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Will argue that:

(i) resolution of Galactic core-halo structure problems of ACDM simulations vs
observations + core-cusp and other problems of small-scale cosmology
“crisis”’ can be provided by self-interacting Right-handed

(Majorana) neutrinos with masses, m, at least 47 keV

(ii) From a particle physics perspective of v MSM, with Higgs portal communication to
standard model sector, cosmological constraints imply masses of lightest of
RH neutrinos, m , at most 50 keV

So combination of these (diverse) constraints imply narrow window

[47 keV ¢c2 £ m £ 50 keV c'z]

PART Ill: Right-Handed (50 keV mass) neutrinos with massive vector self-
interactions as a concrete SIDM model & consequences for galactic structure

Arguelles, NEM, Rueda, Ruffini
JCAP 1604 (2016) no.04, 038




PART 1
Right-Handed Neubrino
Mo jorana Mass generation
(beyond seesaw)

% the role of Axions..



ANOMALOUS GENERATION NEM & Pilaftsis 2012
OF RIGHT-HANDED MAJORANA s 20 6ag
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TORSIONFUL QUANTUM GRAVITY
UV complete string models ?
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String Theories with Antisymmetric Tensor
Backgrounds

Massless Gravitational multiplet of (closed) strings: spin 0 scalar (dilaton)
spin 2 traceless symemtric rank 2
tensor (graviton)
spin 1 asntisymmetric rank 2 tensor

KALB-RAMOND FIELD 5, = — B, ,

Effective field theories (low energy scale E << M) " gauge” invariant

BMV — B/W + 5’['“(9(%),/]

Depend only on field strength : H,ul/p — (9['u Bl/p]

ottt uvp

Bianchi identity : {8[ H | = 0 —-dxH = O}




ROLE OF H-FIELD AS TORSION

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT
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ROLE OF H-FIELD AS TORSION — AXION FIELD

EFFECTIVE GRAVITATIONAL ACTION IN STRING LOW-ENERGY LIMIT |~ — aﬂb a,ub,

/
S@ = / d4x\/Tg(iR— Ly HWP)

4-DIM
PART

k2 6
1
/7T )
v 2
ry, = It # TV,

IN 4-DIM DEFINE DUAL OF H AS ¢

b(x) = Pseudoscalar

—3 \/5801) = £/ —g GMVPUH“VP (Kalb-Ramond (KR) axion)




FERMIONS COUPLE TO H-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE
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TORSIONFUL CONNECTION, FIRST-ORDER FORMALISM

— 1 be Wabpy = Waby + I(abu

Da — aa — Zwbcaa
contorsion
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4 Non-trivial contributions to B* F Hcab
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FERMIONS COUPLE TO H-TORSION VIA GRAVITATIONAL COVARIANT DERIVATIVE
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Fermionic Field Theories with H-Torsion
EFFECTIVE ACTION AFTER INTEGRATING OUT
QUANTUM TORSION FLUCTUATIONS

Fermions: g . _Z/dﬂ‘\/__gsuw,\’,#,}ﬁw: _Z/SA*JS

+ standard Dirac terms without torsion

S="T
d
Sd - %eadeTabc Tabc % HCCLb — Ecabd a b
conserved
Blanchi identity d*S =0 torsion ” charge
Q=[S

classical

Postulate conservation ot quantum level by adding counterterms

Implement d*S=0 via 5(d*S) consktraint
> * lagrange multiplier in Path integral > b-field



Fermionic Field Theories with H-Torsion
EFFECTIVE ACTION AFTER INTEGRATING OUT
QUANTUM TORSION FLUCTUATIONS

ions: 3 _ 3
Fermions: SwB_Z/dat\/_—gsﬂmp75¢=_z/s/\*J5

+ standard Dirac terms without torsion
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d
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ment d*S =0 via o(d*S)
lagrange mulkiplier in Path integral > b-field
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/Dbexp[—z/ db A db+7db/\ J5+FJ5AJ5] |
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multiplier field ®(z) = (3/ k2)1/2p(x).
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[o{oryl: [ sns-2snurs () Cody

/Dbexp[—z/ db A db+7db/\ J5+FJ5AJ5]
b b

C multiplier field ®(z) = (3/x2)'/2b(z):

fb — (3&2/8)_1/2 —



partial integrate

multiplier field ®(z) = (3/K2)1/2b().

— I$2 -1/2 _ 77 F



1/92
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/ P 2 fb 2f7
partial integrate
Use chiral anomaly equation (ov\ertoop) in curved space-time:
e ~ 1

S __
Vul™ = g5 B Fw ~ 1530
= G(A,w).
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Hence, effective action of torsion-full QED
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Fermionic Field Theories with H-Torsion
EFFECTIVE ACTION AFTER INTEGRATING OUT
QUANTUM TORSION FLUCTUATIONS

b(x)
19272 f;,

vpo D
RHVP Ruupa

s = /cﬂx\/fg [%(a,jb)2 +

1
_JSJS#.
+2f3 y +

+ Standard Model terms for fermions

SHIFT SYMIMETRY b(x) > b(x) + ¢

c R*PP R0 and c FFVE,,, total derivatives



Mavromatos, Pilaftsis arXiv: 1209.6387

ANOMALOUS MAJORANA NEUTRINO MASS TERMS
from QUANTUM TORSION

OUR SCENARIO Break such shift symmetry by coupling first b(x) to another
pseudoscalar field such as QCD axion a(x) (or e.g. other string axions)

b(m) RHVPO ﬁpupa

1
° = / Iov/=g [5(6“1’)2 1022,

| - 1 2
+ap il +7(0ub) (0#a) + 5(040)
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ANOMALOUS MAJORANA NEUTRINO MASS TERMS
from QUANTUM TORSION

