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Introduction:

&8 ntroduction

Everything can be explained by the Standard Model !

... but there should be more than one Standard Models



Bright & Dark Sides of our Universe

&
Mirror Matter: e Qg ~0.05

Astrophysical

observable matter: electron, proton, neutron !

| mptations e Qp~0.25 dark matter: WIMP? axion? sterile 17 ...

B e Qp~0.70 dark energy:  A-term? Quintessence? ...

e odion e Qr <1073  relativistic fraction:  relic photons and neutrinos

Dark Matter from

" Peleerd Matter — dark energy coincidence: Qpm/Qp ~ 0.45, (Qm = Qo + Q5)
pn ~ Const.,  py~a3  why pu/pn~1 - just Today?

Antrophic explanation: if not Today, then Yesterday or Tomorrow.
Baryon and dark matter Fine Tuning: Qg/Qp ~ 0.2

pB ~ a3, pPD ~ a3 why pg/pp ~ 1 - Yesterday Today & Tomorrow?
Baryogenesis requires BSM Physics: (GUT-B, Lepto-B, AD-B, EW-B ...)

Dark matter requires BSM Physics: (Wimp, Wimpzilla, sterile v, axion, ...)

Different physics for B-genesis and DM?
Not very appealing: looks as Fine Tuning



Dark Matter from a Parallel World

&

Mirror Matter:
Astrophysical

implications Our observable particles:

(Best of the possible Worlds ....)

AR G — SU(3) x SU(2) x U(1) (+ SUSY ? + GUT 7 ...)

electron, nucleons (quarks), neutrinos, gluons, Higgs
. QED photon/long range, QCD gluons/confining, Weak W, Z /short range
frinriinall ... matter vs. antimatter (CP 4 B/B-L violation ... )

.. existence of nuclei, atoms, molecules .... life.... Homo Sapiens !

Dark matter: a parallel sector ? (Best of the possible Dark Worlds ...)
G’ = SU3) x SU(2) x U(1)" ? (+ SUSY ? GUT ’'? Seesaw ?)

... dark matter (CP + B’/B’-L’ violation ... ) ?

.. existence of dark nuclei, atoms, molecules ... life ... Homo Aliens ?

Call it Yin-Yang (in chinise, dark-bright) duality

describes a philosophy how opposite forces are ac-
tually complementary, interconnected and interde-
pendent in the natural world, and how they give rise

to each other as they interrelate to one another. Eg x E}



SU@B) x SU(2) x U(1) + SU(3) x SU(2) x U(1)
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Mirror Matter: G x G’

Astrophysical
implications

Regular world Mirror world

Zurab Berezhiani Elementary Particles 25Dit169 1stnsms|a

Introduction:
Dark Matter from
a Parallel World
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e Two identical gauge factors, e.g. SU(5) x SU(5)’, with identical field
contents and Lagrangians: Lot = £ + L' + Linix

e Mirror sector (£') is dark — or perhaps grey? (Lmix — portals )

e MM is similar to standard matter, (asymmetric/dissipative/atomic)
but realized in somewhat different cosmological conditions (T'/T < 1)

e Exact parity G — G’ (Z or ZtR): no new parameters in £’

e Cross-interactions between O & M particles
Lmix: new operators — new parameters! _limited only by experiment!
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Introduction:
Dark Matter from
a Parallel World

Visible vs. Dark matter: Qp/Qg ~17

Visible matter from Baryogenesis
B (B — L) & CP violation, Out-of-Equilibrium
pg = ngmg, mg~1GeV, n=ng/n, ~107°

71 is model dependent on several factors:
coupling constants and CP-phases, particle de- |

grees of freedom, mass scales and out-of-equilibrium [

conditions, etc. e Sakharov 1967

Dark matter: pp =nxmx, but mx =7, nx=7
nx is model dependent: DM particle mass and interaction strength
(production and annihilation cross sections), freezing conditions, etc.

