Cosmologies with Gravitational
Anomalies & Axions: modified profiles of

Gravitational Waves and Dark Matter ——
properties LONDON

Nick E. Mavromatos
Natl. Tech. U. Athens, Greece N SCIENCE & TECHNOLOG)
& CA18108 - Quantum gravity

., phenomenology in the multi-
King’s College London, UK messenger approach

RANET

6t Bego Rencontre
Summer School,
Villa Ratti, Nice
4 — 14 July 2022




0. Outline



1. Motivation

2. The model: String-Inspired Gravitational Theory with Torsion & Grav. Anomalies,
axions and torsion

3. Primordial Gravitational Waves (GW) induced Condensates of Anomalies,

4. Spontaneous Lorentz and CPT-Violation by axion backgrounds & Running Vacuum
Model inflation without external inflatons

5. Enhanced cosmic perturbations & densities of primordial black holes (PBH) & GW
-> dark matter components: PBH, together with the torsion-induced axions

6. Post Inflationary eras & cosmic evolution of the stringy RVM:
Spontaneous Lorentz and CPT-Violation by axion backgrounds & Leptogenesis
in radiation era > Baryogenesis — role of sterile right-handed neutrinos

7. Modern-era phenomenology: deviations from ACDM and alleviation of
cosmological data tensions?

8. Warm Dark Matter in Galaxies: the role of sterile neutrinos and their interactions with
axions - current constraints using modified (Ruffini-Arguelles-Rueda) profiles

9. Summary & Outlook



1. Motivation

2. The model: String-Inspired Gravitational Theory with Torsion & Grav. Anomalies,
axions and torsion

3. Primordial Gravitational Waves (GW) induced Condensates of Anomalies,

4. Spontaneous Lorentz and CPT-VloIatlon by axion backgrounds & Running Vacuum
Model inflation withou

nhanced cosmic perturbations & densities of primordial black holes (PBH) & G
dark matter components: PBH, together with the torsion-induced axions , f

6. Post Inflationary eras & cosmic evolution of the stringy RVM:
Spontaneous Lorentz and CPT-Violation by axion backgrounds & Leptogenesis
in radiation era > Baryogenesis — role of sterile right-handed neutrinos

7. Modern-era phenomenology: deviations from ACDM and alleviation of
cosmological data tensions?

8. Warm Dark Matter in Galaxies: the role of sterile neutrinos and their interactions with
axions - current constraints using modified (Ruffini-Arguelles-Rueda) profiles

9. Summary & Outlook



1. Motivation

2. The model: String-Inspired Gravitational Theory with Torsion & Grav. Anomalies,
axions and torsion

3. Primordial Gravitational Waves (GW) induced Condensates of Anomalies,

4. Spontaneous Lorentz and CPT-VloIatlon by axion backgrounds & Running Vacuum
Model inflation withou

nhanced cosmic perturbations & densities of primordial black holes (PBH) & G
dark matter components: PBH, together with the torsion-induced axions , f

7. Modern-era phenomenology: deviations from ACDM and alleviation of i

6. Post Inflationary eras & cosmic evolution of the stringy RVM:
Spontaneous Lorentz and CPT-Violation by axion backgrounds & Leptogenesis
in radiation era > Baryogenesis — role of sterile right-handed neutrinos

cosmological data tensi 2

arm Dark Matter in Galaxies: the role of sterile neutrinos and their interactions wi
xions 2 current constraints using modified (Ruffini-Arguelles-Rueda) profiles

9. Summary & Ou



1. Motivation



Important (> last 20 yrs) Discoveries in Cosmology/Astronomy

A OAY (SICTOIO! FT17 Planck2018 data
de\based‘(\ ENERGY DISTRIBUTION
BT e OF THEUNIVERSE [
SONCON 52 i riEEas bl
oo N \are® E
{0
DARK + Snla, BaO, Lensing
ENERGY

DARK
MATTER

Also Einstein’s GR explains
sufficiently well 1

Black-Hole Mergers + GW NORMAL MATTER Ry, — §g,uu R— g, A=8rGT,,
(since 2015 LIGO),

Black-Hole "photographs’ (EHT),... T,uz/ > Cold Dark Matter



Also |
suffic
Black
(since
Black

Important (> last 20 yrs) Discoveries in Cosmology/Astronomy

i ‘ ' """3 data
e
@Y What still we do not know/did not
LD observe:
>~ Nature of Dark Energy
W o'
qf"‘i Nd'l'ure OF Ddl"k mdﬂ'er Lensing

Primordial Gravitational Waves

(through detection of B-mode
polarisation

| in CMB from very early Universe)
Microscopic models of Inflation
(Is it due to fundamental inflatons or

dynamical e.g. Starobinsky type? ....) "¢ 1w

———————— —



Important (> last 20 yrs) Discoveries in Cosmology/Astronomy

‘ A More than one

|

a 3
0 E : & DM species,
B VXM" SITWe depending on era?
SLID E Role of warm sterile
\;wc’__iw- Nafure ¢ eutrino axions
A in Galactic structure?

Primordial C

(through delmll \ W IIIVAS
polarisation

| in CMB from very early Universe)

Microscopic models of Inflation
(Is it due to fundamental inflatons or
dynamical e.g. Starobinsky type? ....)

Also |
suffic
Black
(since
Black

S

———————— ———



Important (> last 20 yrs) Discoveries in Cosmology/Astronomy

1|

S\ - .
@Y What still we
’ of | o/
>~ Nature ¢
“wﬁ« N
o Nature ¢

“I Primordial C

Also | |
suffic
Blact |
(since
Black

| A ACDM appears

‘to be in tension with
local measurements of
present-era H
& also 03 galaxy-
growth data ?

71 (through de. geroivi v-nivus

i polarisation

| in CMB from very early Universe)

| _Microscopic models of Inflation
| (Is it due to fundamental inflatons or
dynamical e.g. Starobinsky type? ....)

S



\ Microscopic
understanding of
10,000,000,001 10,000,000,000 Matter/Antimatter
asymmetry in the
Universe?

"\-—-
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Attempts at Explanation of Baryon Asymmetry
- Sakharov ‘s Conditions

Baryon number violation
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new sources of C?Y violation?
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Important tngredients

The anomaly condensate <RMVPU R'LWPG>

The stringy axion fields b(CIZ ) y & (x )

The axions - condensate coupling (b(aj) : a(gj) ) <R,ul/pa E,LWPJ>

Lead to Running vacuum Model (RVM)
nflation without external inflaton fielos
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Inclusion of Fermions

)

4-fermion contact interaction

- - L . characteristic of

Vanishes for Friedmann-Lemaitre- (integrating out) torsion
Roberston-Walker backgrounds /
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independent (*‘gravitational”) axion
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The Model
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The Model
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The a-axions also couple to gravitational anomaly terms , with action:




The Model
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Gravitational Anomalies & Diffeomorphism Invariance

N
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(diffeomorphism contribute to
invariance affected stress tensor

in quantum theory)
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Gravitational Anomalies & Diffeomorphism Invariance
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(diffeomorphism contribute to
invariance affected stress tensor

in quantum theory)
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Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation
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Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation
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Gravitational Anomalies & Diffeomorphism Invariance

Einstein’s equation
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3. Primordial Gravitational
Waves, Anomaly condensates
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The Model in Early Universe:
only gravitational d.o.f. (b, g,,) |—22(2019-20)
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The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

absent before
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No potential for KR axion before generation of GW