OUR SCENARIO Break such shift symmetry by coupling first b(x) to another
pseudoscalar field such as QCD axion a(x) (or e.g. other string axions)
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Yukawa

right-handed neutrino fields



Field redefinition

b(z) — b'(x) = b(z) + va(zx)

so, effective action becomes

s= [ d'av=g 5@ + 3(1-?) @u2

1 b'(z) — va(z)
_JSJS# RpupaR
i f2 19272 f, ks

—Yqla (d) YR —YRYE )] : (

must have 1 otherwise axion field a(x) appears as a ghost = canonically
vl < normalised kinetic terms
Se= [ dtav=g[50u) - — 2R,
2 19272 fi 4 / — 2
]
—— o (3 n— Trvil) + 5 i
v1-— ’7 f b

CHIRALITY CHANGE



THREE-LOOP ANOMALOUS FERMION MASS TERMS
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CHIRALITY CHANGE
N\ = UV cutoff
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SOME NUMBERS

A = 1017 GeV ]\f[R iSUat tI;e TeV
— 01 for y, = 103
A = 10'® GeV Mp ~ 16 keV,

Yo =7 = 1077



SOME NOMBERS
— 1017 GeV Mp 1s at the TeV
0.1 ) for y, = 1073

2 >
| I

A = 10 GeV Mp ~ 16 keV,
Ya =7y = 107°

" INTERESTING
WARM DARK MATTER
REGIME
Appr’opriate Hierarch’y for the other two massive
Right-handed neutrinos for Leptogenesis-Baryogenesis

& Dark matter constraints ‘can be arranged’
by choosmg Yukawa couplmgs




SOME. NUMBERKS
A = 1017 QeV Mg is at the TeV

0.1 for y, = 1073

A — 106 GoV Mg ~ 16 keV,

2
|

May be (discrete) symmetry reasons ’ya — /7 — 10—3
(cf Leontaris-Vlachos approach) . ‘ ..
force two of the heavier RH neutrinos INTERESTING

to be degenerate = dictate patterns WARM DARK MATTER

for the axion-RH-neutrino

Yukawa couplings y, REGIME

Appropriate Hierarchy for the other two massive
Right-handed neutrinos for Leptogenesis-Baryogenesis
& Dark matter constraints ‘can be arranged

by choosmg Yukawa coupllngs




FINITENESS OF THE MASS

Arvanitaki, Dimopoulos et al.

MULTI-AXION SCENARIOS (e.q. string axiverse)

- 1 —
s = [d'zy=g |5 Y- (0w = M) +(0u) 0" ar)
i=1
1 n—1
2
—5 ; 5A/Ii,i+l Aidi+1 ] :

5]\/[32._{_1 < A/Ii]\/[i+l positive mass spectrum

for all axions

57 6—2 12

simplifying all mixing equals Mp ~ \,/gya 7R°A n(dﬂfa)n n<3
491528 4 (1 — 42)

V3yayk°(6MZ)*  (MZ)"°

T 49152v/8 74 (1 — A2) (M2)n-3

M

n>3J3



FINITENESS OF THE MASS

MULTI-AXION SCENARIOS (e.q. string axiverse)

n

s = [dtsy=g [% 3 (Buae)? = M2) +(8,5) (" a)

i=1

1 n—1
~5 D M1 aiaisy ] |

i=1

5]\/[12’2._{_1 < ]\/_fij\li_{_l positive mass spectrum

for all axions

V3yay KPAST2(SM2)"

T T 49152VB 7A(1 — A2)
V3yayk°(6MZ)*  (MZ)"°
BT 01528 (1 — 42) (M2)"3
M, : UV finite for n=3 @ 2-loop independent of axion mass

simplifying all mixing equals Mp n<3J

n>3J3



FINITENESS OF THE MASS

MULTI-AXION SCENARIOS (e.q. string axiverse)

Scllcin — /d4m /—,.[1 N (ra .\2 -MQ\ "~ (8,b) (6% a)
Three RH neutrinos

Three axions
Three generations

OM 2 < M.:M: positive mass spectrum
t,i+1 il for all axions

\/gya v kI A\6—2n (5]‘43)71
491528 4 (1 — 42)
 VByaysS(OM2)? (5M2)"3

49152v/8 w4 (1 — 42) (M2)n—3
M, : UV finite for n=3 @ 2-loop independent of axion mass

n<3

simplifying all mixing equals Mp ~

M

n>3J3



PAKT 11
Implications for the Dark Sector-
Astro/Cosmological
‘Phemomev\otogj



E DARK SECTOR OF THE UNIVER

http://www.cosmos.esa.int/web/planck/publications#Planck2015

Observations from:

Supernovae la .
p NQ;),.-;I,MWS ACtlve \'

CMB

68.3%]

Baryon Acoustic Dark

Oscillations Energy 26.8%]
7 Ty . Dark Free Hydrogen
Galaxy Surveys [ Matter and Helium,

Dark Matter:
25%

Dark Energy
70%

Strong & Weak
lensing g



E DARK SECTOR OF THE UNIVER:

http://www.cosmos.esa.int/web/planck/publications#Pl- eg 15

Observations from: - ‘000
S | : 0\9
upernovae la ... 2 oo\ g Active v

CMB

Baryon Acoustic b v

Oscillations A 26.8%]|
| .Dark
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Str“'CO& otion data e :

lensing g



But.....there are still open
issues with
the ACDM framework

@ small (galactic) scales

What are &hej?
and what do

skerile neubrinos have to do with Ehem???



