large (more than 10'°M) stellar disc mass M

Typical size:

fraction of kpc << 4 < tens of kpc

Typical magnitude:
—20 < Mp < -—10

—23< Mgp < -14
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Low Surface Brightness (LSB) disc galaxies

Values of My;/Lg
in LSBs range
from=0.1to=10

M(B), mag

()
I LSB galaxies
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Typical LSBs gaseous disc

MHI ~ Md
LR R A L |
- ® de Blok et al. (1996) + GALEX +
2 4 Pickering et al. (1997) + GALEX =
= % van der Hulst et al. (1993) + GALEX +
~ . |
A
E— - HSB spira_llg_.q:
Characteristic low density 5 ©
Yur ~ 5 Mgpc 2 s
- W 2
=
likely prevents =
an efficient star formation g
] -4
SFR <0.1 Mgyr—1 -
YsrR 5 _10—3M®yr—1k29_C—2 -1 0 1 2 3 4 5

Wyder et al., 2009



Low Surface Brightness ( ) disc galaxies

very low content in metal and dust
stellar population appears to be uniformly distributed in the stellar disc

generally isolated systems, located on the edges of large-scale structure

LSBs are not the faded remnants of HSBs that have ceased star formation,

LSBs are likely



URC method applied to the LSEB galaxies

LSB rotation curve
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Low Surface Brightness galaxies (LSBSs)

Surface Brightness (mag arcsec )

HI Surface Density (Mg pc )
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URC method applied to the LSB galaxies
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LSBs rotation curves
Show a
universal trend

Persic, Salucci, Stel, 2007



Vit (km/s)
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Rotation curves BINNING
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5 velocity bins
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Mass Modeling 5coadded RCs
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DM halo’s core radius

DM halo’s central mass density
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stellar disc mass




Mass Modeling 5coadded RCs
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Scaling laws for LSBs

Similar to the HSB spirals scaling laws
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Scaling laws for LSBs
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Universal Rotation Curve

f”’:oo(; 6 URC and 72 individual LSB RCs
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Scaling laws for LSBs
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Low Surface Brightness galaxies (LSBs
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AV/V ~ 8%

Universal Rotation Curve
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WHAT IS DARK MATTER?

Constant density central regions in all LSBs

Rjvs T inthe ACDM scenario + baryonic feedback :
d 0

Relation & Co. , -challenge in dwarf and large spirals
Portal btween Dark - challenge in fine-tuning parameters

and Luminous matter - Challenge at higher levels in LSB galaxies

\/

Specific power spectrum of dark matter AND DM pressure

plus some direct interaction between dark matter (DM) and luminous matter (LV).
Requirements possible for keV WDM

Start from halos made by collisionless particle inconsistent with present data



Conclusion

The LM-DM interaction might be - to reproduce the observed core

a necessary key to understand in the galactic DM halo

the DM phenomenon: WDM passes

The test - the empirical relationships
between the galactic properties




Low Surface Brightness galaxies (LSBSs)

RCs in physical units
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Low Surface Brightness galaxies (LSBSs)

RCs and their coadded RCs in radial and velocity normalized units
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Low Surface Brightness galaxies (LSBSs)
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Low Surface Brightness galaxies (LSBSs)

takes into account that all the double normalised RCs
are similar to their co-added double normalised RC
In each single velocity bin

DENORMALIZATION

good approximation :

the relations obtained

for the co-added RCs

are assumed to be true
also for the single galaxies

R./R;* = const. R
one relation } C

In all velocity bins

Mg
Voz;::tRGPt
one differentvaiue | P Mg
In each velocity bin

— const.

one different valuein each velocity bin

for a DM cored
Mpu(r) = 2mpoR2[In(1 +7/R,) — tg 1 (r/R.) + 0.5In(1 + (r/R.)?)]

Burkert profile




Low Surface Brightness galaxies (LSBs

~171e® 72individual LSBs ! ’:
LSB fitting plane
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Similar to the dwarf discs relation

Log C* = (.00 + 0.90 Log CDM
0.4 - ol 7é ir{dixlfidllJallLéBE‘; S o'
- A 36 individual dwarf discs o’ O

02| —— LSBs fi
L .- dwarf discs fit ®

S 0.0}
> [
O
|

~0.2

—04f 8-

_0.6 ~0.4 ~0.2 0.0 0.2
Log Cpm

Strong correlation between the stellar and the DM compactness

Di Paolo et al. 2019 (a)



Low Surface Brightness galaxies (LSBSs)
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) lower bound on the mass of a fermionic DM candidate fr
known small Dwarf Spheroidal galaxies

ADVANTAGES:

_ does not require any assumption
- model independent : on initial distribution or

evolution of DM particles

~ relaxed the relation R, = R,



THOMAS-FERMI MODEL

galactic halo made of a fermionic self-gravitating

gas

. mean fiee}gl %rg\r)ilt%eti(g%gl] Berature

symmetry

. { dp(r) _ GM (7)
Poisson dr 2

1o
®(r)

eguation dM(r)
dr

= 4712 p(r)

gm [ - p?

2
— mM — d
p(7) n(r) on23 | P pf_

f(E) E =p*/(2m) — p(r) pu(r) = o — me(r)

otential, with spherical



Fraction of baryonic matter in LSBs

versus their mass in stars

'@ LSBs
- ¢ 72 individual LSBs
. --- normal spirals '

_q L=+~ dwarf discs
—— Monster et al 2010
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Supernova LogM. (M ) AGN

feedback feedback

Di Paolo et al. 2019 (a)



- masses for DM particle

Not so stringent

but very robust result because:

~ generic fermionic DM particle

_ based only on
-~ model independent ‘present phase-space density
of DM particles in galaxies

~ relaxed the relation Ry, zRé