> stiff-matter, equation of state W=+1
—>stiff-axion-matter dominance
during very early (pre-inflationary)
Universe
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The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)
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The Model in Early Universe:
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breaking, e.g. via bias in double-well potentials of
some condensate (gravitino ¢, or gaugino)
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The Model in Early Universe:
only gravitational d.o.f. (b, g,,, @,) |—22{2019-20)
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gravitino
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RVM GW-induced Inflation
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+
Seiff-mateer + Anomalies
Era dominance

RV M-inflation

Ellis, NEM

Alexandre,
Houston




The Model in Early Universe:
only gravitational d.o.f. (b, g,,, @,) |—22{2019-20)

First hill-top
inflation SUGRA broken DYNAMICALLY
gravitino
Condensate o
stabilised 2
RVM GW-induced Inflation

NEM,Sola

H /N

Flll wop KR axion

Inflation.  dominance

" + Anomali
Stlﬂgmatter GW omalies
ra

dominance
RV M-inflation

Ellis, NEM

Alexandre,
Houston




4. Spontaneous Lorentz &
CPT Violation
by axion backgrounds
_ and
RVM Inflation



Dark Enerqy
(“m,vw\img
vacuum o del

(RVM) bype’™

% The Parts

9 rﬁ\/ﬁf-q éi@hqt
AX(::()“ s
-+

0)“350‘1



The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

Non-trivial i
GW present

Seﬁ—/d“w\/ [—QLR+ 8,b0"b +

1
— 4 — o L M
= /d T/ g[ 252R+26,,b6 b—

Primordial Gravitational Waves,
&
De Sitter space times &
Spontaneous Lorentz & CPT Violation




The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

Gravitational
Chern-Simons (gCS)

1 oo ]

Seﬁ=/d4a7v [—2—R+ 6b(9“b+\/

2 o
3 96k

1 2 o
_ a.. —( 1 By p
—/dw\/ g[ 252R+26,,b66 \/;96n‘9 b(z) KM + . ]

Primordial Gravitational Waves -
Condensate < ...> of Gravitational Anomalies

gCS = \/; 9% d4a; vV — (b(x) R;wpa R#VPG) 4 - b(.’I)) R;wpa R;wpa )
" quantum ordered




The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

Gravitational
Chern-Simons (gCS)

1 oo ]

SeH=/d4$V [—2—R+ 3b(’3"b+\/

2 o
3 96k

1 2 o
/dw\/ g[ 252R+26,,bc’?b \/;gwa b(z) KM + . ]

2 o ~
— — LV po
e N Ty
Condensate < ...> of gosm*o lo,rg':f:l'
Gravitational Anomalies onstant-ike
gCS = \/; e / d'z (b(:v) Ruvpo R*P7 V- :b() Ry po R*P° :)
quantum ordered




The Model in Early Universe:
only gravitational d.o.f. (b, g, ) Sofa (2019-20)

Gravitational
Chern-Simons (gCS)

1 2
S%ffz‘/d‘ia:‘/ [—2—R+ 6b6/‘b+\/3 g(; VpO'_I_ ]

1 2 o
/dw\/ g[ 252R+26,,bc’?b \/;gwa b(z) KM + . ]

2 o
N N T2

Condensate < ...> of E%smoil-ogie'a ll-'k
Gravitational Anomalles onstant -like
up

gCS = to/=g(9,bK*) 4 quantum flcts




V=9 K* (W') 7!

Effective action contains CP violating axion-like coupling /

_ I 2o /
Sp = / d'y/=g| = 55 R+ 50,6 + \gi‘ (@) (R B2

(i) Assume de Sitter era, first, to discuss anomaly condensate
in the presence of GW perturbation

(ii) deduce RVM vacuum behaviour
and

(iii) Inflation is obtained self consistently from RVM evolution



Effective action contains CP violating axion-like coupling

Average n* = proper number density of

over inflationary sources of GW(assumed of O(1))
space time in the

presence of
primordial

Gravitational waves

Alexander, Peskin,
b(x)=b(t) Sheikh -Jabbari

M = UV k-momentum Cut-off

d 16 d3k H?*
2 (VK1) =| (Ruypo REYP®) = —Kzn’{ ( 0+0(0°)

a* 2m)3 2k3
Homogeneity
& Isotropy )k 3 o ~1
0=/ " Hi<1 = Mpy,
312 b= db/dt
H = const.

(inflation) a(t) ~ e''t



Solutions (backgrounds) to the Eqs of Motion

CY/ _ M—2
_ 2 o = 2 o
9 [\/_— (a“b— z sz“r)]=o b— H#O
a[v—E 396k ) - 396K
n* = proper number density of ‘
sources of GW(assumed of O(1))

3 2
%(ﬁ;co(t)) (Ruvpo R*VPO) = 16 Kzn/(dk H K*®+0(0e°)

\/712HbO< ICO ‘

,)szi’g,,,(O)exp[ 3Ht(1—073x10 (AZI)Z(%Y)]

time evolution of Anomaly

M = UV k-momentum Cut-off




Solutions (backgrounds) to the Eqs of Motion

CY/ _ M—2
_ 2 o = 2 o
9 [\/_— (a“b— z sz“r)]=o b— H#O
a[v—E 396k ) - 396K
n* = proper number density of ‘
sources of GW(assumed of O(1))

3 2
%(ﬁ;co(t)) (Ruvpo R*VPO) = 16 Kzn/(dk H K*®+0(0e°)

\/712HbO< ICO ‘

')g/bggm(o) exp[ 3H (1 _0.73 x 104 (Mim)? (%)4>

time evolution of Anomaly

ntum Cut-off

~ 0



Solutions (backgrounds) to the Eqs of Motion

CY/ . M—2
_ 2 o = 2 o
9 [\/_— (a“b— z Ji’at)]=0 b=y/2 Z_#0
alv—E 396k ) - 396K
n* = proper number density of ‘
sources of GW(assumed of O(1))

3 2
%(\/—_gzc‘)(t)) = (Ruvpo R*"P%) = 1 — K / (d < 2 He+o(©)

_ \/glf—;Hb x K ‘
HO(t) = Hilyn(0) exp | —3H1 (1-0.73 x 107 (i)z (L)4)]

Mp1/  \. M
Z\Z’s ~ 15 (%)1/2 » K° = const.

—4 to ensure constant anomaly
Planck Data H/MPI < 10 » 1/ M, = 0(10%)

time evolution of Anomaly

M = UV k-momentum Cut-off




Solutions (backgrounds) to the Eqs of Motion

_ 2 o
9 [\/—— (aab— =% e )] —0
alv—E 396x 7 @) -
n* = proper number density of ‘
sources of GW(assumed of O(1))

s_ ]2
396k

HO ~ constant}

b x e”kHijk — constant

%(\/—_gICO(t)) (Ryypo R*VPO) = 16 K‘2n /

a3k H?
(2m)3 2k3

K'®@+0(0°%)

2 K3 . 0 ‘
_\/;EHI)O( )C

time evolution of Anomaly

M = UV k-momentum Cut-off

HO (1) = Hilyin(0) exp | —3H1 (1 —0.73 x 10~ (

H
Mp,

) (

i

Ms

))

]C_;S ~ 15 (A?)l/z »[ICO — const.

Spontaneous
LV (+ CPTV) solution

Planck Data H/Mpl <1074 »

to ensure constant anomaly
M/ Mg =0(103)



Solutions (backgrounds) to the Eqs of Motion

39« 3 9%k

n* = proper number density of
sources of GW(assumed of O(1))

aa[\/__g@“l—)—‘ = fa(’))] =0 = [E= 2o Jifowconstant}

b x e”kHijk — constant

3 2
%(\/—_gzc"(t)) (Ruvps RM*P7) = - x2n/ il K*'©+0(0’)

27) 2183
0
\[12Hbo</C ‘

Jifbgg.n(O)eXp[ 3Ht(1—073x10 (AIZ)I)2(%)4>]

[ Mpy\1/2 No transplanckian
M. 15( q ) » [ICO = const. modes !