@ Axion m, ~107° eV n, ~ 10*n, - CDM
m, ~10"' eV n, ~n, - HDM (x)
m, ~ 10 keV  n, ~1073n, - WDM
mg ~1GeV ng ~ng -777

mx ~1TeV  nx ~10"3ng - CDM

myx ~ 10 GeV nx ~ 10_14n3 - CDM

Neutrinos
Sterile v/

WIMP

°
°

@ Mirror baryons
°

o WimpZilla




SU3) x SU(2) x U(1) wvs. SU3) x SU(2)" x U(1)

,,;'/- Two possible parities:  with and without chirality change

Mirror Matter:

Astrophysical L
implications _ L Y] . ur, dr, er ! eft
Zurab Berezhiani L

=1

B=1/3 L=1 +cp

Introduction: L_IR v - 7 -
ark Matter from L y ug, dL7 eL
aD P:ra’\\/:eltt\/\/oild R ) g ) ’ Righf
=1 B=-1/3 L=-1
Left
ug, dr, ek L

I r__
B'=-1/3 L'=-1 1 cp

) .o, d, &
B'=1/3 L'=1
Lyac = FLYFi¢ + hec Ly =FY'Fl¢) + hec
Z: L(R) < L'(R'): Yige= Yude B+B — —(B+B')

ZR LRy« R'(L'): Y)ge=Yige B+B — B+B' Z;F=2ZxCP

Right




— Sign of baryon asymmetry (BA)?

2

Mirror Matter:

o e Ordinary BA is positive: B =sign(n, — nz) =1
implications — as produced by (unknown) baryogenesis a la Sakharov!

Zurab Berezhiani

Sign of mirror BA, B’ = sign(ny — np ), is a priori unknown!

e Imagine a baryogenesis mechanism separately acting in O and M sectors!
AU — without involving cross-interactions in Lmix

E.g. EW baryogenesis or leptogenesis N — £¢ and N’ — ¢'¢’

Zr: — Ytj,d,e = Yud,e jie. B =-1
— O and M sectors are CP-identical in same chiral basis! O=left, M=left

ZR 5 Y ge=Yige e B =1

u

— O sector in L-basis is identical to M sector in R-basis!  O=left, M=right

In the absence of cross-interactions in Lmix we cannot measure sign of BA
or chirality in weak interactions of M sector — so all remains academic ...

But switching on cross-interactions, violating B and B’ — but conserving
say B+B’ as e.g. neutron—mirror neutron (n — n’) mixing: enn’ + h.c.
ZWR B =1 — n—n M matter — O matter

Z, B =-1 — 7 —7A M (anti)matter — O antimatter



, — All you need is ... M world colder than ours !
&

Mirror Matter For a long time M matter was not considered as a real candidate for DM:
bl naively assuming that exactly identical microphysics of O & M worlds

° implies also their cosmologies are exactly identical :
e T' =T, gl=g. — ANT=615 vs. ANST <05 (BBN)
Introduction: eng/n,=ng/ny (n =n) — Q=0 vs. Qp/Qs~5(DM)

Dark Matter from
a Parallel World

Zurab Berezhiani

But all is OK if : Z.B., Dolgov, Mohapatra, 1995 (broken Z5)
Z.B., Comelli, Villante, 2000 (exact Z5)

A. after inflation M world was born colder than O world, T} < Tg

B. any interactions between M and O particles are feeble and cannot bring
two sectors into equilibrium in later epochs

C. two systems evolve adiabatically (no entropy production): T’/ T ~const

T'/T < 0.5 from BBN, but cosmological limits T'/T < 0.2 or so.

x=T/T<1l = inOsector 75% H + 25% *He
= inMworld 25% H’ + 75% *He’

For broken Z,, DM can be compact H' atoms or n’ with m ~ 5 GeV
or (sterile) mirror neutrinos m ~ few keV Z.B., Dolgov, Mohapatra, 1995
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Brief Cosmology of Mirror World

e CMB & (linear) structure formation epoch
Since x = T'/T < 1, mirror photons decouple before M-R equality:
Zhee ™ X124 ~ 1100(T/T')

After that (and before M-reionization) M matter behaves as collisionless
CDM and T'/T < 0.2 is consistent with Planck, BAO, Ly-« etc.

e Cosmic dawn: M world is colder (and helium dominated), the first M
star can be formed earlier and reionize M sector (z; ~ 20 or so vs z =~ 10).
— EDGES 21 cm at z >~ 177

Heavy first M stars (M ~ 10**°M,) as seeds of central BH — Quasars?

e Galaxy halos? if Q5 ~ Qg, M matter makes ~ 20 % of DM, forming
dark disk, while ~ 80 % may come from other type of CDM (WIMP?)
But perhaps 100 % ? if Q5 ~ 5Qg: — M world is helium dominated, and
the star formation and evolution can be much faster. Halos could be
viewed as mirror elliptical galaxies dominated by BH and M stars, with our
matter forming disks inside.