PART 1Ib

Small-scale Cosmology
“erisis”

Collisionless NCDM - based N-—bociv sinulakions
#
galactic scale observations
especially Dwarf Galaxy structure



The 3-Problems of
Galactic-Scale-Cosmology (GSC)

(i) The Core-Cusp problem (or cuspy-halo problem):

Nearly all simulations form dark matter halos which have cuspy dark matter
distributions, with the density increasing steeply at small
radii; on the contrary, the rotation curves of most of the B. Moore (1994)

e . qe J.G. de Blok [arXiv:0910.3538]
observed dwarf galaxies indicate flat central

Se-Heon Oh et al.,
density profiles ("cores”). Astrophys. J. 149 (6), 96 (2015).

1. Cores in dwarfs outside MW halo 1. Cores in MW dwarf spheroidals

Moore (1994), Flores & Primack (1994), ... THINGS (dwarf galaxy survey) - Oh et al. (2011) lprop iImEEEEE

8.5 = | K

0.1 0.5 1.0 - :_ . slope=2 (cusp) .~ ’:
10-s || Flat core . Sharp cusp | s [ i L .... slope=3 (core) R
Holmberg |l lo=—-0.20£007] ™, a~-10 |3 = , 18l f ]
N 8 _
J = “ ]
+. T ’_% _.}/ e r ’:/ T
i I 1{ i v . - ; J
L —-kLlA (VAR o Vs — = 7" -
[ __T_‘“_ A = £ b + i Enclosed mass
i i : = 175+ 4 M(<r) = [d3r p
é"lo F gr / ] : // :. :
N - 65,78 — vz 7
L8 Sculptor | oo Fornax -
NFW ( 0 kms') B L~
,,,,,,, SO halos JO BT R B R | 7 T S I TR R
2.2 2.4 2.6 2.6 2.8 3
© IC 2574  ®W ODO 154
O NGC 2366 ¥ DDO 53 log,y [Ryul (pe) log,o [Ryael (pc)
g " 4 M3iovB Stellar subpopulations (metal-rich & metal-poor) as “test masses” in
107 E gravitational potential
Gl

Walker & Penarrubia (2011)




The 3-Problems of
Galactic-Scale-Cosmology (GSC)

(ii) The missing satellite problem (or, dwarf galaxy problem)

Although there seem to be enough observed normal-sized galaxies to account for such a
distribution, the number of dwarf galaxies is orders of magnitude lower than that expected
from the simulations.

E.g. there were observed to be around 38 dwarf galaxies in the Local Group,

and only around 11 orbiting the Milky Way,

yet one dark matter simulation predicted around 500 Milky Way dwarf satellites

simulated Most massive B. Moore et al., Astrophys. J. 524, L19 (1999)
s o : ~subhaloes A. Klypin, et al.,Astrophys. J. 522, 82 (1999)

a Mivor E. Polisensky and M. Ricotti, PR D83, 043506
(2011)

Weinberg et al. 2013, arXiv:1306.0913



(ii) The missing satellite (dwarves) problem

Missing Satellite Problem (MSP)

A quantitative comparison of # satellites at r < 400 kpc.

I | Ll I | I I ] l : 5
t Klypin et al. 1999 o CDM a [
RS BN ACTHMINN K
. W I
7. simulated 4 M"/M3!
= 100 | 1
} v / o 3
- 48 ¢
= I Observed 17 >
= Number I f i z
,\\ 10 _v<40km/sec i
o 10
2 E (M < 10°Mg)
>° _ discrepancy apparent \ I 8
<\/ - 108 0° I o'o ol -
Z. » d | ® Mmw
© | GM M \1/3/14 2\1/2 1o’
— ’ < -1
qp veire =\ R 10(1081\10) ( 4 ) =
- L 1 1 1 | 1 | I |
10 o0 100

V(km/s)




The 3-Problems of
Galactic-Scale-Cosmology (GSC)

(iii) The Too-Big-to-Fail Problem

ACDM simulations predict that the most massive subhaloes of the Milky Way are too dense
to host any of its brightest satellites, with luminosity higher than 10° the luminosity of the Sun.

(Models that are based on simulations predict much larger rotational velocities than the
observed ones

Rotational velocities = measure of enclosed mass = ACDM predicted satellites are too
massive (too big). )

M. Boylan-Kolchin, J.S. Bullock

simulated Most massive & M. Kaplinghat
R ~subhaloes mgubserved ’

- MNRAS 415, L11 (2011);
g e Gl ibid. 422, 1203 (2012)

Central density of most massive subhaloes (left)
too high to host dwarf galaxies of MW (right)

Weinberg et al. 2013, arXiv:1306.0913



(iii) The too-big-to-fail Problem

' Continuous curve: rotation

curve of typical largest sub-halo of
the Milky Way as simulated by
collisionless A\CDM

15 ’ P - Data points pertain to
I 4 observed circular velocities
Lok ' ) i of the largest subhaloes of
- SR8 $ _ 3 5 the Milky Way at their half-light
g £528 % S § % .
S 6043 = o 2 A radii
= 1 1 1
it 250 500 70

1
700 1000 1200
Radius (pc)

OP(r) ‘ _ GM(<r) . Boylan-Kolchin, J.S. Bullock & M. Kaplinghat,
or T MNRAS 415, L11 (2011); ibid. 422, 1203 (2012)

'Ufot (7) —




Towards a Solution of the 3-Problems of
Galactic-Scale-Cosmology (GSC)

Astrophysical explanations

The missing satellite problem:
/(i/) Smaller halos do exist but only a few of them end up becoming visible \
(have not been able to attract enough baryonic matter to create a visible dwarf)

(cf Keck observations (2007) of eight newly discovered ultrafaint

Milky Way dwarf satellites showed that six were almost exclusively composed

of DM, around 99.9% (with a mass-to-light ratio of about 1000) ) —

Such ultra-faint dwarfs substantially alleviate the discrepancy, but there are still
Qscrepancies by a factor of about four too few dwarves over a signicant range of massesj

(ii)) Galaxy formation in low-mass dark matter halos is strongly suppressed after re-
ionization = simulated circular velocity function of CDM subhalos in approximate
agreement with the observed circular velocity function of Milky Way satellite galaxies.

iili) Dwarves tend to be merged into or tidally stripped apart by larger galaxies due to
complex interactions. This tidal stripping has been part of the problem in identifying
dwarf galaxies in first place, which is difficult due to their low surface brightness and
high diffusion so that they are virtually unnoticeable.