—4 to ensure constant anomaly
Planck Data »
H/Mp <10 4 =O0(10) My < Mygnek

time evolution of Anomaly

M = UV k-momentum Cut-off




Solutions (backgrounds) to the Eqs of Motion

. 2 o - 2 o
J— a —_ —_ w & — — - ON
o [\/ g(c? b \/;%Kaif (t))] 0 = [b 3961(‘%/ constant}

= ’l, k’
b ~ €@'ij J =~ constant
torsion

Using slow-roll assumption b
-2

1 102
€= 5 CITL b 10 Planck Data

b~ 2EMp H ~ 0.14 Mp H

H = H;,q ~ const.




Solutions (backgrounds) to the Eqs of Motion

- 2 o - 2 o
% | V=2 (8“b—\/j #%(t))| =0 b=1/2 2 #° ~ constant
o g 3 96 (1) = 3 96K constan

Using slow-roll assumption b “
2.6 x 105 Mp < My < 10 Mj,

NEM + Sola (2021)

b~V2eMpH ~0.14 Mp H Constant anomaly
during inflation,

no transplanckian
modes !

P H/Ms «<3.83,H~ (107> - 107" M
@E\/§a/c”b<<1 / s ( ) Pl

312 Y v
= 3.83 x (10% — 10°). <104
b < H/k M. < X ( ).l Mg < 104 My,




Solutions (backgrounds) to the Eqs of Motion

. 2 o s 2 o
(0% — ./ = A _ _.[= 0
o [\/ g(a b \/;961( (t))] 0 = [b 3961(1/ constant}

. ) : n* of O(1), otherwise free
Using slow-roll assumption b “ barameter, can set M, = 1 A
2.6 x 105 Mp < My < 10 Mj,
NEM + Sola (2021)

b~V2eMpH ~0.14 Mp H Constant anomaly
during inflation,

no transplanckian
modes !

P H/Ms «<3.83,H ~ (107° — 10~ M
@E\/iozchb<<1 /Mg K ( ) Pl

312 Y v
= 3.83 x (10% — 10°). <104
b < H/k M. < X ( ).l Mg < 104 My,




Dark Enerqy
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Solutions (backgrounds) to the Eqs of Motion

—(qar_ |2 & g B = 2 d
aa[\/ g(ab \/;96{1/ (t))]—O = | b= 5961(%0 constant

Using slow-roll assumption b
L1 5 2
£ = b ~ 10~ Planck Data

2 (HMp, )?

b~ 2€Mp H ~ 0.14 Mp H

@ end of Fix b;,isiy to arrange

Inflationary  f ~ Diirs 0.14 Mvei H:..q t approx. constant
era end initial 1+ U. Pl £1infl tend condensate

tendHinﬂ ~ N =€ — foldings during appropriate
~ 55.70 time period (inflation)



Axion Monodromy like potentials NEM, Universe 7 (2021) 12, 480,
e-Print: 2111.05675 [hep-th]

~

Anomaly condensate > linear axion potential Vg > (R, ,0 R'77) b(x)

Recall: approximately de Sitter provided during the duration of inflation

b(t) = b(0) 4+ 0.14Mp) H teng =~ b(0)  order of magnitude

<0 N=e-folds beginning
of inflation

b(0)] 2 O(10) Mp,



Axion Monodromy like potentials NEM, Universe 7 (2021) 12, 480,
e-Print: 2111.05675 [hep-th]

~

Anomaly condensate > linear axion potential Vg > (R, ,0 R'77) b(x)

Recall: approximately de Sitter provided during the duration of inflation

b(t) = b(0) + 0.14Mp H tepg ~ b(0) order of magnitude

<0 N=e-folds beginning
of inflation

Ooguri, Vafa, ...Palti

B(0)] > O(10) Mp,  comemaresa™



Axion Monodromy like potentials NEM, Universe 7 (2021) 12, 480,
e-Print: 2111.05675 [hep-th]

BUT .
Anomaly condensate > linear axion potential Vg 35 (R, 50 RMVPTY b(z) =

2 , .
\/;96/-@ A"/ =g (0,0 KY)

/

b ~ V/2e H Mp) < M2,
el H~ 107° Mpy

Distance-swampland

Q conjectures avoided ?



Gravitational Anomaly Condensates - Dynamical Inflation ’

Basilakos, NEM, Sola ]

Positive
A= (b(z)R,,,s R*""°) ~5.86 x 10"e N H* > ( Cosmological
e-foldings Constant-like

Positive total vacuum energy density since A-term dominates

H

2
Protal = Py + pgcs + pa = 3M, [— 1.7 x 10—3(—) + (1.17 _ 1.37) x 107 (i)‘*] >0
Mpy Mpy




Gravitational Anomaly Condensates - Dynamical Inflation ]

Basilakos, NEM, Sola ]

_ Positive

A = (b(z) R, 0 R*7P°) ~5.86 x 10" e N H* > (0 Cosmological

. o 1t
HELp Constant-like

Positive total vacuum energy density since A-term dominates

H

Protal = Pb + pgcs + pa == 3Mp, [— 1.7 x 1073 (—
Mp

)2 + (1.17 _ 1.37) x 107 (Mipl)“] >0

Dark Ewnergy

Mrunning
vacuum model

(RVM) Eype)



Gravitational Anomaly Condensates - Dynamical Inflation ]

NEM, Sola |

_ Positive

A = (b(z) R, 0 R*7P°) ~5.86 x 10" e N H* > (0 Cosmological

. o It
HELp Constant-like

Positive total vacuum energy density since A-term dominates

H

2
Protal = Py + pgcs + pa = 3M, [— 1.7 x 10—3(—) + (1.17 _ 1.37) x 107 (i)‘*] >0
Mpy Mpy

Dark Enerqgy Equation of state :

“ruh\:\i:‘\';ﬂdei O > Pp+ Pgcs = - (Pb + Pgcs ) cf. phantom ““matter”
vaCuum

(RVM) Evpe”) 0 < pr=-p» 2 dominates =2

O < Pp+ Pgcs+ Pr = - (P + Pgcs + Pr) frue RVM

vacuum




Pt

Gravitational Anomaly Condensates - Dynamical Inflation \

b
NEM, Sola

Positive

10" e N H2 > (0 Cosmological

Constant-like

2
energy ) + (1.17 — 1.37) x 107 (%)4] >0
Pl

Equation of state :

Dark Ewnergy

“ru“v:\izgdel O > Pp+ Pgcs = - (Pb + Pgcs ) cf. phantom ““matter”
vaCuum

(RVM) E‘j?’e”) 0 < pr=-p» 2 dominates =2

O < Pp+ Pgcs+ Pr = - (P + Pgcs + Pr) frue RVM

vacuum




Gravitational Anomaly Condensates - Dynamical Inflation ’

Basilakos, NEM, Sola ]

Positive

—

A= (b(z)R,,,s R*""°) ~5.86 x 10"e N H* > ( Cosmological

Constant-like

Positive total vacuum energy density since A-term dominats

2
Ptotal = Pb + PgCS + PA = 3M1€1,1 [— 1.7 x 1073 (i) +1.17 — 1,37) % 107 (1)4 ;
MPI Mp]

RVM-like terms
Dark Energy drive inflation
“runiaing contain scalar d.o.f.
vacuum model from the anomaly
(RVM) bype™) condensate
Bul slow roll is due ko the KR axion field € 1 1 52 ~ 1072

2 (HMpy)?