Maybe not always: Galaxies with missing DM, or too many DM, etc. 7

Because of T/ < T, the situation Qf ~ 5Qp becomes plausible in
baryogenesis. So, M matter can be dark matter (as we show below)



CMB and LSS power spectra

&

Mirror Matter: 92,2025, 20,023, h=0.73, n=0.97—— |
Astrophysical
implications

\ x<05, o COM ZB, Ciarcelluti, Comelli, Villante, 2003

x=0.3,10 CDM - - -

= x=0.2,10 CDM ==+~ / -1 4
Zurab Bere N Zdec = X "Zdec & 1100(T/T )
g
)
$
Introduction: =
Dark Matter from L. _ . .
a Parallel World ® e e e <— imprint of ANeg
0 20 400 600 600 1000 1200 1400 imprint of M-baryon oscillations
105 T T T T
20t bin. o
= 10%E
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z £
= =
< 5
8L §
10% . X
0.01

0.10
k/h (Mpc')

Acoustic oscillations and Silk damping scales: x = 0.5, 0.3, 0.2
x < 0.2:  Galaxies with M < 1085°M, will be damped



Can Mirror stars be progenitors of gravitational

5 Wave bursts GW150914 etc. ?

T Picture of Galactic halos as mirror ellipticals (Einasto density profile?), O

e matter disk inside (M stars, M neutron stars and BH = Machos)
Microlensing limits: f ~ 20 — 40 % for M =1 — 10 Mg,

f ~ 100 % is allowed for M = 20 — 200 M,

Zurab Berezhiani

Introduction: 1
Dark Matter from
a Parallel World

GW events without any
0.8 optical counterpart

o6 Massive BH compact bi-

naries, M ~ 10—100 M,

5 s e e e e

Fon, max

0.4

0.2 Can such objects be

formed from MM?

| M|
1 10 100
MACHO Mass (M)

M matter: 25 % Hydrogen vs 75 % Helium: M stars more compact, less
opaque, less mass loses by stellar wind and evolving much faster.
Appropriate for forming such BH binaries, BH-Ns and NS-NS binaries?
And perhaps large seeds for central BH in overdense.regions?
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Introduction:
Dark Matter from
a Parallel World

Experimental and observational manifestations

A. Cosmological implications. T'/T < 0.2 or so, Q5/Q2 =1+ 5.
Mass fraction: H' — 25%, He' — 75%, and few % of heavier C', N’, O’ etc.
e Mirror baryons as asymmetric/collisional /dissipative/atomic dark matter:
M hydrogen recombination and M baryon acoustic oscillations?

e Easier formation and faster evolution of stars: Dark matter disk? Galaxy
halo as mirror elliptical galaxy? Microlensing ? Neutron stars? Black
Holes? Binary Black Holes? Central Black Holes?

B. Direct detection. M matter can interact with ordinary matter e.g. via
kinetic mixing eF*"F},,, etc. Mirror helium as most abundant mirror
matter particles (the region of DM masses below 5 GeV is practically

unexplored). Possible signals from heavier nuclei C,N,O etc.

C. Oscillation phenomena between ordinary and mirror particles.

The most interesting interaction terms in Lnix are the ones which violate
B and L of both sectors. Neutral particles, elementary (as e.g. neutrino) or
composite (as the neutron or hydrogen atom) can mix with their mass
degenerate (sterile) twins: matter disappearance (or appearance)
phenomena can be observable in laboratories.

In the Early Universe, these B and/or L violating interactions can give
primordial baryogenesis and dark matter genesis, with Q5/Qg =1 + 5.




Possible portals to Mirror World: L.«

2 can be limited (only) by experiment/cosmology !

