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Open	problems	in	Astrophysics	and	Cosmology	

i.  In	 the	 observed	 Universe	 the	 matter	 prevails	 on	
antimatter	even	if	both	are	always	created	together;		

ii.  CMB	 is	 not	 anisotropic	 nor	 inhomogeneous	 enough		
to	 be	 compatible	 with	 the	 Big	 Bang	model	 without	
the	 introduction	 of	 a	 still	 	 	 unknown	 interaction	
driving	the	inflation;	

iii.  Given	the	gravity	we	expect		a	 	negative	acceleration	
of	 the	 expansion.	 On	 the	 contrary	 that	 seems	 to	
accelerate;	

iv.  The	gravitational	 field	of	Galaxies,	clusters	and	even	
of	 the	 Solar	 system	 seems	 much	 stronger	 the	 one	
due	to	the	visible	matter.		
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Present	state	of	Possible	solutions		
i.  The	 mechanism	 suggested	 by	 Sakarov	 for	 matter/

antimatter	 asymmetry	 is	 connected	 	 to	 CPV	 but	
experimentally	this	phenomenon	is	far		too	weak;		

ii.  Models	 have	 been	 proposed	 to	 justify	 inflation	 by	
supersymmetric	 vacuum	 energy	 and	 SSB	 but	 at	
present	 no	 evidence	 for	 supersymmetry	 has	 been	
found	yet;	

iii.  Dark	Energy	has	been	 introduced	by	hand	 in	order	 to	
give	a	motivation	to	the	accelerated	expansion	of	 the	
Universe;	

iv.  Dark	 Matter	 has	 been	 introduced	 in	 order	 to	 give	 a	
motivation	 to	 the	 observed	 discrepancies	 between	
theory	and	measurements	of	 the	orbital	 speed	of	 the	
stars	of	the	external	part	of	the	galaxies.		
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WHY	SO	MANY	DIFFERENT	MOTIVATIONS?	

From	 the	 point	 of	 view	 of	 the	 elegance	 the	
situation	is	far	from	being	satisfactory:	
i.  As	many			hypothesis	as	problems;		
ii.  Most	of	them	just	put	by	hand	into	the	theory;	
iii.  Dark	Matter	 and	 Dark	 Energy	 hypotheses	 are	

artificial.	
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Ockham's	razor	
•  This	 “lex	 parsimoniae”	 Is	 due	 to	 the	 English	
Franciscan	 Scholar	 Will iam	 of	 Ockahm	
(	 1287-1347),	 	 who	 inspired	 the	 Character	 of	
William	 of	 Baskerville	 in	 the	 Umberto	 Eco’s	
novel	 “The	 name	 of	 the	 Rose1”.	 It	 can	 be	
presented	as:	

•  If	 there	are	 several	 competing	 	Hypotheses	 	 in	
order	 to	 explain	 a	 phenomenon	 or	 create	 a	
theory,	 the	 one	 that	 needs	 the	 fewest	
assumptions	and	parameters	should	be	selected		

•  1)	Le	cose	e	i	loro	nomi,Toraldo	Di	Francia		Laterza,	1986	
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Can	we	master	all	the	problems	with	a	single	
Hypothesis?	

•  Let’s	start	from	Matter	Antimatter	symmetry:	

i.  Matter	 is	 always	 produced	 with	 the	
corresponding	antimatter;	

ii.  Matter	 seems	 to	dominate	 the	 landscape	of	
the	Universe;	

iii. No	stable	Antimatter	seems	to	populate	our	
Galaxy	nor	the	Universe	in	general.	
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Strong,	Weak	and	electromagnetic	Interactions	
are	limited	in	range	

•  At	the	scale	of	106	m	even	the	electromagnetic	
interaction	 is	 mostly	 screened	 and	 the	 only	
residual	interaction	is	the	gravity;	

•  At	 this	 scale	 no	 significant	 presence	 of	
antimatter	can	be	find;		

