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Bimetric	models.	When	negative	mass	replaces	both	dark		matter	and	dark	energy.			
Excellent	agreement	with	observational	data.	Solving	the	problem	of	the	primeval	
antimatter.	Description	of	the	radiative	era.		
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"! T!Cosmology	today.	Questions	that	remain	unsolved.	
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!Currently,	and	we	insist	on	this	point	of	epistemology,	no	scientist	doubts	their	
existence	when	it	has	not	been	possible	to	detect	the	presence	of	these	particles	of	
primordial	antimatter	

1	-	We	will	bring	in	this	article	a	consistent	answer	to	this	problem,	including	the	
explanation	 of	 this	 non-observation	 of	 primordial	 antimatter	 and	 describing	
precisely	the	nature	of	its	components.	
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But	 while	 the	 energies	 used	 had	 largely	 reached	 and	 exceeded	 the	 required	
thresholds,	 the	 existence	 of	 any	 of	 these	 superparticles	 could	 not	 be	
demonstrated.	

U/9! +&>4+&0)! C41<! 0>(&1'(0'0! '9(&+! '/! +&B&6/@! 4! '5&/9<! '54'! J40! 8/'5! C/9&!
>/C@9&5&10(B&! 41+! '/'466<! +(DD&9&1'! D9/C! '5&! C4'&9(46! '54'! 8&>4C&! F1/J1! 40! 0'9(1.!
'5&/9<$!

But	 while	 this	 movement	 gave	 rise,	 for	 decades,	 to	 the	 publication	 of	
innumerable	articles	in	very	high	level	journals,	it	proved	incapable	of	producing	
a	model	of	anything	that	would	lend	itself	to	any	kind	of	observation.!

`'5&9! @9/86&C0! 49/0&$! L5&! /80&9B4'(/10! C4+&! J('5! '5&! 5&6@! /D! 04'&66('&0! 05/J&+! '5&!
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@?86(05&+! 4! B&9<! 649.&! 1?C8&9! /D! 49'(>6&0! '&1+(1.! '/! &E@64(1! '5(0! 0'4'&! /D! 4DD4(90! 8<! 4!
D41'40'(>!@9(C/9+(46!(1D64'(/1)!+?&!'/!4!C<0'&9(/?0!D(&6+!/D!(1D64'/10!

But	today	scientists	cannot	agree	on	both	an	inflationary	scenario	and	a	precise	
inflaton	model.	
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K By	reversing	 the	problem	one	considered	 that	 instead	of	deducing	 the	 rotation	
curves	 of	measurements	 on	 the	 local	 density	 of	 dark	matter	 it	 was	 decided	 to		
deduce	it	from	the	shape	of	the	curves..		

-	To	date,	in	spite	of	the	very	large	means	implemented,	no	dark	matter	particles	
have	been	detected	 in	 experiments	 conducted	underground,	 sheltered	 from	 the	
background	noise	constituted	by	cosmic	rays,	or	in	space,	in	detectors!

2!T!In	this	paper	we	will	provide	an	alternative	interpretation	of	the	flatness	of	
the	rotation	curves	in	galaxies	at	periphery,	showing	how	this	new	model	allows	
to	reconstruct	them	accurately.!

L5(0!@9/86&C! /D! '5&!D64'1&00! /D! '5&!9/'4'(/1!>?9B&0!J40!Y/(1&+! '/! '54'! /D! '5&!&E>&00(B&!
B&6/>('(&0!/D!.464E(&0!(1!>6?0'&90)!&E>&&+(1.!'5&!&0>4@&!B&6/>('<!>46>?64'&+!/1!'5&!C400!/D!
0?>5!>6?0'&90)!+&+?>&+!D9/C!'5&!/80&9B4'(/10$!
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>/10'('?'&+!8<!'5(0!?1(+&1'(D(&+!>/C@/1&1'$!

3	 –	 In	 this	 paper	 we	 will	 provide	 an	 alternative	 interpretation	 of	 this	
phenomenon	of	galaxy	overspeed	in	clusters.		
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While	 no	 direct	 observation	 or	 experiment	 (evidence	 of	 neutralino	 in	 particle	
accelerators)	 has	 so	 far	 succeeded	 in	 highlighting	 these	 components	 of	 dark	
matter,	the	scientific	community	considers	their	existence	as	an	established	fact,	
undeniable	insofar	as	their	presence	provides	both	the	means	to	constitute	these	
gravitational	 lens	effects	 in	the	vicinity	of	clusters	and	galaxies,	and	to	account	
for	the	kinematic	anomalies	found	in	the	vicinity	of	these	same	objects.		