Towards a Solution of the 3-Problems of
Galactic-Scale-Cosmology (GSC)

Astrophysical explanations

(

b

iV) (Ba ryonic) Feedback plays an important role: complex processes
y means of which star formation and matter accretion onto black holes deposit

energy in the surrounding environments of galaxies

Various types of feedback:
Missing Satellite Problem (MSP) T .
A quantitative comparison of # satellites at r < 400 kpc. Rad'atlve' pho-t0|'on|zat|on,

. - T AL 33 radiation pressure

r  Kiypinetal 1999 o CDM o iy )

Gl o e (stellar, or from accretion
= 100 | ol s I disk of a supermassive BH
~ - ~~
g Q& 1873 (AGN))
= EE | Observed 17 >
> iIl= ) :
S 1 ' Mechanical: supernovae explosions,
£ F lo cosmic ray exerted pressure
% at Veirc < 40 km/s. g i

\ - 0 . o e o
© \ i Possible to explain Missing satellite
feedback hani b fficient. \o . o
R 1 problem with Baryonic (not well understood)

50 100 physics feedback
V. (km/s)



Towards a Solution of the 3-Problems of
Galactic-Scale-Cosmology (GSC)

Microscopic Physics explanations needed?

All of the above problems seem that cannot be entirely solved
by conventional Astrophysics explanations
- discrepancies still remain moreover: case by case studies
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Towards a Solution of the 3-Problems of
Galactic-Scale-Cosmology (GSC)

Microscopic Physics explanations
All of the above problems seem that cannot be entirely solved
by conventional Astrophysics explanations
- discrepancies still remain moreover: case by case studies

CHANGE THE NCDM -

(i) Exotic mechanisms of Early Universe imply suppressed density flucts at
subgalactic scales (e.g. models with broken scale invariance during

inflation, but somewhat lacking clear microscopic motivation from
particle physics)

Kamionkowski, Liddle astro-ph/9911103; Yokohama, astro-ph/0009127;

Zentner, Bullock, astro-ph/0205216; Ashoorioon, Krause, hep-th/0607001;
Kobayashi, Takahashi, arXiv:1011.3988, ...




Towards a Solution of the 3-Problems of
Galactic-Scale-Cosmology (GSC)

Microscopic Physics explanations

All of the above problems seem that cannot be entirely solved
by conventional Astrophysics explanations

- discrepancies still remain moreover: case by case studies

CHANGE THE NCDM >

= 4 it + Fui Milgrom,
(ii) modify gravity models (no DM except neutrinos) Bekenstein (TeVes)

|(_1.| simplest models -
P\e=_Vae z) = _ — = ;
f(ao)a veng /= 1+ 2—-a)z+ /(1 -2)%+4z

Modified Gravitational acceleration @ galactic scales

0,=1.2x100ms2
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Galactic-Scale-Cosmology (GSC)

Microscopic Physics explanations

All of the above problems seem that cannot be entirely solved
by conventional Astrophysics explanations
- discrepancies still remain moreover: case by case studies

CHANGE THE NCDM >

(ii) modify gravity models (no DM except neutrinos) !0
> lensing problematic (bullet cluster or Bekenstein (TeVeS)

other merging galaxies, offer observational support for DM)
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Towards a Solution of the 3-Problems of
Galactic-Scale-Cosmology (GSC)

Microscopic Physics explanations

All of the above problems seem that cannot be entirely solved
by conventional Astrophysics explanations
- discrepancies still remain moreover: case by case studies

CHANGE THE NCDM -

(ii) modify aravity models (no DM exce utrinos)
- lensing problemaii et or for our talk
other mergin , offe tional support for DM)

(iii) CHANGE the DM properties = include self interactions
or assume more than one dominant species P—_y

... With non-trivial role in 73N\ \

galactic structure e -9

- —




Self-Interacting Dark Matter (SIDM)
& small-scale Cosmology

Early pioneering works in implementing SIDM in N-body simulations

D. N. Spergel and P. J. Steinhardt, PRL 84 , 3760 (2000)

Figure of merit: (total) cross section per unit DM particle mass

o/m

Early days: 10 GeV c?2 m =1 MeV c?
in DM haloes with densities 107?M, /pc®

o/m ~ 0.1 — 100 cm?/g.

would imply observational effects in the inner haloes




Self-Interacting Dark Matter (SIDM)
& small-scale Cosmology

Large Scale Structure:
roughly the same

o =1 cm?/qg

Individual galaxies:
more cored & spherical
in SIDM models

M Rocha et al. MNRAS 430, 81 (2013)



Self-Interacting Dark Matter (SIDM)
& small-scale Cosmology

Early pioneering works in implementing SIDM in N-body simulations

D. N. SPergeI and P. J. Steinhardt{ PRL 84 , 3760 (2000!

Figure of merit: (total) cross section per unit DM particle mass

o/m

: -2 -2
Early days: 10GeVc?> m21MeVc -1 barn/GeV

in DM haloes with densities IOW consistent with
all current

0-/.”2/ N<O]>—/100 sz /g gosngfmin’rs of

would imply observational effects in the inner haloes




CONSTRAINTS ARE LIMITED

Solves cosmology’s

“small scale crisis”  Clowe+ 2004  Vertenst 2011 g ac+ 2008
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CONSTRAINTS ARE LIMITED