Basilakos, Lima,
Cosmological Evolution of RVM Sola + Gomez Valent

+ ... (2013 -2018)
W = Pm / Pm  m = matter, radiation

VAT, =0 WP fmt3(l+w)Hpm=—prym

"\

m + RVM



Basilakos, Lima,
Cosmological Evolution of RVM Sola + Gomez Valent

+ ... (2013 -2018)
W = Pm / Pm  m = matter, radiation .
| A = Ptotal
VAT, =0 WP pmt30+0)Hpm = —jiyy

"\

m + RVM



Basilakos, Lima,
Cosmological Evolution of RVM | sola + Gomez Valent

+ .. (2013 - 2018)

W = Pm/Pm m =matter, radiation

VAT, =0 WP fmt3(l+w)Hpm=

)2 + (117 - 1.37) « 107 (%)4] >0

H
Protal = Pb + pecs + pa =~ 3Mp, [— 1.7 x 1073 (—
Mp,

| S | S
Vv a




Basilakos, Lima,
Cosmological Evolution of RVM | sola + Gomez Valent

+ .. (2013 - 2018)

W = Pm/Pm m =matter, radiation

VAT, =0 WP pmt30+w)Hpm =Ry

N 2 Co =0
. 9 Co B

Solution 1 — 1/2 H

without H(a) = ( V) !

fundamental Qv VD a3(1—v)(1+wn) 4 1

inflatons A D >0

Early de Sitter at(1-v) « 1 |:> H? = (1 — v)H?/a

(unstable)

Radiation Da4(1_u) > 1 |:> H2 ~ a3(1—V)(]/_—|—wm) ~ a—4
w=1/3

Late dark-Energy H2(a) _ Hg [Qmo q30-v) o QAO]

dominated era QA(): dominant



Basilakos, Lima,
Sola + Gomez Valent
+ ... (2013 -2018)

Cosmological Evolution of RVM |

W = Pm/Pm m =matter, radiation

P
. 3 2 Co
Solution 1— )\ /2 H
H(a) — ( o V) \/D a3(l—u)(ll+wm) +1
<7 N D >0

Early de Sitter § Dg4(1-v) &« 1 :> 2 _ (1 _ 2
(unstable) . H (1 V)HI /a

Radiation Da4(1_l/) > 1 |:> H2 ~ a3(1_y)(1+wm) ~ a—4
w=1/3

Late dark-Energy 12

2 e —3(1-v) , ¢ -
dominated era (a) = Hg [Qmo a + QAO] €0 dominant



Gravitational Anomaly Condensates - Dynamical Inflation ]

Cannot obtain such terms NEM, Sola
in ordinary Quantum Field Theories

You need the condensate of
the gravitational anomalies
which have CP-violating couplings
with the gravitational axions

2
Protal = Pb + PacsS + pa =~ 3Mp, [— 1.7 x 1073 (i) 181.17 — 1,37) % 107 (1)4 ’
MPI Mp]

RVM-like terms
Dark Energy drive inflation
(Mrunning contain scalar d.o.f.
vacuum model from the anomaly
(RVM) bype™) condensate
Bkl slow roll is due ko bhe KR axion fleld € ~ l 1 52 ~ 1072

2 (HMpy)?



Gravitational Anomaly Condensates - Dynamical Inflation ]

Cannot obtain such terms ¢
in ordinary Quantum Field Theories oo™

You need the condensate of <V Vol 52

. . ik 0\;\&¢ C‘Q .\’@(
the gravitational anomalies Ple a‘s\‘ o
which have CP-violating couplings k‘;\ oS

with the gravitational axions

H

2
Protal = Pb + Pgcs + pa = 3Mp, [— 1.7 x 1073 (—) +
Mp)

1.17 — 1.37) x 107(Mi)4 ‘
Pl

RVM-like terms
Dark Energy drive inflation
(Mrunning contain scalar d.o.f.
vacuum model from the anomaly
(RVM) bype™) condensate
Bul slow roll is due ko the KR axion fleld € ~ l 1 52 ~ 1072

2 (H Mp))?



Gravitational Anomaly Condensates - Dynamical Inflation ’

Basilakos, NEM, Sola ]

Positive

—

A= (b(z)R,,,s R*""°) ~5.86 x 10"e N H* > ( Cosmological

Constant-like

RVM-like terms
Negative coefficient v < O drive inflation
A due to CS anomaly contain scalar d.o.f.
in early Universe, unlike from the anomaly
late-era RVM condensate
Bul slow roll is due ko the KR axion fleld € ~ l 1 52 ~ 1072

2 (HMpy)?



Solutions (backgrounds) to the Eqs of Motion

/ ) /
ot [\/—g(c9al_)—\/ggzx1/“(t))] =0 = [E= gglefowconstant}

Undiluted KR axion background
at the end of Inflation

@en_d of .
Lr::atlonary b ~ vV 28Mp1 H ~ 0. l4Mp]H

H = H;,q ~ const.



Solutions (backgrounds) to the Eqs of Motion

/ ) /
ot [\/—g(aal_y—\/gg(;xl’a(t))] =0 = [E= ggle/owconstant}

Undiluted KR axion background
at the end of Inflation

@en_d of .
:::atlonary b ~ vV 28Mp1 H ~ 0. 14Mp]H

H = H;,q ~ const.

| Important for Leptogenesis @ radiaktion era




9. Enhanced cosmic perturbations

and densities of primordial black
holes and Gravitational Waves



World-Sheet Instantons, Axion Monodromy like potentials | NEwm, universe 7 (2021) 12, 480,
& deviations from scale invariance e-Print: 2111.05675 [hep-th]

Anomaly condensate > linear axion potential Vg 35 (R, 50 ﬁ“”p“> b(x)

, —, [2 M A4
V(b) ~ bi\é[—m =b— = bAS Ap = 8.4 x 107 Mp,.

30602 T
. 2 Mpy \~! Eq.(9) _ . —6 7,
fo = (\fg 96 A;fs‘z) = 53107 Mpy

Such a potential can also arise in appropriate brane compactifications

(eg type IIB strings) L. McAllister, E. Silverstein and A. Westphal,
Phys. Rev. D 82 (2010), 046003
[arXiv:0808.0706 [hep-th]].

We may extend the model to include other stringy axions arising from compacitification

. b . 0 0
slin _ o 1(x) i Aé fq = axion coupling

! ’ fa

(with canonical kinetic
terms for a-axions )




World-Sheet Instantons, Axion Monodromy like potentials NEPN!’ :{nzi;'ﬂsoesg 7(§°ﬁ1) 1t2h, 480,
& deviations from scale invariance e-Frint: 2111. [hep-th]

NEM, Spanos, Stamou,
hep-th-2206.07963

Anomaly condensate > linear axion potential Vg 35 (R, 50 E“’/m> b(x)

world-sheet (non-perturbative) instantons - periodic potential perturbations

V‘fsmst ~ A cos( b )

7 Af ~ M2EeSwsinst 3> Ay & Ay,

ar

fa
NB: For Syinst = O(40): m, < O(101) eV, still compatible with ultralight axion DM

a
Vzn*ane—compact.—effeCtS( ) =/ A4 - a+ A4 (1 + fa f ) COS<_)

Var e Al COS( Ao > Ap # Ay, Restrictto I=1: a; =a

wsinst —

fa fa
warp factor
A4\ . L. McAllister, E. Silverstein and A. Westphal,
2 3 A I 3 Phys. Rev. D 82 (2010), 046003
> ™~ T iV Xiv:0808.0706 [hep-th]].
fa L (27]_)3 s [arXiv [hep-th]]



World-Sheet Instantons, Axion Monodromy like potentials NEPN!’ :J-nzi:ﬂsoesg 7(§°§1) 1t2h, 480,
& deviations from scale invariance e-Frint: 2111. [hep-th]

NEM, Spanos, Stamou,
hep-th-2206.07963

Anomaly condensate > linear axion potential Vg 35 (R, 50 ﬁ“’/m> b(x)

world-sheet (non-perturbative) instantons - periodic potential perturbations

stmst ~ A cos( b )

A~ M e Swsinst > Ay & A,
fb b s

VeL o~ Af cob( - Ao > Ap # Ay, Restrictto I =1: a;=a

wsinst —

NB: For S,inst = O(40): m, < O(1017) eV, still compatible with ultralight axion DM

warp factor
pd
2

fa I (27]')3 [arXiv:0808.0706 [hep-th]].