4	 –	 In	 this	 paper	 we	 will	 provide	 an	 alternative	 interpretation	 of	 the	 strong	
gravitational	lens	effects	in	the	vicinity	of	galaxies	and	clusters.		

-0!4!9&C(1+&9)!J&!J(66!C&1'(/1!'5&!4''&C@'!'/!9&C/'&6<!C/+(D<!3&J'/1N0!64J)!@9/@/0&+!
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Opting	 for	 a	 purely	 phenomenological	 description,	 the	 current	 main	 stream	
model	ΛCDM	combines	these	two	hypotheses:		

K That	 of	 the	 supposed	 existence	 of	 a	 cold	 dark	matter	 (animated	at	 low	 speeds	
with	respect	to	c).	
	

K That	of	the	existence	of	this	dark	energy,	phenomenologically	taken	into	account	
by	the	resurgence	of	the	cosmological	constant	in	the	field	equation.		

g! T! The	 model	 we	 propose	 provides	 an	 interpretation	 of	 the	 phenomenon	 of	
cosmic	expansion	acceleration	which	has	been	successfully	compared	with	data	
from	700	type	Ia	supernovae.	It	specifies	which	cosmic	elements	and	components	
are	 responsible	 for	 this	 phenomenon,	 unlike	 the	 model	 ΛCDM,	 which	 only	
provides	a	purely	phenomenological	reading	of	the	process.		

Indeed,	there	is	to	date	no	model	of	dark	energy,	and	no	beginning	of	explanation	
of	this	phenomenon	apart	from	the	phenomenology	associated	with	the	presence	
of	the	cosmological	constant,	synonymous	with	vacuum	energy.		

h!T!As	 part	 of	 the	 team's	 work,	 one	 of	 the	 signatories	 of	 this	 paper,	 Nathalie	
Debergh,	 showed	 in	2018	[8]	 that	quantum	mechanics	could	very	well	produce	
negative	energy	states.	!
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There	 is	 no	 real	 explanation	 clearly	 justifying	 with	 a	 theoretical	 basis	 the	
lacunar	structure	of	the	observed	matter,	except	for	numerical	simulation	results,	
which	show	clusters	and	filaments.	

\ !T!In	this	article	we	give	the	reason	for	the	existence	of	such	a	lacunar	structure.		

X&9<!9&>&1'6<)!(1!2f"\)!4!B&9<!649.&!0>46&!C4@@(1.!/D!'5&!?1(B&90&!d4!>?8&!/D!/1&!41+!4!
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'5&! .&1&946! 054@&! /D! '5&! B&6/>('<! D(&6+! a\be! 540! 9&B&46&+! 4! 1&J! 41/C46<$!hff! C(66(/1!
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@9&0&1')! J40! 9&B&46&+)! J5(>5)! .(B&1! '5&! +(9&>'(/1! /D! '5&! B&6/>('(&0! /D! '5&! 0?99/?1+(1.!
.464E(&0)! &B/F&+! 4! @/J&9D?6! @5&1/C&1/1! /D! 9&@?60(/1$! L5(0! D/9C4'(/1! J40! .(B&1! '5&!
14C&!*9&4'!=&@&66&9$!!

No	theoretical	modeling	of	 this	phenomenon	has	been	published	 in	a	high-level	
journal.	 At	most,	 it	 has	 been	 suggested	 that	 the	 phenomenon	 could	 betray	 the	
presence	 of	 a	 gap	 in	 a	 uniform	 distribution	 of	 dark	 matter,	 which	 was	
tantamount	to	adding	another	hypothesis	to	a	first	hypothesis.	There	is	no	model	
describing	the	formation	of	such	a	gap.		

i 	 –	 The	 model	 we	 propose	 provides	 an	 interpretation	 of	 this	 phenomenon,	
implying	the	existence	of	a	repulsive,	unobservable	cluster	of	negative	matter	at	
the	 center	 of	 this	 cell.	 This	 situation	 explains	 in	 passing	 the	 low	magnitude	 of	
galaxies	with	strong	redshift,	considered	in	the	literature	as	dwarf	galaxies.		

!

!2!T!A	real	paradigm	shift.		

L5&! @9/@/0&+! 0/6?'(/10!49&! +&6(8&94'&6<! &E'94/9+(149<! 41+! 9&B/6?'(/149<! 41+! C(6('4'&!
D/9!'5&!4841+/1C&1'!/D!'5&!C4(10'9&4C!C/+&6!(1!D4B/9!/D!4!1&J)!8(C&'9(>!C/+&6!$!!

L/! O?/'&! 4! J&66KF1/J1! 4@5/9(0C)! j&E'94/9+(149<! >64(C0! +&C41+! &E'94/9+(149<!
&B(+&1>&j$!I'!(0!'5&9&D/9&!1&>&0049<!'/!6(0'!'5&0&!>64(C0$!