•  Is	 there	 any	 connection	 between	 absence	 of	
antimatter	and	presence	of	gravitation?	
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Repulsion?	
•  Antimatter	 particles	 correspond	 to	 negative	 energy	

solution;	
•  Could	 this	 correspond	 to	 a	 negative	 gravitational	mass	

and	 to	 a	 consequent	 gravitational	 repulsion	 between	
matter	and	antimatter?	

g.m.	piacentino	12/04/18	 8	



Suppose	that	gravitational	interaction	between	
matter	and	antimatter	is	repulsive	

•  This	could	explain	matter	antimatter	
asymmetry;	

•  This	could	be	the	nature	of	Dark	Energy;	
•  This	could	be	the	nature	of	Dark	Matter;	
•  Repulsion	could	have	powered	the	Inflaction;	

–  An	equal	mix	of	matter	and	antimatter	would	give	a	net	repulsive	force.	
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Is	this	compatible	with	GR?	



What	is	antimatter?	
	

	(Feynman~Stueckelberg)	Definition:		
	
Matter													(Time	reversal	x	Charges	coniugation)															Antimatter	

What	kind	of	time	reversal	is	the	one	to	be	used	in	GR?	

How	antimatter	affects	Gravitation?	
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Taxonomy	of	matter	in	GR:	
	

In	GR.	Matter	can	evolve,	symmetrically,	in	the	positive		
or	negative	time	direction			
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So	we	can	classificate	respect	to	a		system	of	
reference	that	is	not	
In	motion	respect	to	the	matter.	If	we	define	
positive	the	proton	with	
Positive	charge,	we	have	in	principle	four	different	
type	of	matter:			
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Where	τ	is	the	proper	time	



Taxonomy	of	matter	in	GR:	
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τ	is	the	proper	time		so	we	have:	
	

dτ = dxµdxµ = dt
γ

Both	signs	are	allowed	to	τ	since			 γ = 1
1− β 2



A	change	in	the	sign	of	ϒ affects also:  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m = m0γ ;
uµ = γ (1,u)
pµ = m0γ (1,u)
So	the	mass	is	odd	under	proper	time	inversion	



This	is	true	also	for	the	energy	stress	
tensor	in	fact:	
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E = pµuµ;
pµ = T µνuν ;
E = T µνuµuν ;



So	we	 can	 introduce	 the	 time	 reversal	 in	order	
to	understand	how	antimatter	behaves	from	the	
point	of	view	of	a	matter	made	observer:			
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antimatter and antigravity are 
connected classical concepts  

•  Several opposition based on three points: 

•  1) energy conservation violation 

•  2) equivalence principle violation  

•  3) Induction of CPV 

•  Most of them not valid (Nieto et al.)  
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The	working	hypothesis	

•  Even	 if	 the	 experiments	 proposed	 are	 completely	 model	
independent,	we	 are	 fascinated	 by	 	 the	working	 hypothesis	
that,		
by	their	nature,	quantum	vacuum	fluctuations	are	virtual	

gravitational	dipoles	
•  This	 hypothesis	 	 permits	 to	 consider	 the	 well	 established	

Standard	Model	matter	 	 (i.e.	matter	made	 from	quarks	 and	
leptons	interacting	through	the	exchange	of	gauge	bosons)	as	
the	only	matter	–energy	content	of	the	Universe;	of	course	a	
content	immersed	in	quantum	vacuum.					