L. McAllister, E. Silverstein and A. Westphal,
3 A [3 Phys. Rev. D 82 (2010), 046003




World-Sheet Instantons, Axion Monodromy like potentials
& deviations from scale invariance

Anomaly condensate > linear axion potential Vg 35 (R, 50 ﬁ’“’p“} b(x)

world-sheet (non-perturbative) instantons - periodic potential perturbations

V(a, b) = Ay? (1 + e a(a:)) cos(f. ‘a(z)) + fi(fb Ao + A:}) a(x) + Ao® b(z)

fo Aj \1/3 NEM, Sola + Basilakos
Case | (— -+ 3) Ag < Ay € Ag NEM, Spanos, Stamou,
f a f a Ao hep-th-2206.07963
Inflation driven by b axion
A% \1/3
Case |l A € (ﬁ 4 2 ) Ao < Ay Zhou, Jiang, Cai, Sasaki, Pi,
fao  fa3 Phys. Rev. D 102 (2020) no.10, 103527

Inflation driven by compactification axions,
Prolonged by b axion




World-Sheet Instantons, Axion Monodromy like potentials
& deviations from scale invariance

Anomaly condensate > linear axion potential Vg 5 (R0 E“”pa> b(x)

world-sheet (non-perturbative) instantons - periodic potential perturbations

1
V(a, b) = + (fo Ao + A3) a(z) + Ao® b(z)
NEM, Sola + Basilakos
Case | e
. ﬂs ep-in- .
- yrbato

ic pert ZSS

Case Eni /

Zhou, Jiang, Cai, Sasaki, Pi,
Phys. Rev. D 102 (2020) no.10, 103527




World-Sheet Instantons, Axion Monodromy like potentials
& deviations from scale invariance

Anomaly condensate > linear axion potential Vg 5 (R0 E“”pa> b(x)

world-sheet (non-perturbative) instantons - periodic potential perturbations

V(a, b) = Ay* (1 + 716 a(a:)) cos(f. ‘a(z)) + f_la(fb Ao® + Ag) a(x) + Ao® b(x)

NEM, Spanos, Stamou,
hep-th-2206.07963

(fb A5

1/3
E—l_faAg) A0<A1<<A0




The enhancement of cosmic perturbations mechanism \

8.20

10"V (M%)

>

=

S
T

(=]
L e

NEM,

Spanos, Stamou,

hep-th-2206.07963

b-field + condensate drive inflation, a-axion ends inflation
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Primordial Black Hole (PBH) and GW
enhanced production during inflation
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Primordial Black Hole (PBH) and GW
enhanced production during inflation
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World-Sheet Instantons, Axion Monodromy like potentials
& deviations from scale invariance

Anomaly condensate > linear axion potential Vg 35 (R, 50 ﬁ’“’p“} b(x)

world-sheet (non-perturbative) instantons - periodic potential perturbations

‘ V(a, b) = A, (1 +fE a(a:)) cos(fa " ta(z)) + fi (fb Ao3 + A‘2‘> a(z) + Ao® b(z)

Case |l

fb A"z‘ 1/3
A — A A
°<(n+nﬁ) 0 <

Zhou, Jiang, Cai, Sasaki, Pi,
Phys. Rev. D 102 (2020) no.10, 103527

NEM, Spanos, Stamou,
hep-th-2206.07963
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World-Sheet Instantons, Axion Monodromy like potentials
& deviations from scale invariance

Anomaly condensate > linear axion potential Vg 5 (R0 E“”pa> b(x)

world-sheet (non-perturbative) instantons - periodic potential perturbations
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(@ic, bic) = 7.5622,0.522

NEM, Spanos, Stamou,
h

specific set of parameters
enhancement due to inflection
oints in the potential >
differ
than in

fv A3
A Jb
0= (fa A

Case |l anism

)1/3 Ag < Ay

Zhou, Jiang, Cai, Sasaki, Pi,
Phys. Rev. D 102 (2020) no.10, 103527




Primordial Black Hole (PBH) and GW

enhanced production during inflation in Case 2

NEM, Spanos, Stamou,
hep-th-2206.07963.
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SUMMARY: Primordial Black Hole (PBH) and GW NEM, Spanos, Stamou,
enhanced production during inflation in Cases 1 + 2 hep-th-2206.07963

SET|  Pgeek ME55(Mg) frBH

1 |1.466 x 1072 2.394 x 10~'° 0.009
2 11.365 x 1072 8.313 x 10~** 0.799
3 1224 %102 1.791 x 10~** 0.762

Hence in both hierarchies of scales :

4

. fv A; 1/3 . A\ < ﬁ.}. A2
Case 1: (Z+ faAg) Ao < Ay <A, ,Case 2: Ao (fa oA
Common: one may get significant enhancement of cosmic perturbations,

ands PBH production, and thus a significant portion of PBH could
play the role of DM, also, as a result, profiles of GW could change during radiation.

1/3
) Ag < Ay

Difference: In case 1: intensely oscillating spectra , case 2: smooth behaviour
—> distrinct behaviour, in principle falsifiable predictions at future interferometers
(e.g. LISA).



6. Post Inflationary Eras
e
Cosmic Evolution

of the stringy RVM



Post-RVM-Inflation Eras & Evolution

8\
NEM,Sola
/N EPJ-ST
H p}ill—mp (2020)
b .
Ini;l:II::ion‘ KR axion
dominance
Sti GW + Anomalies
Stiff-matter domi
Era ominance
RV M-inflation ?
|
9 o

2 a(t)



Cancellation of Gravitational Anomalies in Radiation Era
by:
Chiral Fermionic Matter generation @ end of Inflation

(including sterile v) .
Basilakos, NEM,Sola (2019-20)

Required by consistency of quantum theory
of matter and radiation (diffeomorphism invariance)
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7. Modern-era phenomenology:
deviations from ACDM and
alleviation of cosmological

data tensions?
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With Arguelles, Ruffini, Rueda
+ Yunis, Carinci, Krut, Lopez Nacir
Moline, Scoccola

8. Warm Dark Matter in
Galaxies:
Potential role of light sterile
Neutrinos
in galactic structure &
their interactions with axions






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 c22 m =1 MeV c?
in DM haloes with densitie10~?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

SIDM

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 (galactic) 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 c22 m =1 MeV c?

in DM

naloes with densitie10~2Mg /pe?

o/m N@/:l)— 100 cm?/g.

