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WMAP T-year Cosmological Interpretation 1
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Type of Dark Matter

- CDM Massive particle with vanishing dispersion speed v =0 ok
(standard DM and with ACDM is the “concordance cosmological model”)
e.g. WIMPS (susy particles, axions etc) typical m > GeV

- HDM Relativistic particles with dispersion speed v=c
structure on small scales cannot grow NOT ok
e.g. neutrinos m=0(eV)

Warm WDM Particles with mass m=0(keV) ok

BDM (Bound Dark Matter)
particles which acquire a non perturbative (large) mass M (with M >> mo)
at a phase transition scale Ec

 eJg. m= mo for E > Ec
m= mo+M for E< Ec

as for example protons and neutrons



CDM or BDM,, -

AT THE BEGINNING OF THE UNIVERSE

Problems of CDM:

1) Too much substructure

2) Cuspy vs Core DM profile
(many DM dominated galaxies show a core profile)

Can they have a common answer ?
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Galactic Rotation Curves => missing matter (Dark Matter)

CDM has NFW cuspy profile
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BDM: Bound |

Phase transtion at Ec /

Phase transtion at Radiation as HDM, w=1/3 _4
poca 2p
pZEé above the scale energy Ec c
’ with m=0 V—>C

BDM particles behaveas =_

Matter, CDM w=0 3
Below the scale energy Ec poca” < p,

with E=m Vv—o 0

Where can find this transition ?
1. As the Universe expands and cools (we go from high to low energy denisty )
2. Inside Galaxies as we approach the center region (we go from low to high energy density)




Substructure Problem (satelites galaxies)

The formation of small structures are surpressed in
BDM compared to CDM.

* BDM particles have a dispersion velocity v = c,
i.e. are HDM, above Ec while they behave as CDM
below this scale with v =0.

* We obtain a cut off in the power spectrum, due to
the free streaming of the particles , Afs:

NO formation of structure for scales smaller than A

Mg =alt) [bdt'v(t)

U; alt)v;
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a’H  H.a,
The observational data requires A, < 1 Mpc
giving galaxies with mass M >10° M,

Galaxy Mass

47po (Ass)
My (E,) = ;”( f) :

le+06
10000
100 |

0.01 |
0.0001

log( A(k))

le-06 -
le-08 !
le-10 :
le-12 )

1&14 A I R — I — - A ek, L -
00001 0.001 0.01 01 1 10 100 1000

loglk)




Rotation Curves => DM profiles

NFW CDM cuspy profile

p—o00, 1r—10

BDM has a core profile

r — ()

p — cle,

rc size of the core

log(r,,/kpc)

PNFW —

Ps
r/rs(1+1/rg)?

PBDM = (

s

T.core/rs + ’)"/T‘S)(l + 'r/'r.s){z

a-slope

_dLoglp]
~ d Log|r]

(@

0Ff

-0.5¢

-1}

-1.5¢

-2t

-2.57¢

- 3 I PR PR

-5 0 5
Log[r/rcore]

10

15



Particle motwa;;lon of BDlVl * BOUND DARK MATTER

A.de la M sAstropart.Phys. 33:1 D0 zd1o

Evolution of gauge coupling constanta vs Energy
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SU(Nc) and Nf number of elementary 21 = L + 8b2Log[EE ]
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Particle motwapon Of BD|V| * BOUND DARK MATTER

A.de la M Astropart Phys. 33:195-200 2010
Evolution of gauge coupling constanta vs Energy
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Particle mot«lvat,lon Of BD|V| * BOUND DARK MATTER

A. de la M Astropart Phys. 33:195-204d 2010

Evolution of gauge coupling constanta vs Energy
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Particle motxlvatlon Of BD|V| * BOUND DARK MATTER

A.de la M Astropart Phys. 33:195-200 2010

Evolution of gauge coupling constanta vs Energy
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Particle motwa,t,lon Of BDlVl * BOUND DARK MATTER

A.de la M Astropart.Phys. 33: 195-_,"2010 7

Evolution of gauge coupling constanta vs Energy
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Particle motwa,t,lon Of BDlVl * BOUND DARK MATTER

A.de la M ‘Astropart.Phys. 33: 195-2 l.'_ 2
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SAM PLE: TH|NGS§ (34 ngh resoluf‘on NearEy Ga_Jg_g,ues)

- THINGS

The HI Nearby .
Galaxy Survey We limit our sample to 17 low

'y luminous (early type and dwarf)
\g B galaxies with smooth, symmetric and

\ extended to large radii rotation
{2 | . curves and small or none bulge.
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™ . estimate of the DM halo in galaxies
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aSs MODEL .
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Halo Profile : NFW

Cuspy
Po

PNrw =

2
rs rs

Halo Profile: ~ BDM _
Core BDM gives a core for
_ Po Pg > pc=Ec"4
PrDM 2 )
rc+r)[1+ rj EC' = ppom (F=1) =2,
r, T, I, o o,
©2r

A large number of galaxies dominated by
DM, as Dwarf galaxies or LSB (Low
Surface Brightness), have a better fit to
rotation curves with a core DM profile
instead as the CDM NFW cuspy profile.