G/C&!@/(1'0!H!!

2!T!#?0'(D(>4'(/1!/D!'5&!054@&!/D!'5&!9/'4'(/1!>?9B&0$!

:! T!VE@6414'(/1!/D!/B&90@&&+0!(1!>6?0'&90!/D!.464E(&0$!

c!T!VE@6414'(/1!/D!'5&!0'9/1.!.94B('4'(/146!6&10!&DD&>'$!

49&! /16<! 46'&914'(B&! (1'&9@9&'4'(/10! '/! '5/0&! @9/B(+&+! 8<! '5&! 5<@/'5&0(0! /D! '5&!
&E(0'&1>&! /D!+49F)!C4''&9)!J5(>5! '5&<!+/!1/'! (1B46(+4'&$!L5&0&!(1'&9@9&'4'(/10!0(C@6<!
05/J!'54'!'5&!@9/@/0&+!C/+&6!(0!1/'!>/1'94+(>'&+!8<!'5&0&!/80&9B4'(/10$!!

^?'!(1!'5&!D/66/J(1.!@/(1'0!H!!

!" !H!34'?9&!/D!@9(C/9+(46!41'(C4''&9!41+!&E@6414'(/1!/D!('0!1/1K/80&9B4'(/1$!

g! T! I+&1'(D(>4'(/1! /D! '5&! 14'?9&! /D! '5&! 1&.4'(B&! &1&9.<! 9&0@/10(86&! D/9! '5&!
4>>&6&94'(/1!/D!>/0C(>!&E@410(/1$!



! h!

h! T! #?0'(D(>4'(/1! /D! '5&! &E(0'&1>&! /D! 1&.4'(B&! &1&9.<! 0'4'&0! (1! k?41'?C!
;&>541(>0$!

\! T!7&0>9(@'(/1! /D! '5&!C&>541(0C! .(B(1.! 9(0&! '/! '5&!64>?149!0'9?>'?9&! /D! '5&!
/80&9B&+!?1(B&90&$!

i! T!7&0>9(@'(/1! /D! '5&! /8Y&>'! .(B(1.! 9(0&! '/! '5&!D/9C4'(/1! '54'! J40! .(B&1! '5&!
14C&!*9&4'!=&@&66&9$!

49&!@9/B(+&+! '5&/9&'(>46!(1'&9@9&'4'(/10! '54'!+/!1/'!&C414'&!D9/C! '5&!0'41+49+!C/+&6!
RS7;$!%9&>(0&!410J&90!49&!.(B&1!J5&9&!'5&!0'41+49+!C/+&6!+/&0!1/'!@9/B(+&!41<$!!

L5(0!@494+(.C!05(D'!>41!8&!0?CC&+!?@!(1!4!0(C@6&!0&1'&1>&H!!

Let's	introduce	negative	masses	in	the	cosmological	model.	

^&D/9&!+&0>9(8(1.!5/J!J&!@9/>&&+&+!('!(0!&00&1'(46!'/!05/J!J5<!'5(0!5<@/'5&0(0!540!1/'!
8&&1!486&!'/!&C&9.&!'/!+4'&$!!

!

2!T!The	runaway	effect,	a	barrier	against	the	introduction	of	negative	masses.	

L5(0!O?&0'(/1!/D!'5&!(1'9/+?>'(/1!/D!1&.4'(B&!C400&0!J40!'4>F6&+!40!&496<!40!"lg\!8<!M$!
^/1+(!ai b!41+!'5&1!(1!"lil!8<![$!^/11/9!a l b$!I'!(0!(C@/9'41'! '/!C4F&!('!>6&49!J5<!'5(0!
>4?0&0! '5&! 4@@&4941>&! /D! 4! @5&1/C&1/1! '54'! (0! +(DD(>?6'! '/! C414.&! (1! @5<0(>0)! '5&!
9?14J4<!&DD&>')!(D!/16<!8&>4?0&!('!B(/64'&0!'5&!@9(1>(@6&!/D!4>'(/1K9&4>'(/1$!!!

^<!(.1/9(1.!'5&!1/1 K6(1&49('<!/D!V(10'&(1N0!&O?4'(/1)!J&!>41!0>5&C4'(Q&!('!8<!04<(1.!'54'!
(1! '5&!0&>/1+!C&C8&9!(0! '5&!0/?9>&!/D! '5&! .94B('4'(/146!D(&6+$!L5&!&O?4'(/1!@9/B(+&0!4!
0/6?'(/1! (1! '5&! D/9C! /D! 4! 0(1.6&! C&'9(>! D9/C! J5(>5! /1&! >46>?64'&0! 0&'0! /D! .&/+&0(>0)!
>/99&0@/1+(1.! '/! 1/1KQ&9/! .&/+&0(>0! dC400&0e! 41+!1?66! .&/+&0(>0! d@5/'/10e$! L5&!
>/0C/6/.(>46!>/10'41'!>41!8&!480'94>'&+!D/9!'5(0!O?&0'(/1$!!

d"e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Rµν −

1
2

R gµν = χTµν !! !!