Solves cosmology’s

“small scale erisis”  Clowe+ 2004 Vertenst 0T 5 jac+ 2008
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CONSTRAINTS ARE LIMITED

Solves cosmology’s

“small scale crisis” Clowe+ 2004 Mertens+ 2011 Bradac+ 2008

.. Y. = o0l or ' . : i -
Compare with typical WIMPs , -
cross section in e.g. in SUSY models @&
o /m = 10-22 barn/GeV

in the CMSSM model
CMSSM2008

(Roszkowski, Ruiz, Trotta)

‘1 barn/GeV |
]

Bullet cluster
1E 0657-558

MACSJ0025

neutralino-nucleon Sl cross section [cm?

| 2 3
O 1 2 l{’/)\/IMP mass [Gev/'”clﬁ 0

Dark matter self-interaction cross section, oy, [cm?/g]



30 MERGING GALAXY CLUSTERS

DEC (degrees)

Harvey,Massey,Kitching, Taylor,Titley
arXiv:1503.07675, Science




Self-Interacting Dark Matter (SIDM)
& small-scale Cosmology

THE NEW PICTURE OF DARK MATTER

Harvey,Massey,

arXiv:1503.07675,
Science

ODM m l cim- 24

OSIDM /T
cm? g—1

0.1 <

<047

Kitching,Taylor,Titley



OBSERVABLE MANIFESTATION OF SELF-
INTERACTIONS IN COLLIDING CLUSTERS

X = Right-handed neutrino

X X
In Right-handed neutrino WDM:
(i) mass of O(50) keV,

massive vector (ii) self-interactions stronger

v h than the weak force, 102 G,
u exchange (iii) massive ~ 10* keV exchange vector

/\ is OK for core-galaxy structure

Arguelles, NEM,
Ruffini, Rueda, JCAP
(2016)

AVaVaval




PART Iil
Self-Interacting Right-Handed
Neutrino Warm Dark matter

&

3&1&&&&@: core-halo structures



A concrete model for SIDM -

Right-handed keV Neutrinos with vector interactions

Arguelles, NEM, Rueda, Ruffini, JCAP 1604, 038 (2016)

* Assume minimal extension of the Standard Model
(non-supersymmetric) with right-handed neutrinos (RHN)
self interacting via massive vector exchange
interactions in the dark sector

* Use models of particle physics, e.g. ¥ MSM
(Shaposhnikov et al.) with three RHN,
but augment them with these self-interactions

* among the lightest of the RHN (quasi stable > DM)

* Consistency of the halo-core profile of dwarf galaxies
in Milky Way or large Elliptical > mass of lightest RHN
in O(10) keV (WDM) & Cosmological constraints of ¥ MSM

Two different approaches yield similar range for WDM mass!



A concrete model for SIDM -

Right-handed keV Neutrinos with vecto~ interactions

Arguelles, NEM, Rueda D D4, 038 (2016)

* Assume minimal extension - (\
(non-supersymmetric) oo \‘S\’b .5 (RHN)
self interacting vi- el S

gvi- N X
interactions ir (30 ((\O 6\
@0 &0‘\ Q\e

* User CJ CDQ s~V MSM

(¢’ O(\ (\ ~€e RHN,

C ’6 .
«€Se self-interactions

> \\
. @((\ 60((\ the RHN (quasi stable - DM)
. ot the halo-core profile of dwarf galaxies
in I\ way or large Elliptical = mass of lightest RHN
in O(10) keV (WDM) <& Cosmological constraints of ¥ MSM

Two different approaches yield similar range for WDM mass!



SM Extension with N extra right-handed neutrinos

_ _ ~  M; _
L =Lgy + N;z‘@Hf}*“N; — F. i L . Nio — ?I NFNI + h.c.




SM Extension with N extra right-handed neutrinos

L — LS_-HI-I + jirf?:@#ﬁf:#i rf - Fﬂj E&j\rj’i’:} —

A

ff— T T
! NiNt +h.c.

I

Right-handed
Massive Majorana
neutrinos

§

Leptons



SM Extension with N extra right-handed neutrinos

Mp -
! NiNj +h.c.

L =Lgy + :Firj?:@# ~HM Nt — For E&N;;E- —

!

Higgs scalar SU(2)

Dual: T _ LAk




SM Extension with N extra right-handed neutrinos

1Y |\/| S |\/| Asaka, Blanchet, Boyarski, Ruchayskiy, Shaposhnikov

Mp -
! NiNj +h.c.

L =Lgy + :Firj?:@# ~HM Nt — For E&N;;E- —

L I

Yukawa couplings _ _
Matrix (/=1,2,3) F =Ky fa KR,Jr

fo=diag(fi, fo, f3), Kp=Kp.P.,, Kpg' =Kg'P;
S . 3 i3 Majorana
Pa — diag(elal 9 62023 1) ) Pfﬂ — dlag(e“ 13 62.,_2’ 1) phases

Mixing
1 0 0 CL13 0 spize cri2  sSpiz O
Ki;=| 0 cr23  sr23 0 1 0 —sp12 criz O
0 —sr23 crag —sr13€°L 0 CL13 0 0 1

cri; = cos(fr;;) and sp;; = sin(fr;;).



SM Extension with N extra right-handed neutrinos

_ _ - M
L — L‘E,f_‘llf + ;mrrj ”JH ,:r__,u, B«rj — Fﬂf LL-E ;F\frj O — !

For Constraints 1

(compiled v oscillation data) Yukawa couplings

on (light) sterile neutrinos cf.: Matrix (/= 1, ...N=2 or 3)
Giunti, Hernandez , ... ’

N=1 excluded by data

;ﬁf;&rj’ —I— }.] C.