•  Apparently	 there	 is	 no	 	 need	 to	 invoke	 dark	 matter,	 dark	
energy,	inflation	field	…						
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From	the	gravitational	point	of	view	quantum	vacuum	is	
a	continuum	of	virtual	gravitational	dipoles	

The	random	orientation	of	the	gravitational	dipoles	makes	the		total	
gravitational	charge	density		of	the	vacuum	equal	to		zero	
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Around	a	galaxy	or	a	massive	body		
a	gravitational	polarization	in	in	

action:	
	 An	 	 halo	 of	 the	

polarized	 quantum	
vacuum	 	 acts	 as	 an	
effective	gravitational	
charge	on	the			on	the	
boundary	 between	
the	 saturated	 zone	
and	the	non-polarized	
area	

So	 that	 gravitational	 polarization	 of	 the	
quantum	vacuum	might	be	 the	 true	nature	of	
what	we	call	dark	matter.	
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Dark	matter	could	be	a	local	effect	of	the	

gravitational	polarization	of	the	quantum	vacuum	
	•  A	gravitational	polarization	density									(i.e.	the	gravitational	dipole	

moment	per	unit	volume)	may	be	attributed	to	the	quantum	
vacuum.	

•  The	spatial	variation	of									,	generates		a	gravitational	bound	
charge	density	of	the	quantum	vacuum	

	
In	the	case	of	spherical	symmetry		

	
	
	
This	calculations	seems	in	agreement	with	results	for	galaxies	
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Effective	gravitational	charge	of	a	body	
depends	on	distance	from	it	
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Antigravity	and	CPV	from	P.	d.	G.		

•  “Despite	the	phenomenological	success	of	the	
KM	mechanism,	 it	 fails	 (by	 several	 orders	 of	
magnitude)	 to	 accommodate	 the	 observed	
asymmetry	 [21].This	 discrepancy	 strongly	
suggests	 that	 Nature	 provides	 additional	
sources	 of	 CP	 violation	 beyond	 the	 KM	
mechanism.”	
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CPV	and	Gravity	

•  In	 the	1958,	 eight	 years	before	 the	discovery	
of	 CPV,	 Philip	 Morrison	 published	 on	 the	
American	 Journal	 of	 Physics	 a	 paper	 showing	
that	 a	 strong	 difference	 in	 the	 gravitational	
interaction	 for	 matter	 and	 antimatter	 could	
generate	a	CPV	in	neutral	Kaons	system.		

•  The	 CPV	 in	 neutral	 Kaons	 has	 been	 discovered	 	 8	
years	later	!!	
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Let	us	restrict	to	CPV	in	the	Ks-Kl	
system	
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Consider	an	indirect	CPV:	

KL	‘mixes’	to	KS	before	
decay	INDIRECT	

• 		Indirect	CP:	



The	 gravitational	 field	 is	 described	 by	 the	
acceleration	 g	 so	 the	 components	 of	
antimatter	and	matter	of	a	meson	are	divided	
by	a	distance	growing	with	the	time	that	can	
be	written	as:		
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Δζ = gt 2



The	time	useful	for	the	phenomenon	is	
a	 fraction	 Ω-½	 of	 the	 mixing	 time	 Δτ	
where:	
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Δτ = π!

Δmc2
≈ 5.9x10−10 s ≈ 6τ s

Where	τs	is	the	life	time	of	Ks	



The	dimension	of	 a	 K	meson	 is	 about	
0.5	fm	or:		
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ΔLk =

!
mkc

The	ratio:	 Δζ
ΔLk

Is	 the	 adimensional	
c o n s t a n t	 t h a t	
characterizes	 the	
phenomenon			



So	we	have:	
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Ω
g π 2!2

Δm2c4
!
mkc

=Ωπ 2! gmk

Δm2c3
=Ωx0.88x10−3



And	obtain	the	CPV	parameter	as:	
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ε =Ω
g π 2!2

Δm2c4
!
mkc

=Ωπ 2! gmk

Δm2c3
=Ωx0.88x10−3



This	means	that	gravity	could	be	
responsible	for	some	of	the	CPV	in	
the	neutral	K	seen	on	the	Earth	
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CPV	and	Gravity	