=1 barn/GeV
consistent with
all current
constraints of
GSC

would imply observational effects in the inner haloes



CONSTRAINTS ARE LIMITED

Solves cosmology’s
Mertens+ 2011

“small scale crisis” Clowe+ 2004

Bradac+ 2008
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Dark matter self-interaction cross section, o, [cm?/g]



CONSTRAINTS ARE LIMITED

Solves cosmology’s
Mertens+ 2011

“small scale crisis” Clowe+ 2004

Bradac+ 2008
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CONSTRAINTS ARE LIMITED

Solves cosmology’s

“small scale crisis” Clowe+ 2004 Meﬁens+ i Bradac+ 2008

in the CMSSM model
CMSSM2008

Bullet cluster
1E 0657-558
MACSJ0025

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



New Observables due to DM drag in collding galaxy clusters

DARK MATTER DRAG IN Harvey,Massey,Kitching,Taylor,Titley
GALAXY CLUSTER COLLISIONS arXiv:1503.07675, Science

SD

[3 N % G Baryénic gas

‘5} DM OFFSETS -> CROSS-SECTION

(8)
%
[+)
z‘-".é'oo
o

Harvey+ 2013, MNRAS Optically thin:

) drag from microscopic N

Harvey+ 2014a, MNRAS forces XOp _ ¥y
| L /

f e ,/

{ yd /
;7 / Optically thick:
\‘, / behaves like a fluid, drag

THE OBSERVABLES

’_/' governed only by geometry
/
4

ﬁ

Drag force on DM, Dy,

Alway positive
Baryofiie gas
oF
0 i

Self-interaction cross-section Opy Y
Harvey 2014a, MNRAS

The null test

Interacting DM?

B ASI
o 8SG

Harvey+ 2014a, MNRAS




30 MERGING GALAXY CLUSTERS

DEC (degrees)

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




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

NEW CONSTRAINTS ON OpM
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Dark matter self-interaction cross section, opy/m [cm?/g]

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




THE NEW PICTURE OF DARK MATTER

OSIDM /T

0.1 <
cm? g—1

<047




.
OBSERVABLE MANIFESTATION OF SELF-

INTERACTIONS IN COLLIDING CLUSTERS

Short range force (like weak force)
Rare, high momentum transfer
(like billiard balls)
Isotropic scattering o
X X -> Substructure evaporation

> Massive (e.g. Z)

S Massless (e.g. Y’)

X X Long range force (like electromagnetism)
Frequent, low momentum transfer
(like Thomson scattering)
Directional scattering o(0)
=> Substructure deceleration

Kahlhoefer et al. 2014, MNRAS 437, 5865
Boehm et al. 2010, PRL 105, 1301



OBSERVABLE MANIFESTATION OF SELF-
INTERACTIONS IN COLLIDING CLUSTERS

Snut range force (like weak force)

Rare, high in2mentum tran<*Z,
(like billiard ban-’

Isotropic s~zucring o

-

— substructure evaporation

\/

(» Massive (e.g. Z)

(> Massless (e.g. Y’)

X /\\ X Long range force (like electromagnetism)

Frequent, low momentum transfer
(like Thomson scattering)
Directional scattering o(0)
=» Substructure deceleration

Kahlhoefer et al. 2014, MNRAS 437, 5865
Boehm et al. 2010, PRL 105, 1301




OBSERVABLE MANIFESTATION OF SELF-
INTERACTIONS IN COLLIDING CLUSTERS

x = Right-handed neutrino

In Right-handed neutrino WDM:
\/ (i) mass of up to O(50) keV,
() massive vector (if) interactions stronger than the
S weak force, 108 G¢
SV, exchange

' (iii) massive ~ 10% keV exchange vector
is OK for core-galaxy structure

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




Self-Interacting Right-Handed
Neubtrine Warm Dark mwakber

&

galactic core-halo structures |




Earlier Studies:
massive (non-interacting) fermions in galaxies
@ a quantum level

m =0(10) keV Ruffini, Arguelles, Rueda, MNRAS (2015)

o N
100 F R.A.R model (6,=30) -
8 | Einasto ------- ]
10 i NEFW —— —-— 1
. 10° .
™ L .
8 10 p~_ -
® - g
= 10° | -
= 100 e -
102 F T e ‘\;
-4 - '\‘-
10 P P BT B U Y B B

102 10" 10° 10' 10° 10%® 10* 10°

A In halo region RAR model behaves similar to Einasto or NFW profiles
The core region needs revisiting 2 self interacting fermionic dark matter



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. vVMSM
(Shaposhnikov ef al. or our stringy RVM model) 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(50) keV (WDM) <& Cosmological constraints of vMSM

Sterile neutrinos as warm DM in galaxies_



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 Stand~- e“es\s
(non-supersymmetric) with riok* '\,ep‘°g RHN)
self interacting via mae-’ , cP N
interactions ir *' R\'N\ fo

5“'\“9\1

2
QY
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oW
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bt
\ed . G
- Péeq““ed a‘(\\e‘a(
e Con W e ‘-(\a\J £ OQE)Q‘ or dwarf galaxies

in Mi gul W “\65\'\3_0,&1 > mass of lightest RHN
in O(% The \Q''*7,, < Cosmological constraints of vVMSM

Sterile neutrinos as warm DM in galaxies_



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 M- -N\ mass
(non-supersymmetric) with right-har- ’te‘“e

self interacting via massive »- \Naﬂ‘“ S
interactions in the A~ .. g O%

“'a\“
no

awarf galaxies
~ mass of lightest RHN
\(““'\‘5 © . cosmological constraints of vYMSM

¢ < neutrinos as warm DM in galaxies_



https://arxiv.org/abs/2008.08464
https://arxiv.org/abs/2111.07642

+ ADD INTERACTIONS AMONG STERILE NEUTRINOS

Sterile (right-handed) neutrinos, I = 1,2,3

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

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

+ self-interactions, e.g. vector type g%/F N[’}/MN] NJ")/M NJ

Or interacting
with a massive
Dark vector A,

~ D
gy Nv"Np A,

4+ kinetic terms of AB



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

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

Place the vMSM in curved space tim 9uv = diag(e”, —e?, —r?, —r? sin® )
v=v(r) A= A(r
L = LGR +‘CNR1 —|—£V
Laop = 16i0 Lnp, =1 Npg1n WV, Nri — %mN r1NR1,
Ly = —%VMUV‘“’ + %7’72“2/V“V“[£1 = —gVVMJ{j = —gVVMJ\_rR 1Y*Ngr1

\V/ _0 1, ab[‘ ,\]
p— % 7 g% e b e . : .

' Classical fields (egs of motion) satisfy detailed
thermodynamic equilibrium conditions

in a galaxy at a temperature T < O(keV)



NB: Alternatively one may have four-fermion
(attractive) current-current interactions

[El > ng\/jJV,u} Jy = NRI/Y'UJNRI

Corresponds to a limiting case where
vector boson mass my >> momentum scale

Similar effects on galactic structure for
sufficiently strong interaction couplings g,




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

Measure of Strength of self Interactions

Cy Eg%//m%/

Co at 1 <r, when Ag/l>1
Cy(r) =
0 at r>=>ry, when Ap/l <1

inter-particle mean distance [
at temperature 7’

h
V2mtmkgT

de-Broglie Wa,velength_ AB =




Right-handed keV Neutrinos with vector self-

interactions & galactic structure

sterile v

mass Milky Way (M. = 4.4 x 106Mg)
m (keV) Co 0o Bo re (pc) or (pc) O(rm)
A7 2 3.70 x 103 1.065x 10-7 | 6.2x 104 [ 21 x10-%4 | -20.3
1014 3.63 x 103 1.065x 10~7 | 6.2x 1074 | 22x 1074 | -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 | 1.3x107% | 6.7x 107 | -37.3
1014 1.27 x 105 1.104 x 10=7 | 59x 10~ | 94 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

3= kgT/m = Boeo—v()/2

0 = u/(k5T)
at the core (5o, 6o)