Model with 2 or 3 singlet fermions works well in reproducing Baryon Asymmetry and
is consistent with Experimental Data on neutrino oscillations

Model with N=3 also works fine, and in fact it allows one of the Majorana fermions to
almost decouple from the rest of the SM fields, thus providing
candidates for light (keV region of mass) sterile neutrino Dark Matter.



SM Extension with N extra right-handed neutrinos

1Y |\/| S |\/| Asaka, Blanchet, Boyarski, Ruchayskiy, Shaposhnikov

_ _ - M
L — L‘E,f_‘llf + ;mrrj ”JH ,:r__,u, B«rj — Fﬂf LL-E ;F\frj O — !

For Constraints 1

(compiled v oscillation data) Yukawa couplings

on (light) sterile neutrinos cf.: Matrix (/= 1, ...N=2 or 3)
Giunti, Hernandez , ... ’

N=1 excluded by data

;ﬁf;&rj’ —I— }.] C.

Model with 2 or 3 singlet fermions works well in reproducing Baryon Asymmetry and
is consistent with Experimental Data on neutrino oscillations

odel with N=3 also works fine, and in fact it allows one of the Majorana fermions
almost decouple from the rest of the SM fields, thus providing
andidates for light (keV region of mass) sterile neutrino Dark Matter.




SM Extension with N extra right-handed neutrinos

vMSM

_ _ - M
L — L‘E,f_‘llf + ;mrrj ”JH ,:r__,u, B«rj — Fﬂf LL-E ;F\frj O — !

f\_'}"j 1 + h.c.

1 Minkowski, Fugujita, Yanagida,

Majorana masses j Yukawa couplings Lazarides, Shafi, Wetterich,

to (2 or 3) active (light) Matrix (N=2 or 3 ) ::;lj\:ﬁzv\iljlle, Mohapatra,

neutrinos via seesaw

NB: Upon Symmetry Breaking
<®> = v # 0 - Dirac mass term

v= () ~ 175 GeV

m, = —ﬂ-fD%[ﬂ-fﬂ]T .
Mp < Mj !




mass of lightest of N,
by agreement
with Cosmological data

N

L =Lgy + firji@ N — F L&:\ﬁ'} % ‘Nr + h.c.

Light Neutrino Masses through see saw

1
— MY _—_[pPr
Hj[ ]

Mp =F, v
v={(¢) ~ 175 Gev Mp < M




- M,
L — LS’_.“;I + ;F\rf?:@ﬂﬁr"#;mrf 21 ANT}'.A. ."'j_ + }.].C-.

Light Neutrino Masses through see saw

1
m,, — —‘-?';I‘DE[E‘ID]T )

Mp =F, v
v={(¢) ~ 175 Gev Mp < M

F,.=101% 2> m 2= 103eV?



Boyarski, Ruchayskiy, Shaposhnikov...
vMSM

MODEL CONSISTENT WITH BBN, STRUCTURE FORMATION DATA IN THE
UNIVERSE & ALL OTHER ASTROPHYSICAL CONSTRAINTS

sin’(20,)
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Boyarski, Ruchayskiy, Shaposhnikov...
vMSM

MODEL CONSISTENT WITH BBN, STRUCTURE FORMATION DATA IN THE
UNIVERSE & ALL OTHER ASTROPHYSICAL CONSTRAINTS

-6
10 | | L L Q | | | 1 I || | L II | 1 1 I
10.7 N, > M N QHV
Ly
100 |- X-ray constraints —
10° F 2
e
‘ -10 - QN
0 8¢
ML of
0 g-a-
12 S
10 = 30
P
1083+ &
1074 |-
10-15 L1 11

M, = 0(10) keV



More than one sterile neutrino needed to reproduce Observed oscillations

vVISM Boyarski, Ruchayskiy, Shaposhnikov...

[ T T IIII T lllllll] T llllllll T llllllll T llllllll T llllll_l
10'5 — d =
2 ]
10 £p . E
1077 | X-ray congfraints .
:§‘Ué t>10g}s 9
o 107° [8F =
(n] (O &= _
_Q_g .
20 [©® ]
10 %8 5
.25 & ]
10 N —]
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10 10
10" 10° 10! 102 10° 10° 10° 0.1 1 10

M, (keV) M, (GeV)

Constraints on two heavy degenerate singlet neutrinos

N, DM production estimation in Early Universe must take into account
its interactions with N, ; heavy neutrinos



More than one sterile neutrino needed to reproduce Observed oscillations

vVISM Boyarski, Ruchayskiy, Shaposhnikov...

[ T T IIII T llllllll T llllllll T llllllll T llllllll T Illlll_l
10'5 — a =
2 ]
10 £p . E
1077 | X-ray congfraints .
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10 N —]

'30 : 1 llllllll 1 Illlllll 1 Illlllll 1 IllIlIII 1 IllIlIII 1 IIlIl: ‘12

10 10
107 10° 10! 102 10° 10° 10° 0.1 1 GV\' 10
M, (keV) M, (GeV ased

N, DM production estimation in Early Universe must take into account
its interactions with N, ; heavy neutrinos



L =Lgy + firji@ N — F L&:\ﬁ'} ';Nf + h.c.

This talk: restrict mass
of N, by agreement with
observed galactic core-halo
structure in SIDM versions
N of the model

Light Neutrino Masses through see saw

1
= -MP—
My

MPTE

Mp = F.v

v={(¢) ~ 175 Gev Mp < M

F,.=101% 2> m 2= 103eV?



This talk: restrict mass
of N, by agreement with
observed galactic core-halo
structure in SIDM versions
N of the model

L =Lgy + firji@ N — F L&:\ﬁ'} % ‘Nr + h.c.

Light Neutrino Masses through see saw

1
— MY _—_[pPr
Hj[ ]

Mp =F, v
v={(¢) ~ 175 Gev Mp < M

F .= =2 m?=103eV?