Mirror Matter: N
Astrophysical e Kinetic mixing of photons GFWF[LV —

’ Makes mirror matter nanocharged (g ~ ¢) v
e<5x107% (EXP) €< 107° (COSM) (Exact Z) §

1 uv el Meut 2 A
GUT: £ (XG")(Z'GL.) ew( aL ) PN

Zurab Berezhiani

Chapter I:

e Higgs-Higgs' coupling A\(¢79)(¢'T¢’) A < 10~7 (COSM)
Neutrino - mirror

neutrino mixings SUSY %(d)l ¢2)(¢/1¢/2) )\ ~ MSUSY/M

SUSY Twin Higgs AS(¢1¢2 + ¢1dh — A%) + ...  global SU(4)
broken Z, parity Z.B. 2005, Falkowksi, Pokorski, Schmalz 2006

e Chiral family gauge symmetry - SU(3):  (ZIF parity)

Automatic cancellation of anomalies: f,f, ~3, f/,f/ ~3

Automatic MFV in SUSY: @m? = m2(1+ YTY +...), A=msY
SUSY @ TeV scale Z.B. 1996, Z.B. and Rossi, 2000

Flavor gauge bosons @ TeV scale: DM direct detection
70— 7% KO — KY efi — €'fi’ etc.  Z.B., Belfatto 2019



Chapter |

Chapter |

Neutrino — mirror neutrino mixings



B-L violation in O and M sectors: Active-sterile mixing

7

Mirror Matter ° ﬁ(&b)(&é) (AL = 2) - neutrino (seesaw) masses m, ~ v2/M
Gl M is the (seesaw) scale of new physics beyond EW scale.

implications

Zurab Berezhiani

Chapter I:
Neutrino - mirror l
neutrino mixings

e Neutrino -mirror neutrino mixing — (active - sterile mixing)

L and L' violation: 1 (£8)(€¢), % (¢'¢")(¢'¢') and L (o) (1€'®)

(p\\\AL=1, AL/=1/,,()QI

Mirror neutrinos are natural candidates for sterile neutrinos
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Chapter I:
Neutrino - mirror
neutrino mixings

Co-leptogenesis: B-L violating interactions between O and M worlds

L and L’ violating operators i (£$)(£¢) and % (£¢)(¢'¢’) lead to
processes (¢ — £ (AL =2) and (¢ — 0'¢’ (AL =1, AL' =1)

Al=2 - /e
(p\\AL_l, AL’=1 /,Lp’

After inflation, our world is heated and mirror world is empty:
but ordinary particle scatterings transform them into mirror particles,
heating also mirror world.

e P
O

l l

e These processes should be out-of-equilibrium
e Violate baryon numbers in both worlds, B — L and B’ — L’
e Violate also CP, given complex couplings

Green light to celebrated conditions of Sakharov




i Co-leptogenesis: Z.B. and Bento, PRL 87, 231304 (2001)
7

Mirer Matter Operators % (/$)(I$) and 2 (1$)(I'¢") via seesaw mechanism —

implications heavy RH neutrinos N; with

EEEEl  Majorana masses 3 MgjcN; Ny + h.c. ﬂi\ /,”5' “ o s
\ N A
’ N \
1 r l 4
, ) T A
Chapter I: 6 ® o ¢ \ o~ N/ \ o~ A

Neutrino - mirror \ 4 \
neutrino mixings \ / \ ’ d N \& \ N N
{ N 4 1

Complex Yukawa couplings Yj/iN;¢ + Y,-J’-/,-’qu_ﬁ’ + h.c.

Z, (Xerox) symmetry — Y/ =Y,
ZR (Mirror) symmetry — Y/ = Y*



Co-leptogenesis: Mirror Matter as Dark Anti-Matter

Z.B., arXiv:1602.08599
4

Mirror Matter:
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P P d o >
implications b 7';?1‘ + (3H + F)nBL = Ao Neq
Zurab Berezhiani . = (-]
() 2\ /
~ ) ) dngy, AV /52
) 7 *® ) b - 3=t dt +(3H+F)nBL_Aa neq
©9 ©°9
® - o(lp = 1p) —o(lp — 1¢) = Ao
» ©® @ ©
Chapter I: & - A
Neutrino - mirror @

e o(lp = T¢)—o(lp = 1'¢))=—(Aoc+Ac")/2 — 0 (Ac=0)
olp = 1'¢)—o(lg =T¢)=—(Ac—Ac")/2 — Ao (0)