In	 	 1992	 Gabriel	 Chardin	 showed	 that	 gravity	 on	
Earth	has	the	right	intensity	to	generate	CPV	in	the	
mixing	of	the	neutral	K	and	B	mesons;	
•  He	 also	 demonstrated	 that	 the	 phenomenon	 of	
antigravity	 for	 antimatter	 could	 be	 compatible	
with	 the	 General	 Relativity	 and	 that	 it	 could	 be	
the	 motivation	 of	 an	 instability	 of	 quantum	
vacuum	 in	 the	 presence	 of	 strong	 gravitational	
fields,	mimic	of	the	Hawking	radiation.		
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So	if		the	gravitational	interaction	between	
matter	and	antimatter	is	repulsive	

•  This	could	explain	matter	antimatter	
asymmetry;	

•  This	could	be	the	nature	of	Dark	Energy;	
•  Repulsion	could	have	powered	the	Inflaction;	

–  An	equal	mix	of	matter	and	antimatter	would	give	a	net	repulsive	force	

–  This	could	even	be	the	nature	of	the	Dark	Matter	

	
	

g.m.	piacentino	12/04/18	 33	



How	to	make	experiments?	



Antimatter	gravitational	experiments	

•  Whitteborn	&	Fairbanks	attempt	to		measure	
gravitational	force	on	positrons		

•  Los	Alamos-led	team	proposed	(1986)	to	
measure	gravitational	force	on	antiprotons	at	the	
CERN	Low	Energy	Antiproton	Ring	(LEAR)		

•  Projects	ended	inconclusively	
•  too	various	to	be		described	here...		
•  Many	H̅	efforts	in	progress	at	CERN	AD	(ALPHA,	
ATRAP,	ASACUSA,	AEgIS,	GBAR)		
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World	leader:	ALPHA*	at		

CERN	Antiproton	Decelerator		
•  They	make	antihydrogen	from	p-	and	e+	 in	an	
octupolar	 	trap	then	shut	the	magnet	and	 	&	
see	 whether	 antihydrogen	 annihilate	 on	 the	
top	or	at	the	bottom.	
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Interference,	at	CERN	(AEgIS)	and	proposed	at	
Fermilab	(	Phillips)		
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Testing	Gravity	with	Muonium		
K.	Kirch∗	

Paul	Scherrer	Institut	(PSI),	CH-5232	Villigen	PSI,	Switzerland	
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CPV	and	Gravity	

i.  On	 a	 circular	 LEO	 at	 500	 Kilometers,	 gravity	 is	
about	 10%	 less	 than	 on	 Earth.	On	 a	GEO	orbit	
the	 intensity	of	 the	of	 the	Earth’s	 gravitational	
field	is	of	the	order	of	few	percent.	This	is	likely	
to	cause	a	large	fluctuation	of	any	gravitational	
contribution	to	the	CPV	in	the	2-state	system	of	
the	neutral	K	mesons.•	Furthermore	 in	orbit,	a	
large	flux	of	energetic	protons	is	present	and	is	
only	mildly	modulated	by	 the	Earth’s	magnetic	
field.		
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								AMS	
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CPV	and	Gravity	

•  On	 a	 square	 target	 of	 70	 cm	 of	 side,	 about	
1.4x	 104	 protons	 per	 second	will	 impact,	 The	
energy	 of	 the	 cosmic	 protons	 ranges	 from	 a	
few	MeV	to	∼200	GeV	with	the	maximum	flux	
around	 1	 GeV	 and	 several	 smaller	 local	
maxima	 at	 5,	 13,	 and	 31	GeV.	 This	 spectrum	
can	 produce	 the	 neutral	 Kaons.	 The	 total	
number	 of	 K	 mesons	 decays	 over	 a	 space	
mission	 lifetime	 (>	 2	 years)	 will	 yield	 the	
required	physical	measurement.		
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A	dedicated	Satellite	