Ignore in front of strong self-interactions for our purposes



Right-handed keV Neutrinos with vector self-
interactions & galactic structure

Arguelles, NEM, Rueda, Ruffini, JCAP 1604, 038 (2016)

S EORR A /) A 2 2 2
Place the vMSM in curved space time  Juv = diag(e”, —e”, =1, —1"sin” )

v=v(r) A =A(r)

L=Lgr+LNnp, + Ly +Lg

R o 1
Lor = BTl Lng, =i1Np1Y"'V,Nr1 — §'mNCR1NR1;
1 1 _
Ly = —ZVWV‘“’ + 5771%/‘/”‘/“, Lr=—gyV,J = —gvV,Nr17"Ng1

, ) Classical fields (egs of motion) satisfy detailed
V., =0, — L0~ ~ thermodynamic equilibrium conditions
H H 8 H h?’ % in a galaxy at a temperature T < O(keV)




Right-handed keV Neutrinos with vector self-
interactions & galactic structure

Vi

Arguelles, NEM, Rueda, Ruffini, JCAP 1604, 038 (2016)

IS EOR A 7 A 2 2 2
Place the vMSM in curved space time  Juv = diag(e”, —e”, =1, —1"sin” )

v=v(r) A=A(r)
L = ‘CGR+£NR1 —|—£V

R
167G

— 1 —
Lng, =i1Np1Y"'V,Nr1 — §7nNCR1NR1:

1 1 N
_ZVWVW + §m%/VuV“,[EI = —gvVuJy = —gvVuNRr17*Ng1

"y

4

, ) Classical fields (egs of motion) satisfy detailed
— 0. — L. abl~ . thermodynamic equilibrium conditions
H 8 H h?’ % in a galaxy at a temperature T < O(keV)




Right-handed keV Neutrinos with vector self-
interactions & galactic structure

Measure of Strength of self Interactions o 5
Cv = gy /my,

C t or<r, wl A/l >1
Cy(r) = 4 0 at <71, when Mg/

effective interactions
in galactic medium

0 at r>=>ry, when Ap/l <1

r,, = core-halo matching point =r_+ 6r
core radius

inter-particle mean distance [
at temperature 1’

h
\/QkaBT

de-Broglie wavelength A\p =



Right-handed keV Neutrinos with vector self-

interactions & galactic structure

sterile v

mass Milky Way (M. = 4.4 x 106 M)
m (keV) Co 0o Bo re (pc) or (pc) O(rm)
47 2 3.70 x 103 1.065 x 10-7 | 6.2x 104 [ 21 x10-%4 | -20.3
1014 3.63 x 103 1.065 x 10~7 | 6.2x 1074 | 22x 10~ | -29.3
1016 2.8 x 103 1.065 x 10=7 | 6.3 x 104 | 24 x 10=4 | -29.3
350 1 240 x 105 | 1431 x10=7 | 1.3x 1076 | 6.7x 107 | -37.3
1014 1.27 x 10° 1.104 x 10=7 | 5.9%x 106 | 9.4 x 10—7 | -37.3
4.5 x 1018 1.7 x 101 1.065 x 107 | 59x 104 | 20x10~4 | -37.3

Elliptical (M = 2.3 x 105M)
47 2 1.76 x 10° (1) 1.7 x 10~° 79x 107 | 3.9x 10~° | -31.8
1014 5.8 x 104 1.4 x 106 1.4x10=% | 4.8 x10~5 | -31.8
1016 1.5 x 104 1.3x 10°6 3.0x10~% | 7.0x107° | -31.8

Large Elliptical (M, = 1.8 x 10° M)

47 1016 1.02 x 104 30x10=% [ 38x10-% [ 18x10-° [ -32.8

[ = lpB T/7n — ,80 e(VO_V(T))/2

0 = p/(kpT)

at the core (5o, 6o)

No solution for

gravitational collapse

m <47 keV /c?
m > 350 keV /c?




Right-handed keV Neutrinos with vector self-

interactions & galactic structure

sterile v

mass Milky Way (M. = 4.4 x 106 M)
m (keV) Co 0o Bo re (pc) or (pc) O(rm)
47 2 3.70 x 103 1.065 x 10-7 | 6.2x 104 [ 21 x10-%4 | -20.3
1014 3.63 x 103 1.065 x 10~7 | 6.2x 1074 | 22x 10~ | -29.3
1016 2.8 x 103 1.065 x 10=7 | 6.3 x 104 | 24 x 10=4 | -29.3
350 1 240 x 105 | 1431 x10=7 | 1.3x 1076 | 6.7x 107 | -37.3
1014 1.27 x 10° 1.104 x 10=7 | 5.9%x 106 | 9.4 x 10—7 | -37.3
4.5 x 1018 1.7 x 101 1.065 x 107 | 59x 104 | 20x10~4 | -37.3

Elliptical (M = 2.3 x 105M)
47 2 1.76 x 10° (1) 1.7 x 10~° 79x 107 | 3.9x 10~° | -31.8
1014 5.8 x 104 1.4 x 106 1.4x10=% | 4.8 x10~5 | -31.8
1016 1.5 x 104 1.3x 10°6 3.0x10~% | 7.0x107° | -31.8

Large Elliptical (M, = 1.8 x 10° M)

47 1016 1.02 x 104 30x10=% [ 38x10-% [ 18x10-° [ -32.8

[ = 'l°B T/7n — ‘[30 e(VO_V(T))/2

0 = p/(kpT)

at the core (5o, 6o)

Allowed WDM mass

range

47 keV c¢2<m £ 350 keV ¢




Right-handed keV Neutrinos with vector self-
interactions & galactic structure

sin(20,)

I
Phase-space density
constraints

X-ray constraints —

A

If mixing with observable
sector is non zero (vMSM)
- narrow window

of allowed WDM mass!