Phase transition from CDM to HDM




Vel [km/s]

AVel [km/s]

IG. 10: Graphical visualization of the rotation curves for the galaxies DDO 154 belonging to the group G.

=

R [kpc]
4

Vel [km/s]

AVel [km/s]

Rlkpe]
(a) Minimal disk

[

4
Rlkpe]
(b) Min. disk + Gas

R [ipc] R [ipe]
e 2 4 [ £ ﬁD(J 2 4 & 1
"" ”,,mnmlil = eI
! il
qu ) I 11l Ew ” ][!E]!H
£ 10 | =
= ) =
20 20
10 10
5 F 4 [ B fo- z 4 6 &
& &
£ 2
« -1
3 7 3 G 3 i 5 g
Rikpe] Rikpc]
(c) Kroupa (d) diet-Salpeter

Vel [km/s]

-] 10 15 20 25

Vel [km/s]

4 14
Tg ;gl; - '; =" § m!:; s |
” ‘ b Rl[:m] . ) ) ' S i Rl[imc] § : :“
(a) Minimal disk (b) Min. disk + Gas

R kel R [lepe] Y . N
: dllwmulumuﬂnﬁlllwHWHHWH"HMuﬂﬂwlﬁm[II5HI iy ﬁ’[m'"wmm"mWWW'“WW“Himmmmmmmlﬂ%

n i =
s R | el
-m" ' ' Rmilﬁ £ ' “ E ' Rl[jmc] ! : !

(c) Kroupa (d) diet-Salpeter

FIG. 22: The rotation curves for the galaxy NGC 3521. Colors and symhols are as in Fig.10. Because the

where r. < rs for all mass models. Is a dwarf galaxy, one of the first galaxies used to illustrate the confli
with the theoretical prediction of the ACDM [17]. No significant color gradient in the colors (B-V) and (B-
is detected, constant color as function of radius in our models is well assumed with the value for T, = 0.1
For a single exponential disk we use value of pgp = 20.8 mag arcsec® and Ry = 0.72 kpe. BDM is the be
option since it predict a value of T,. very close to the minimal disk and gives the bhest fit. The values {
rs and r. are very reasonable except when we considered the Kroupa IMF. From left to right and top to
bottom, images from the fit considering minimal disk, minimal disk+gas, Kroupa, diet-Salpeter. In the top
images of each galaxy are represent the four DM profiles: BDM, red squares; NFW, blue circles; Burkert,
green diamond; Isothermal, black triangles. The dotted line is the gas component, the short dashed line is
the stellar contribution and the tick points are the observational data with its respectively error bars. At
the bottom images we plot the difference between the observed and predicted curves where the purple region
represents the error of the observations and each different line represent the fitted curve of the different
profiles with the observations taking into account already all the mass contributions.

nature of the galaxy it is difficult to obtain reliable data from the stellar component (see deBlok08). even
50, we treat the stellar disk as a single component with mass M, = 1.2 x 10"' My and R4 = 3kpe. A color
gradient is present. The inner analysis is carried out with data below the 3.7 kpc and obtaining values for

the core and central density r. = 2.4 kpc and r, = 5.5 kpc and po = 2.4 % 10°Mg / kpe? for the minimal disk.