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

No solution for

gravitational collapse



Right-handed keV Neutrinos with vector self-

interactions & galactic structure

sterile v

mass Milky Way (M. = 4.4 x 106Mg)
m (keV) Co 0o Bo re (pc) or (pc) O(rm)
A7 2 3.70 x 103 1.065x 10-7 | 6.2x 104 [ 21 x10-%4 | -20.3
1014 3.63 x 103 1.065x 10~7 | 6.2x 1074 | 22x 1074 | -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 | 1.3x107% | 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)

Allowed WDM mass

range

47 keV c2<m < 350 keV c2
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"""""""""" ™~ Ruffini, Arguelles, Rueda
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b N-N Cross sections under
massive vector exchange
(perturbation theory gy < 1 OK)

. m € (47,350) keV
o\
ol (gvi;m/) 29m? (p?/m* < 1)
s

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

2 -
. _ ([ gv —1 8 8
Cv—(m—v) Gt Cv € (2.6 x 108,7 x 10%)
to resolve issues of small-scale
Arguelles, NEM, cosmology crisis
Rueda, Ruffini,
JCAP 1604, 038 MASS OF 4
(2016) AP MV S 3 x 107 keV




. M, oo
I = LS_-HI.I + ;F\r'j?a@#’:r:#*.wf @ ZI j\'}* yl

Small Mixing angle

parametrization sin20 = 260

02 = Z (U?'FQJ)/M;"),
Light Neutrino Masses through see saw a=eu.

m, = —..-wﬂﬁ[ﬂfﬂ]’i" |

Mp =F_ v
v=(¢) ~ 175 Gev Mp < M

mg =
Lightest
sterile

Fiu=101° 2> m 2= 107 eV?



] _ Boyarski, Ruchayskiy, Shaposhnikov...
VMSM non self interacting

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

constrained severely by x-rays due to the Higgs portal

— NUSTAR M31 (This work)
I NuSTAR Deep Sky
NuSTAR GC

10—10

| )’I I llll
/
'II @036“"\ .
X 7
W

/
/

10 —13
N Limit )
esonant Production)

I IIIIIII
s

1014



VMSM self interacting  Yunis et al., MG16, arXiv:2111.07642

(vector) , RAR profile o /m ~ 0.144C2 /m® = 0.1cm? /g

B Ly-a (This work)
Bl Halo Counts (This work)
——— YMSM Ly-a (Viell3)

10°%

10~°

8
w C°”sffa/
Nts

4 5 6 7 8 9 19 20

Particle Mass (keV)

Yunis, Arguelles, Scoccola, Nacir, Giordano



Yunis, Arguelles, NEM, Moline, Krut, Carinci,

. - Rueda, Ruffini,
VMSM self mteractlng PDU 30 (2020) 100699 -« e-Print: 2008.08464

But ..self interactions (or in general tnteractions with other M
species, e.9. axions) and modified galaxy profiles (RAR+SIDM)
allow for heavier steriles ... But smaller portal mixing

DM productiow 10-10 : Thermal Overproduction
Through -
10711 5 :
park vector §
decays 1012 |
A | T
D 1 LU N Bullet Cluster -
~ 107% MW el TR TN
o~ ] T U< > ;:“;\ | _» : it R \
C I N, N N 2. e
-(7’ 10_14 E\, AN . —‘J// \\_.._—-\ :,’L\\\\\ ’,4‘ . ,/I, \\\\ ,,’// N
i "' Perez 'iT\‘::;:-/ NS
10715 4 W \\\\\\ \!NTEGRAL MW
10716 — .
| === RAR+SIDM (MW Inner pc) (Cy ~ 108)
10'7 4 - RAR+SIDM, S2 rot. curve

T T * T T T

40 45 50 55 60

Mass [keV]


https://arxiv.org/abs/2008.08464

Axion-Sterile-neutrinos interactions

_ / d‘x—g[—%R+%6,,b&“b+\/§ (@) (R B — Fpoy ) 4

96&:

+ Ghree / d"z\/_ - g \/g a,,b) g 2 / d*zy/—g JoT* +

or Majorana

T = g

J = All fermion species, including sterile neutrinos




Axion-Sterile-neutrinos interactions

_ L1 V2d/ po o
_/d“a:\/_—g[—ﬁR+§6,,bO“b+ T (Ruwpo B — Fy F*) +.

+Shi+ [ aev=g (

or Majorana

T = g

J = All fermion species, including sterile neutrinos

Derivative coupling of axion with fermions - shift symmetry

Suppressed Q




NEM & Pilaftsis 2012
PRD 86, 124038 arXiv:1209.6387

However, non-perturbative A
(eg stringy instanton) effects can
Generate a non-derivative coupling

of axion b with sterile neutrinos
(steriles are singlet under

standard model group, hence there
Is preservation of SM gauge groups)



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)

Shift b > b+c symmetric

b(m) RHVPO ﬁpupa

1
° = / d'ov/=g [5(3,11))2 " 192727,

| - 1 2
+a Il + (@) (0) + 5(Ou)

—Yala (JRC"/)R — menc)] : |




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)

Shift b > b+c symmetric

b(m) RHVPO ﬁpupa

1
° = / d'ov/=g [5(3,11))2 " 192727,

| - 1 2
+ap il 40D Pt 5(0u0)

neutrino fields

Shift a & a + ¢ non-symmetric



Field redefinition
b(z) — b'(x) = b(z) + va(zx)

so, effective action becomes

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

b'(z) — va(z)
RMPOR
212 19272 f, ks

—Yqla (?J) Yr —YRYR )] : (

must have 1 otherwise axion field a(x) appears as a ghost 2>
|7| < canonically normalized kinetic terms
Sa = /d4$ vV—9 [l(&ua)2 — va(2) RHVP? ﬁuvpo
2 19272 fy, \/ — 2
1 5 5K
——2—a (DK YR — PR ) + g Jid ™
v1-— ’7 f b

CHIRALITY CHANGE



THREE-LOOP ANOMALOUS STERILE NEUTRINO MASS

ONE-LOOP

GRAVITON | GRAVITON
——eg

ﬁ h

vr  Yr (WrR)S (Wr)C

CHIRALITY CHANGE
A\ = UV cutoff

N 1 Yoy KTAS _ V3ya v k>A®
(16m2)2 19272fp(1 —~v2) 491528 74(1 — 42)

Mp




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 NUMBERS

A = 1017 QeV Mg is at the TeV
v =0.1 ) for y, = 1073

A = 1016 GeV Mp ~ 16 keV,
Ya =7y = 107°
INTERESTING
WARM DARK MATTER
REGIME

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

by choosing Yukawa couplings




SOME NUMBERS

A = 1017 GeV A’{R 1s at the TeV
) for y, = 103
~v = 0.1 Ya
A = 10'® GeV Mp ~ 16 keV,
i " —3
May be (di t mmet - —
May be (srete) symmetry easers | Ya =¥ = 10
tob ner i - . -
for t(:\: :gi?)n?Ral-tl-enZJtC:ig:)ate patierns INTERESTING
Yukawa couplings y, WARM DARK MATTER
REGIME

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

by choosing Yukawa couplings




FINITENESS OF THE MASS

Arvanitaki, Dimopoulos et al.