47 keV c¢2<m <50 keV ¢



3500

N
L M|Ik W m—47 eV ] M|Iky Way 47 keV
T (0,0 80108 018 ; ) 3000 (ot B
Fomm L 6, 3é’8 C =0) ——mm ] 2500 |
o i Burkert -—----- E
! : 2000 -
o \ 1 @ 1500 i
- \ ] 1000 -
= N 3 500 R
: - \ 0 -
1 | | | . | N -500 | | . | . | |
10* 102  10° 10®> 10* 108 10* 102 10° 102 10* 10°
r (pc) r (pc)
T T | : | : I
N ) Blg EII|pt| al ( m 47 eV ] Big EIIiptlcaI( =4 7 keV
= | e, 102x10ﬁ Loty : 10000 F— (G076 -
o Logantmlc ——————— .
- . 8000 -
! ] o 6000 -
o ] 4000 + -
o 3 2000 + -
| | | | x\; 0L | ! I I I T
104 102 10° 10®° 10* 10° 10% 102 10° 10® 10* 10°
r (pc) r (pc)
RAR model (6,=30) —— 1
Einasto ------- ]
NFW ————
L Y Ao .\T
2 10° 10* 10°

Arguelles, NEM,
Rueda, Ruffini,

JCAP 1604, 038 (2016)

Interactions

make inner Core
more compact

and increase
central degeneracy
compared to non-
interacting case

Non interacting
right-handed neutrino case
with m = O(10) keV

Ruffini, Arguelles, Rueda,

MNRAS (2015)




Arguelles, NEM,
Rueda, Ruffini,

JCAP 1604, 038 (2016)

because the density profiles based on
fermionic (as RH neutrinos)

phase-space distributions develop always an
extended plateau on halo scales,
resembling Burkert or cored Einasto profiles

Provide natural resolution of Core-Cusp Problem m

Moreover, as the right-handed neutrino DM mass

is “colder' by a few keV (m = 47 keV c¢? ) compared to most of
the WDM models available in the literature, our model does
not suffer from standard WDM problems, associated with
the 'too warm' nature of the particles involved



g N-N Cross sections under
massive vector exchange
(perturbation theory g, < 1 OK)

. m € (47,350) keV
o \4
ol (QVZ;ZV) 29m° (p?/m* < 1)

Hidden sector vector interactions -> Much stronger than weak interactions in visible sector

my

_ 2 _
Cy = (g_v) G7L ) | Cy e (2.6 x 108, 7 x 10%)

to resolve issues of small-scale
cosmology crisis

Arguelles, NEM,
Rueda, Ruffini, my ,S 3 X 104 keV

JCAP 1604, 038 (2016)



Conclusions-Outlook - so far

At galactic scales ACDM model suffers from discrepancies with observations

regarding the core-cusp, missing satellite, and too big to fail problems of
small-scale Cosmology crisis” ...

To remedie this, self interactions among DM have been introduced with relatively
strong cross sections per unit dark matter mass o/m :

o 1/ 1
01 < SIDM/

<0.47
~ cm? g1

We have considered the role of the lightest of the right-handed neutrinos in vMISM
extensions of the standard model, and added appropriately strong vector interactions
in the dark sector among the neutrinos - increase inner degeneracy and inner core
region in dwarf satellites of the Milky Way or Large elliptical galaxies

For interaction strengths 108 G, WDM mass = 47-50 keV, & vector mass < 104 keV,
we can resolve the three small-scale Cosmology problems.

The RH neutrino WDM, which solves core-halo structure in galaxies,
may co=eXist with other CDM DM species > search for it in
particle physics and neutrino oscillation experiments



Conclusions - Outlook

At galactic scales ACDM model suffers from discrepancies with observations

regarding the core-cusp, missing satellite, and too big to fail problems of
small-scale Cosmology crisis” ...

To remedie this, self interactions among DM have been introduced with relatively
strong cross sections per unit dark matter mass o/m :

o 1/ 1
01 < SIDM/

<0.47
~ cm? g1

We have considered the role of the lightest of the right-handed neutrinos in vMISM
extensions of the standard model, and added appropriately strong vector interactions
in the dark sector among the neutrinos - increase inner degeneracy and inner core
region in dwarf satellites of the Milky Way or Large elliptical galaxies

For interaction strengths 108 G, WDM mass = 47-50 keV, & vector mass < 104 keV,
we can resolve the three small-scale Cosmology problems.

e
The RH neutrino WDM, which solves core-halo structure in galaxies, m

5)
may co-exist with other CDM DM species - search for it in "v
particle physics and neutrino oscillation experiments (eg SHIP) ...

SHiP

Search for Hidden Particles



Conclusions - Outlook

e At galactic scales ACDM model suffers from discrepancies with observations
regarding the core-cusp, missing satellite, and too big to fail problems of

small-scale Cosmology crisis” ...

 Toremedie this, self interactions among DM have been introduced with relatively
strong cross sections per unit dark matter mass o/m :

o 1/1N
SIDM/ <047

0.1 <
cm?g-1 —

* We have considered the role of the lightest of the right-handed neutrinos in vMISM
extensions of the standard model, and added appropriately strong vector interactions
in the dark sector among the neutrinos - increase inner degeneracy and inner core
region in dwarf satellites of the Milky Way or Large elliptical galaxies
For interaction strengths 108 G, WDM mass = 47-50 keV, & vector mass < 104 keV,

we can resolve the three small-scale Cosmology problems.

* The RH neutrino WDM, which solves core-halo structure in galaxies,

may co=eXist with other CDM DM species = coupling with
axions may lead to Mass generation for Right Handed Neutrinos



THANK YOU !






Dark Matter

DARK MATTER (DM):

CURRENT EVIDENCE galaxies,
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