Ao =ImTr[g (YY) g H(YTY)g 2(YTY)] x T2/M*

Ao’ =Ao(Y = Y)

Mirror (ZLF): Y/ =Y* — Aoc’=-Ac — B>0,B<0
Xerox (Z2): Y=Y —= Ad'=Ac=0 — B,B =0

If k = (%)T:TR < 1, neglecting Tin eqs  — npL = ng,

4
;o w103 IMe T 103 Tk 3 (108 Gev
QB—QB—IO M ~10 J(1011 GeV) M




Cogenesis: Q% ~ 5Qp Z.B. 2003

7

Mirror Matter:

e i = ()

implications

=T, ™~ 1, Boltzmann Egs.

Zurab Berezhiani

dnBL +(3H+r)nBL—AO'n dnBL +(3H+r/)nBL_A0nq

should be solved with I':

Chapter I:
Neutrino - mirror 08 D)
neutrino mixings

D(k) = Qg /3, x(k) = T'/T for different g.(Tg) and I'1/T>.

So we obtain Qp = 5Qpg when mj; = mg but n = 5ng
— the reason: mirror world is colder
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Chapter 1]

Neutron — mirror neutron mixing



B violating operators between O and M particles in £«

2

Mirror Matter:
Astrophysical

melicetions Ordinary quarks u, d  ( antiquarks &, d)
Zurab Berezhiani . . - 7
Mirror quarks v’, d’  ( antiquarks @', d’)

e Neutron -mirror neutron mixing — (Active - sterile neutrons)

2 (udd)(udd) &  h(udd)(ud'd)

Chapter 1

neutron — mirror
neutron mixing
AB=2 " AB=1, AB'=—1 ,

u
d—E ’ ¢ d d’
d \v\d d . \\d/

Oscillations n — i1 (AB =2)
Oscillations n — 7 (AB =1, AB’=—-1) B+ B’ is conserved




Neutron— antineutron mixing

4

Mirror Matter Majorana mass of neutron e(n” Cn+ A’ Ch) violating B by two units

Astrophysical
implications comes from six-fermions effective operator g (udd)(udd)

Zurab Berezhiar

AB=2
U

Uu
d d
d T4
Chapter 11

e e It causes transition n(udd) — f(ddd), with oscillation time 7 = ¢~

neutron mixing
6
e = (n|(udd)(udd)|A) ~ 250 ~ (100 TeV)® , 19-25 gy

1

Key moment: n — i1 oscillation destabilizes nuclei:
(A Z)=(A-1,1,2) > (A-2,Z/Z-1)+T's

Present bounds on € from nuclear stability

£<12x107*eV — 7>13x10%s Fe, Soudan 2002
£<25%x107%* eV — 7>27x10%s 0, SK 2015
e<T75%x107% eV — 7>09x10%s direct limit free n



Neutron — mirror neutron mixing

v
Effective operator 745 (udd)(u'd’d’) — mass mixing enCn’ + h.c.
violating B and B’ — but conserving B — B’

Mirror Matter:
Astrophysical
implications

AB=1, AB'=—1

. A 5 _
SA < = (n|(udd)(u'd"d")|) ~ SiE2 ~ (55Y)7 x 10710 eV
neutron mixing

Key observation: n — i’ oscillation cannot destabilise nuclei:

(A, Z) = (A=1,2)+ n'(p’'e'V') forbidden by energy conservation
(In principle, it can destabilise Neutron Stars)

For m, = m,s, n — i oscillation can be as fast as e 1 = 7,7 ~ 1 s

without contradicting experimental and astrophysical limits.
(c.f. 7> 10 yr for neutron — antineutron oscillation)

Neutron disappearance n — @’ and regeneration n — i’ — n
can be searched at small scale ‘Table Top' experiments



Neutron — mirror neutron oscillation probability

&
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implications
:u,‘:E:r::M',«H H = my + u,Bo €
€ my + u,B'o

The probability of n-n" transition depends on the relative orientation
of magnetic and mirror-magnetic fields. The latter can exist if mirror
matter is captured by the Earth