MINIMUM DISK

BDM NEFW Fixed-BDM E. = 0.11
Galaxy re/rs rs log1o p0 e X?‘ed s log1o po chd rs e X?ed
) @) 4) 5) 8y | (7) 8) (9)1(10) (11) (12)
DDO154 0.37|3.66+2-03 zastidl aastis 0.38 |14.4633-11 6.21+%3-3' 1.as|12.3073-4 0.02+8-8092 1.7
NGC2841 10—5 | 4.67+0-01 8.61+%-37 0.0001*+3-91 o0.58|4.67+5:81 8617532 o8 1.87+3-005 o.80
NGC3031 0.12|1.5543-802 ess8ti-,, o0219t301 4.24|1.86+5:80% 9.17F8:73 4.20 1.62+t2-002 491
G.A NGCc3621 o001 | 7. ro+g-02 T 5 +E 2L oio1+g-81 2.04 | 7.0H3-02 T49FZ 1% 502 Di2a+3-001 988
NGC4T36 oas|o.27+2-001 10.71+8-21 ‘0.o5+5:81 1.690]|0.33+3-901 10.47+8-3% 1. .67 1.06+3-933 1.9
NCGC6946 0.02|5.95+2-81 s01 8% 0128302 1.37|6.61+5:02 .ot5-B4 1.38 o7 tg-002 149
NGCTT93 0.01|7.21+2-05 741838 ot gl 3.69|8.68+0-08 v.ov+528 3.5 0.22+2-002 3.80
IC2574 i|ixert31T w1539 18.28+3-22  0.43|~ 104 285+1-0% 6.7 0.02+3-891 5 .49
NGC2366 i|simst oonot wostss” Sogthodl 591 i8.6880:15 6151158 A4E|di68 02 0poatlont Figs
NG C2003 1]1.0042002 pioegtilr Faoohdoa L7 l3oi#0-01 8.38H9-19 Gggloagid02 3 o000 s
G.B ncc2o76 1|2iEat 200 & 2.5373-9%1  0p.69|~ 10 giortl® 2.86|=> 10° 1.23
NCGC3198 1|3.76+3-01 8. awetlhe 0.59 |9.02+3-02 7. 30+%-1% 1. s0|7.85%3-08 1.23
NGC3521 1| 2ioot 000 oy o0 Lo ool ABF|esiYhs | st smawrlsagtgts > e
NGC925 1|1e3eiias 7 12.18%9-28  0.31 ]|~ 10% 2ierigis Aude|sa0% 1.32
NGC2403 (< 10-¢[6.04%7-91 7. < 0.01 0.79|6.94¥3-91 7.51%3 1] 0.79]5.50%7-92 1.24
G.C NGC5055 < 109 [4.03+3-07 8. < 0.01 1.38|403+t0 00 8381308 1av|29vil02 2.00
NGCT331 | < 10-¢[3.56%5-01 8. <= 0.01 o.85|3.86+001 s8.67+5:3 0.85]|1.83%3-92 1.03

TABLE II: We present the results discussed in Sec. VI for BDM (Eq. (5)) with its three free parameters (r.,

s, and pg) and the NFW (Eq. (11)) profiles with the minimal disk model. Also, in the last three columns,
we present the result obtained with the BDM profiles fixing the value of E. to 0.11 eV as explained in Sec.
VIC. Column (2) shows the ratioc between the core radius r- and the scale distance r., and galaxies are
grouped by de wvalue of this quotient. Columns (3-6) are the fitted results when only DM and the BDM
profile are considered in the mass model. (7-9) show the results for NFW with the same mass model. In
(10-12) we show the results for the fixed BDM model. All distance scales such as r. and v, are given in kpec.
Logarithm base 10 of the densities pg is given in Mg /kpe?. (6,9,12) show the value of x? is normalized to
the numbers of data points minus the number of free parameter.

KROUPA
BDM NFW Fixed-BDM FE. — 0.06
Galaxy Te/Ts Ts logio po Te Xged Ts logyg po X?cd s Te chcl
(1) (2) (3) (4) (5) (6) (7 (8) (92 (10) (1) (a2
0.04 5.27 0.05 0.17 4.28 0.25 0.

DDO154 0.2314.377907 7.08F2:27 0.00+0-0%  0.28[15.14F5-17 6.17128 1.06|7.3F032 0317 0.35
NGC2841 | < 1070|667 7592 s.1s8t88) < o001 136677002 8187250 1.20(3.1670 11 5077002 1.21
NGC3031| < 10768357598 7.48"2E2% < 0.03 5.01|8.3570:0% 7487228 406|3.007921 3.27502 502

— 0.08 4.6 0.08 4.6 0.27 0.01
G.A Naese2l|< 10-6 1714598 672418 < o0.01 14a6|17.10008 672808 1.45]|203%537 090105 1.72
NGC4736 1.05|0.1375-92  11.10F94% 0.147502  1.34|0.237002 10447571 1.34|< 0.01 1.9073:02 1.65

0.24 4.49 0.07 0.84 3.87 0.98 0.01
NGC6946 0.03]35.1379-32 6.40t119 117387 1.13|96.74F5-58 58773537 1.21(31.3799% 1.20799] 1.13
NCC7793| < 106 [8.62F70-05 7154338 < 0.01 4.13]|8.62F70-98  7.15733%  4.07[40.075-25 0.6570-02 31.1
1C2574 0.3248.3075:85 6.14712, 15617912 0.75(=> 108 01+—-182 242307125 < 0.01 -