•  WE	suggested	the	use	of	a	dedicated	Satellite	
•  Our	 payload	 proposed	 to	 ESA	 is	 aimed	 at	
performing	 a	 particle	 physics	 experiment	 in	
o rb i t	 w i th	 ac t i ve	 ta rget ,	 magnet i c	
spectrometer,	tracker		and	calorimeter		

•  Active	Target:	We	simulated	the	production	of	
the	Kl	“long”	(long	decay	neutral	mesons)	and	
Ks	(“short”)	mesons	by	the	cosmic	protons	on	
an	appropriate		target	
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Active	Target	

Tracker		Layers	
Permanent	
Magnet	

ECAL	



Klong	production	

•  G.	M.	Piacentino,	A.	Palladino	and	G.	Venanzoni,	``Measuring	
•  gravitational	effects	on	antimatter	in	space,''	
•  		Phys.	Dark	Univ.		{\bf	13}	(2016)	162.		
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•  G.	M.	Piacentino,	A.	Palladino	and	G.	Venanzoni,	``Measuring	
•  gravitational	effects	on	antimatter	in	space,''	
•  		Phys.	Dark	Univ.		{\bf	13}	(2016)	162	
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The	next	opportunity		

•  The	environment	on	the	Moon	has	numerous	
peculiarities	 that	 make	 it	 interesting	 We	
suggest	that	a	difference	between	the	amount	
of	CP	violation	as	measured	on	the	surface	of	
the	 Earth	 and	 on	 the	 surface	 of	 the	 Moon	
could	also	larger	than	in	orbit.		



•  On	 the	 Moon,	 the	 gravitational	 acceleration	
gMoon	 =	 1.622	 m/s2	 is	 only	 16.54%	 of	 the	
corresponding	one	on	Earth.	Such	a	difference	
should	 be	 extremely	 usefu l	 to	 our	
investigation	on	the	contribution	of	gravity	to	
the	mixing	in	the	neutral	kaon	system.		



•  A	 direct	measurement	 of	 the	 flux	 of	 protons	
on	 the	 lunar	 surface	 has	 not	 been	made	 yet	
but	Ackermann	et	al.	have	 fit	 the	data	of	 the	
gamma	albedo	from	the	Moon	surface	due	to	
the	 incoming	 proton	 flux	 finding	 this	 last	
equal,	 inside	 a	 10%	 error,	 to	 the	 one	
measured	by	AMS2	and	Pamela.		



A	crude	glance	with	AMS2	



conclusions	
•  We	 have	 proposed	 a	 possible	 test	 of	 the	 gravitational	 behavior	 of	

antimatter	by	measuring	the	rate	of	 the	CP	violating	decay	 in	space.	We	
estimate	that:		

•  5σ	 measurement	 of	 a	 possible	 change	 in	 the	 CP	 violation	 parameter	 ε	
could	 be	 obtained	 within	 some	 	 years,	 depending	 on	 the	 detection	
efficiency,	if	one	places	a	detector	with	a	few	cm	thick	tungsten	target,	a	1	
m	 diameter	 by	 1	m	 deep	 tracking	 region,	 a	magnetic	 field	 for	 charged-
particle	 identification,	 time-of-flight	 counters,	 and	 electromagnetic	
calorimeters	 for	 energy	 measurements,	 on	 a	 Leo	 or	 better	 on	
Geostationary	 orbit.	 Even	 better	 could	 be	 an	 experiment	 on	 the	Moon.	
Any	difference	between	the	amount	of	CP	violation	 in	orbit	with	respect	
to	the	level	of	CP	violation	on	the	Earth’s	surface	would	be	an	indication	of	
the	 nature	 of	 the	 gravitational	 interaction	 between	 matter	 and	
antimatter.	 A	 positive	 result	 may	 offer	 an	 explanation	 for	 the	 cosmic	
baryon	asymmetry	and	may	offer	a	 contribution	 to	 the	observed	effects	
thought	to	come	from	dark	matter	and	dark	energy.	A	first	Glance	can	be	
possible	using	AMS2	data.		
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