N i Py(t) = py(t) + dy(t) - cos § =
neutron mixin, . -
y 0 sin” [(w - w’)t] sin® [(w + w’)t] .. B’
t) = + N
p 27w — w')? 27w + W)’ 7 ﬂ
sin® [ w— w')t] sin® [(w + w/)t] R
d(t) = 2 ne 2 72 B
27 (w — w') 27 (w + w')

where w = HAB‘ and w’' = %‘[LB" ; 7 -oscillation time

N (1)-N (1)
Ay = =L BTN 4 (t)-cosf « assymetr
B ( ) Nili(t)-'r Nh,(t) collis E( ) y y



Earth mirror magnetic field via the electron drag
mechanism

7
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s
EET =Y \\

Earth can accumulate some, even tiny amount of mirror matter due
to Rutherford-like scattering of mirror matter due to photon-mirror
photon kinetic mixing.

N G Rotation of the Earth drags mirror electrons but not mirror protons
(ions) since the latter are much heavier.

Circular electric currents emerge which can generate magnetic field.
Modifying mirror Maxwell equations by the source (drag) term, one
gets B’ ~ €2 x 10%° G before dynamo, and even larger after dynamo.

Chapter 11
neutron — mirror

Such mechanism can also induce cosmological magnetic fields
Z.B., Dolgov, Tkachev, 2013




Experimental Strategy

2

Mirror Matter To store neutrons and to measure if the amount of the survived ones
e depends on the magnetic field applied.

ZATED AT o Fill the Trap with the UCN
o Close the valve

e Wait for Ts (300's ...)

@ Open the valve

@ Count the survived Neutrons

PO  Repeat this for different orientation and values of Magnetic field.
neutron mixing NB( TS) — N(O) exp [_ (r + R + ,PBV) TS}
Ng1(Ts) 5 =
galls) _ _ T.
Noa(Ts) exp [(Ps2 — Pe1) v Ts]
So if we find that:
Ng(Ts) — N_g(Ts) Ng(Ts)
A(B, Ts) = 0 E(B,b,Ts) = 140
( 5) NB(TS) + N—B(TS) # ( 5) Nb(TS) 76



A and E are expected to depend on magnetic field

&
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E.g. assume B'=0.12 Gauss

5 T

]
Serebrov-1 PsI-1 ,'

Chapter 11
neutron — mirror
neutron mixing




Experiments

v
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8 experiment were done at ILL/PSI, 3+1 by PSI group, 241 by
Serebrov group with 190 | beryllium plated trap for UCN
New experiments are underway at PSI, ILL and ORNL

Chapter 11
neutron — mirror
neutron mixing




Exp. limits on n — n’ oscillation time — ZB et al,
Eur. Phys. J. C. 2018

Mirror Matter:
Astrophysical
implications

Chapter 11
neutron — mirror
neutron mixing




Free Neutrons: Where to find Them 7

&
Mirror Matter:
Astrophysical

implications

Hrel Bereiien Neutrons are making 1/7 fraction of baryon mass in the Universe.

But most of neutrons bound in nuclei ....
n— i’ or ' — A conversions can be seen only with free neutrons.

Free neutrons are present only in
Chapter 11

neutron — mirror e Reactors and Spallation Facilities (experiments are looking for)

neutron mixing
e In Cosmic Rays (n — n’ can reconcile TA and Auger experiments)
e During BBN epoch (fast n’ — 7 can solve Lithium problem)

— Transition n — @ can take place for (gravitationally) Neutron
Stars — conversion of NS into mixed ordinary/mirror NS



Chapter IV

Chapter IV

n — n’ and Neutron Stars
(and Mirror Neutron stars)

Z.B., Biondi, Mannarelli, Tonelli, arXiv:2012.15233
Z.B., arXiv:2106.11203



Neutron Stars: n — n’ conversion
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Mirror Matter: Two states, n and n
Astrophysical
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Zurab Berezhiani H— ( m, + Vn + /’LHBJ € )

/

€ m,+ V) — u,B'o

n =cosfn+sinfn’, ny =sinfn—cosfn’, 0~

V,—V!

n

V, = 2manp/m, ~ a3 x 125 MeV & = np/ng (ns = 0.16/ fm3)
Er ~ €23 x 60 MeV, (V.<V, E}<E})

Chapter IV: .
n ) and nn — nn’ with rate [ = 20?n(ov)ny, o = 4ma>

Neutron Stars

dl\gt(t) =-TN dl\sft) =TI\ Ny + N, = Const.