—+0.30 ~+5.90 +0.2 +1.1 +4.81 +0.80 +0.01
NGC2366 1|2.037535 7.8772on 203753  1.71|155707  6.0771 5] 3[9.020-35 0.28700] 2.22
NCGC2903 1[2.34%5-18  0.027827 2354002 2.13|4.027002 8127254 3.43|1.677007 43670 0] 267
G.B nac2o7s 0.8[40.2%315 76125 2007310 1.28[> 10° <2 6.31|> 10° 4.2870 3% 4.33
NGC3198 0.9s.28+0-02 7587232 so7t18 3512427018 6427337 4.00(17.2F521 0037001 41
NGO3521 0.06 1287221 5657132 TssTLUS 574> 106 1017937 9.26|> 107 0.2070-01 9.01
NGC925 1|48.56755, 6.777 21, 48567132 1.24|> 105 1.9570-32  3.68]|= 107 0.2179-01 22.2

+0.03 +4.87 +0.01 +0.03 +4.79 +0.04 —+0.01
NGC2403| 0.004[10.45%0-93 7.14+157  0.05+091  0.8|10.3875:02 7.14717°  o0.82[4.36F0:01 2.2079-91 0.08
G.C NGC5055 0.4[45.0%03% 6.317125 18247532 4.35|> 108 <2 5.09=> 10 0.2579-81 5.00
NGCT7331 0|> 108 2117337 3767537, 7.092|> 106 <2 8.63[580° 137 0.0479 0] 8.14

TABLE IV: This table show the fitted values when considering the Kroupa IMF for the value of the stellar
disk. columns (2-6) show the BDM and columns (7-9) NF'W parameters. Columns (10-12) are the parameters
obtained with the BDM profile by fixing F. = 0.05 eV, ef. VI A . Units and the set of galaxies are as show

in Table.Il.
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NFW Profile
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(1 0,20) 2-Dcontour plots of po vs r core for diff. Mass
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FIG. 2:

We present the 2D likelihood contours for the BDM parameters go and
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group A. The two regions in each figure correspond to lo (689%) and 2o (95%) confidence level.

from left to right correspond to minimal disk, minimal disk + gas, Kroupa and diet-Salpeter mass models.
This clearly shows how the stars has an important contribution close to the center of the galaxy and erase
trace of the core, we can see that even if the value of - that minimize x2 is zero, is consistent with values

different from =zero up to lo.

Columns



(1 0,20) 2-Dcontour plots of po vs r core for diff. Mass models
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FI(=. 3: This table shows the 2D likelihood contours for the BDM parameters go and r. for galaxies with
e = 75, group B. The different colors in each figure represent the lo and 2o confidence levels. Columns from
left to right corresponds to minimal disk, minimal disk 4+ gas, and Kroupa. When more mass components



Summary of 2-D contour plots of Ec vs r core for diff. Mass models
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FIG. 1: We plot the values of r. vs E. for each galaxy and different mass models. Circles represent galaxies

Minimum Disk

Ee=0.11x 105 ¢V = 0.117):2 eV

re = 300 x 105137 pe,

BDM Statistics

Energy E. Core r¢
Mass Models Ecn E-._ | E: E:, |o(E:)|logig pe| Ten | e To| Tey o(re)
(1) (2) 1 (3) [4) |(5) ] (6) (7) | (®[(9)]d0)ja1)]@12)
Min.Disk 0.2110.04 |0.11 p.33| 0.46| 8.85 |3.02|0.01|0.30| 7.02| 1.37
Min.Disk+gas|0.10] 0.05 [0.08 p.15] 0.25| 8.35 |[3.81]0.15/0.98| 6.60| 0.83
Kroupa 0.0810.03 |0.06 p.13] 0.33| 7.65 |6.59|0.16|1.48|13.73| 0.97
diet-Salpeter |0.13]0.02 |0.07 p.21] 047| 7.92 |5.85|0.17|1.70(17.37]| 1.01

Kroupa

E, =006 x 1050 eV = 0.0670% eV

r. = 1.48 x 10*%97 kpe,




INNER ANALYSIS B et

useful to extract mformatlon on the inner reglon of g_alaxié__s,_;___..'
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INNER ANALYSIS