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

s = [dev5 (13 (0ua0? - M2) ++(00)0"ar)

i=1

1 n—1
_5 Z 5}\/[31-4_1 A;di+1 ] ‘

i=1

OM 2 M. M. positive mass spectrum
ikl S L for all axions

\/§ya v K5A6—2n (5]‘{[3)71
491528 4 (1 — 42)
N V3yay k2 (M) (SMF)"~°

49152v/8 w4 (1 — 42) (M2)n—3

simplifying all mixing equals Mp ~ n<3

M

n>3J3



FINITENESS OF THE MASS

Mavromatos, Pilaftsis arXiv: 1209.6387

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

n

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

i=1

1 n—1
~5 D M1 aiaisy ] |

i=1

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

V3yay KPAST2(SM2)"
T T 49152VB 7A(1 — A2)

V3yay k2 (6MZ)°  (6MZ)"
T 491528 74(1 —~2) (M2)n—3
Mg : UV finite for n=3 @ 2-loop, independent of axion mass

simplifying all mixing equals Mp n<3

M

n>3J3



Opem Issu,es

bk



Opem Issues

Include non-derivative axion-sterile neutrino interactions
and examine the above constraints on allowed masses of
Sterile neutrinos

yaﬁc N,
= D
gyl N4

Recall b axion mass can be that of QCD axion in our scenario

1.17x 1072 eV > my > 1.17 x 10" %e

but large masses can also be allowed, depending on the model,
also for compactification stringy axions



Opem Issues

Include non-derivative axion-sterile neutrino interactions
and examine the above constraints on allowed masses of
Sterile neutrinos

yaﬁc N,
= D
gyl N4

Recall b axion mass can be that of QCD axion in our scenario

1.17x 1072 eV > my > 1.17 x 10" %e

but large masses can also be allowed, depending on the model,
also for compactification stringy axions

May be both axion and sterile neutrino warm DM pay a role
in galactic structure...



Opem Issues

Include non-derivative axion-sterile neutrino interactions
and examine the above constraints on allowed masses of
Sterile neutrinos

yaﬁc N,
— D
gy iV v N A

Recall b axion mass can be that of QCD axion in our scenario

1.17x 1072 eV > my > 1.17 x 10" %e

but large masses can also be allowed, depending on the model,
also for compactification stringy axions

We also argue that DM may also consist of

PBH, whose production can be enhanced during RVM
Inflation due to axion potential modulation by world-sheet
Instanton effects in our string-inspired model...



Opem Issues

Include non-derivative axion-sterile neutrino interactions
and examine the above constraints on allowed masses of
Sterile neutrinos

yaﬁc N,
VN”)/“ NJAQ ot

Recall b axion mass can be that - \'0‘( .Xlon in our scenario

L7 > 1073 eV @j”“g/ll?xl() eVl

but large masses ¢~ P aIIowed depending on the model,
also for compacti ‘*(0 . stringy axions

We also argue that DM may also consist of

PBH, whose production can be enhanced during RVM
Inflation due to axion potential modulation by world-sheet
Instanton effects in our string-inspired model...
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Shapiro + Sola
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c1 = 3vk™2, ¢g = 3ak ™2 HI_2,

A =3¢ H; ~ 107 °k~ ! (current pheno)
Vacuum energy density assumed de Sitter like but with time-dependent Cosmological

parameter A(t) : Pﬁ\/l\fl(t) _ A(t)/RQ o — \/m _ ]wl;ll
Also: Ellis, NEM, Nanopoulos A(t)
(1998) — in non critical strings D (t)RVM — _pRVM (t)

Renormalization-Group-like equation for the evolution of vacuum energy density
Hubble parameter H(t) € RG scale u
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Axion Monodromy like potentials NEM, Universe 7 (2021) 12, 480,
' e-Print: 2111.05675 [hep-th]

Anomaly condensate > linear axion potential Vg 35 (R, 50 E“’/m> b(x)

Recall: approximately de Sitter provided during the duration of inflation

b(t) = b(0) + 0.14Mp H tepg ~ b(0) order of magnitude

<0 N=e-folds beginning
of inflation
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L = §3u¢3“¢ — V() Ooguri, Vafa, ...Palti

Distance-swampland
conjectures?
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Potential ways out:
Trapped inflation scenarios Jin, Brandenberger,
(moduli production @ U4 Heisenberg,

enhanced symmetry points) ';u"- Zgys- J. € (2021)
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Earlier Studies:
massive (non-interacting) fermions in galaxies
@ a quantum level

Collisionless Relaxation mechanics in galaxies (King Model)

of  of of
ot Vo %5 " / ’
f 5 F Violent relaxation (Lynden Bell (1967)) 95 _ 8_¢|r(t)
average oo

total energy not conserved

5= [ v, m)nplr,v, mdndrds  F(ev) = [ plr,v,mndn

= - u - _ 1
entropy maximization at fixed 55 —0 = F—
total mass &energy eBle(p)—a] 41




Earlier Studies:
massive (non-interacting) fermions in galaxies
@ a quantum level

Collisionless Relaxation mechanics in galaxies

of
ot

'f—>f

average

Ruffini & Stella, A & A (1983)

- —|—vg — Vo(r, t)— =
Or
1 —exp[—j2(vE — v?)]
f(V) = (D — ) S Ve
exp [2(v2 — )] + 1
p— O’ "4 > ve;

 — —oo = dilute limit

j2=m/(2kT), i = 2p/m and 6 = j2f.

Ad = 47rG/fd3v

rotational velocities

(King distribution at classical level)



Earlier Studies:
massive (non-interacting) fermions in galaxies

@ a quantum level

Gao, Merafina, Ruffini, A & A (1990)

Collisionless Relaxation mechanics in galaxies

Fermi distribution
Pauli exclusion principle

of of of 3
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1
f(p)= —=—>  €(P)=V/2p? + m?c* — mc?
e kT +1
2
Equation of State - ( )
e(p
Po= 3h3/ f(p) _1+ mc? |

in curved metric

ds® = e¥ 2dt? — eMdr? — r’d6? —

r? sin® 0d ¢’
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Gao, Merafina, Ruffini, A & A (1990)

1

Einstein equatiOnS e_’\ — 1 — 2(:621'\'4 ‘R,uy _ §QW/R — 8 7> G T'u,V
dM
—— = Axr?p,
- wrlp.
dP 1 du(c2 L P) dv  2G M + 4nwr3P/c?
ar— 2dr " PTTY Tar T2 21 —26M/(c2r)]

First law of thermodynamics (Klein conditions)

e’/?T = constant,

e’/?(u+ mc?) = constant.
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Gao, Merafina, Ruffini, A & A (1990)

Ruffini, Arguelles, Rueda, MNRAS (2015)

Dimensionless form of equations R 5 _ .
(? =r/x, x < m—2) m=fermion mass

dM rmion
— = Axp?p, ("ino”)
dr
dd 11— jo(6— 6o) M + 4x P?3 B(r) = foe- v(r) s
dr Bo P2(1— 201/7)°

dv M + 47 P?3
df P2(1—2M/?)’

Free parameters: So= kTo/mc?, Ho= po/kTo and m
Initial conditions M(0) =0; 19 =0; 6(0)=6; >0; B(0)= Bo;

Dark matter halo observables rm = 25 Kpc; vi, = 168 km/s;
of spiral galaxies (boundary condltlon;Mh 16 10111\.'1@
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Ruffini, Arguelles, Rueda (RAR), MNRAS (2015)

e ROTATION CURVES AND THE CORE CHARACTERISTICS
@ m is strongly dependent ONLY on the core characteristics!
o For m ~ 10keV/c? — M. ~ 10°M,, (SgrA* candidate)

| I | | I | | I |

10 b B, m (keV/c?)
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) * 0o m(keV/c?) re(pc) M:(Mg)
1 11 0.420 3.3 x 10! 8.5 x 108
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30 10.540 4.0 x 102 2.7 x 106

1 40 64.450 1.0x 103 8.9 x 10%
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