2/3
1o =1 =elar (1_5’\;\’/,@) x 101° yr

E=TEpN, = & (1‘5’\7\’%) x 103! erg/s NS heating — surface T



Mixed Neutron Stars: TOV and M — R relations

&

Mirror Matter: T 2 2 -2 42 _ 1
Astrophysical 8uv = dlag(*gttvgrra r-,r-sin 9) 8t = € ¢v 8 = Tom/r

implications T = -,—;V + Tiu _ diag(pgﬂ_7 P pr2’ pr2 sin? 9)
p=pi+p&p=pi+p, pa=F(pa)

Zurab Berezhiar

dm:
®_anip o U —anp, me it m
dé _ _ 1 dp _, dpi/dr _ dp/dr
dr ptp dr 3ﬂ1+P1 p2+p2
dp __ m+4mpr
dr (p+ p) 2mr—r?

(m #0,m; =0)in — (M = M)sn r— 50 Ma = 2’"7“2

20} 25f
Chapter IV:
/ L
n — n’ and 150 20
Neutron Stars
° © 15
E 1.0 E
= = 10}
05
05
0.0t L 0.0t L
0 5 [¢] 5
R[km] R[km]

V2 rule: e = MRS Ruix(M) = 5 Rns(M)




Neutron Star transformation

&

Mirror Matter:

Astrophysical
implications dl\gft) =-TN; %t(t) =N N; + N> = Const.

Initial state Ny = Ng, Nb =0 final state Ny = Np = Np/2

Zurab Berezhiani

151 M;=142, M,=0 ]
M;=141, M,=0.006
@ M;=132, M,=0.09
§ 10r M;=1.00, M,=0.37
g M, =M,=0.66
o
[/ P
Chapter IV: < 05F ~~eae 1
n — n’ and -~
Neutron Stars —
~‘\\\
0.0k et et ; : ;
0 2 4 6 8 10 12
R[km]

Hybrid stars: in quark matter (color-superconducting phase)
transition is not energetically farorable. But in neutron liquid shell it
can occur and create the M matter core in the HS interior.
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The combined constraints at the 68% confidence level over the neutron star mass and radius obtained from
(Left) all neutron stars in low-mass X-ray binaries during quiescence (Right) all neutron stars with

thermonuclear bursts. The light grey lines show mass-relations corresponding to a few representative
equations of state (see Section 4.1 and Fig. 7 for detailed descriptions.)
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Neutron Star Mergers

&

Virror Matter NS-NS merger and kilonova (GW170817 ?)
RS r-processes can give heavy *trans-lron* elements

implications

Zurab Berezhiar Mirror NS-NS merger is invisible (GW190425 ? M, = 3.4Mg )

But not completely ... if during the evolution they developed small
core of normal matter or antimatter (depends on the mirror BA sign)
— their mergers can be origin of antinuclei for AMS-2

Chapter IV:
n — n’ and
Neutron Stars
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Zurab Berezhiani

100 GeV ferg em™*

10-12

Energy flux, 100 MeV

FIG. 1. Positions and energy flux in the 100 MeV-100 GeV range of antistar candidates selected in 4FGL-DR2. Galactic coordinates.
The background image shows the Fermi 5-year all-sky photon counts above | GeV (image credit: NASA/DOE/Fermi LAT
Collaboration).
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Chapter V: Antimatter production rate: Nj = 2 ~ 2, (Mﬂ@) x 3-10% 571
n — n" and €

Neutron Stars

2
. N~ (26GM)nis ) 10% s M -1
ISM accretion rate: Np o~ =200 ~ X\ e ) \ w5 ) 8

v Vieo
Annihilation y-flux from the mirror NS as seen at the Earth:

2
~ 10~ 12 Nig M 50 pc 2 erg o
J =~ Vi (l/cm3)<1.5M@) (2k2)" 28 d - distance to source

Alternative: Antistars — Dolgov & Co. but some difference:
— the surface redshift s expected ~ 15 = 30 % for the NS
— which should be absent for antistars (weak gravity)
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