Inner Analysis - p,,

Min. Disk. Min.Disk+gas Kroupa
Calaxy| Rm Te logyg e X2, X32| Bm e logigpe X2, Xi|Bm Te logio Pe Xon X7
C.A. NGC 3621(3.32 < 0.01 9.807:%0 1.94 2.43|3.32 0.0370-0] 9.467357 143 197|332 <0.02 9.41775, 1.54 413
1254|116 327101 62t 083 054|118 2927012 @2t >t 058 039|116 Tavigs 6350 099 0.5
NGC 2366|2.28 7.39+0-52 7.99+63% 0.04 1.41|2.08 9.427)-12 7.21+8-21 0.07 1.20]0.99 24.2+330 7.12+8-20 0.12 1.86

NGC 2903|2.11 5.0710:2% 8.0671-40 1.61 18.0|1.81 22.0+7 33 7.843 727 0.73 21.4|2.72 8131510 6.44+5 50 147 303

@
b

NGC 2976|2.57 0.2570-02 8.4477-21 1.14 0.99]2.57 1.070 0% 8.01155% 2.88 0.83|2.57 1977557 7.40+507 1.18 493
NGC 3198|4.61 0.3110-00 8.341* 2 0,03 1.76/3.21 0.33+010 8.a3t720 (g04 3.16|7.23 19120 8631072 105 158
NGC 3521|2.18 1.9570-12 8.47+7-26 152 45.7|1.87 6.191 057 8.407762 13.4 69.3(5.60 > 10% <2 48.9 51.6
NGC 925]6.02 22.3F0° 70 6.9170%) 0.21 0.62]6.02 6.107037 7.017270 0.25 0.98[6.02 > 10® 6317501 1.98 44.0 _ 2,
o.c NGC 2403204 <001 104+71%7 1.86 1.94]2.04 <0.004 10.575%3 1.87 1.80(2.04 > 105 527733 228 211 Pint = r
NCC 5055]0.73 < 0.003 11.37]37 - 465|073 <0.003 11.35]37 - 384[073 >10° 67735 - 101 1+r—
c
TABLE V: We show the values obtained from the inner analysis, for all the mass model (except diet-Salpeter,
cf. Appendix A), with the profile pin. Hm is the maximum radius to consider when making the inner-core
analysis. The core radius r. is given in [kpec] and the logarithm of the central density p. in [My /kpc®], both
parameters obtained from the inner analysis in which we fit the profile p,, = 2p.(1 + '.r‘f-r‘n)_1 to the data
below R, where we obtained the poodness-of-fit Yfed. Using the parameters (r., s, and pg) obtained from _ a
the analysis of the complete set of data and the pp4,., we compute )(f which is the contribution of the data pO! - pO r
___________ AR R W
Inner Amnalysis - p,
Min.Disk Min.Disk.+-gas Kroupa
Galax o 1pgyg po XE o - a logg po 7(2,.,; Te cx log g po XE,.A Te
IC 2574 (047 |6.93 1.09 11.84|0.54 687 1.03 10.22| 028| 6.6 0.98 20.32 O r= O
NGC 2366(0.19 (745 004 555|021 747 0.05 450 0.11| 747 0.16 4.22 a % I :rc
NGC 2908 10.13 | 8.26 1.03 35.49]10.15 846 413 6.23|< 001 | 6.76 12.6 74.79
NCC 2976(0.74 [8.02 1.17 1.13]|0.72 8.06 202 1.18|< 0.01| 5.17 381 130.9 1 rC <r< rs
NCC 3198(0.76 (799 0.12 1.90|0.74 &.00 0.13 1.70] 0.03| 6.92 9.77 126.5
NGC 3521 (0.01 |8.66 6.77 123.8]0.03 8.46 13.7 385 090 <1 45.8 2.60
NGC 925(0.22 | 7.25 0.15 13.9|0.20 7.22 0.16 153 1.60( 463 36.0 1.32 a < O 52
TABLE VI: Fits with the grofile p = por™ c.f. Eq. (20) for galaxies pelonging to group G.B. for all the mass

models (except diet-Salpeter, ¢f. Appendix A). The distance until which we consider the observations is
given by Rm given in Table V. The magnitude of the slope of the rotation curve is given by the dimensionless
parameter . The r. is the core radius, given in Kpe, obtain based on the value of o and Eq. (21).



i

BDM DARK MATTER behave as :
HDM at high energy (above Ec)
CDM at low energy (below Ec)

The phase transition Ec can be determined from gauge theory,
l.e. when the bound particles acquire a non perturbative mass

Ec can also be determined from cosmological data
We find this high-low energy density transition :
i) due to the expansion of our universe

ii) in the inner region of galaxies

BDM has a cut in the power spectrum
BDM has cored DM profile (instead of the cuspy CDM NFW profile)

Solves the problems of CDM: substrucure and cuspy profile

Has an equivalent or better fit to the cosmological data than CDM
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