L5&!.&/C&'9<!400/>(4'&+!J('5!'5&!@9&0&1>&!/D!4!C400!;)!9&@9&0&1'&+!8<!4!0@5&9&!D(66&+!
J('5!C4''&9!/D!4!.(B&1!C400!+&10('<! ! !)!(0!@&9D&>'6<!+&'&9C(1&+)!8/'5!/?'0(+&!41+!(10(+&!
'5(0!C400!; !41+!!>41!8&!>/10'9?>'&+!D9/C!&O?4'(/1!d"e$!!

`?'0(+&!'5(0!C400!;)!'5&!'94Y&>'/9(&0!/D!'5&!>/1'9/6!@49'(>6&0!>/99&0@/1+!'/!'5&!&E'&9146!
G>5J49Q0>5(6+!C&'9(>!

!d2e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

 

ds2 = 1!
2G M

c2r

"
#$

%
&'

c2dt2 !
dr2

1!
2G M

c2r

! r2 ( d( 2 + sin2( d) 2 ) !!

ID!'5(0!C400!;!(0!@/0('(B&)!'5&!8&54B(/9!/D!'5&!>/1'9/6!@49'(>6&0!(1!('0!B(>(1('<!>/99&0@/1+0!
'/!41!4''94>'(/1)!40!05/J1!(1!D(.?9&!"$!+!

!



! \ !

! !

U(.$"!H!Geodesic	trajectories	of	control	masses	in	the	vicinity	of	a	positive	mass!

!

[&! >/10(+&9! '54'! '5&0&! .&/+&0(>! '94Y&>'/9(&0! 49&! '5/0&! /D! @49'(>6&0! /D! C4''&9! 8?'! '5&!
0/6?'(/1!+/&0!1/'!0@&>(D<!'5&!0(.1!/D!'5&!>/10(+&9&+!C400$!L5?0H!!

K!Objects	with	positive	mass	M	>	0	attract	indifferently	the	other	masses,	whether	positive	
or	negative!

ID!'5&!0/?9>&!C400!;!/D!'5&!D(&6+!(0!1&.4'(B&)!'5&!054@&!/D!'5&!.&/+&'(>!'94Y&>'/9(&0!'4F&1!
8<!'5&!>/1'9/6!C400&0)!J5&'5&9!@/0('(B&!/9!1&.4'(B&)!(0!05/J1!(1!U(.?9&!2$!!

!

!

U(.$2!H!Geodesic	trajectories	of	control	masses	in	the	vicinity	of	a	negative	mass!

K!Objects	with	 positive	mass	M	 <	 0	 indifferently	 repel	 other	masses,	 whether	 positive	 or	
negative.!

W&'N0!>/10(+&9!1/J!!4!>/?@6&!/D!/@@/0('&!C400&0H!!

!



! i !

!

!

U(.$:!H!=?14J4<!&DD&>'$!

!

U(90'!@494+/EH!'5&!@/0('(B&!C400!D6&&0)!@?90?&+!8<!'5&!1&.4'(B&!C400)!(1!B(/64'(/1!/D!'5&!
@9(1>(@6&!/D!4>'(/1K9&4>'(/1$!!

G&>/1+! @494+/EH! '5&! >/?@6&! 4>>&6&94'&0! (1+&D(1('&6<)! 8?'! '5(0! (1>9&40&! (1! 0@&&+! '4F&0!
@64>&!4'!>/10'41'!&1&9.<!0(1>&!'5&!F(1&'(>!&1&9.<!/D!'5&!1&.4'(B&!C400!(0!('0&6D!1&.4'(B&$!!

!

:! T!Two	attempts	to	introduce	negative	masses	in	Einstein's	model	

L5&0&! 4''&C@'0! 9&C4(1&+! J('5(1! '5&! .&/C&'9(>! D94C&J/9F! /D! *&1&946! =&64'(B('<)!
+&0>9(8&+!8<!V(10'&(1N0!D(&6+!&O?4'(/1$!!

I1! '5&!D(90'! /1&!d^&1/('KWmB<!4! *$!S549+(1!a"f be)! '5&!4?'5/90! '4F&!7(94>K;(61&N0!C/+&6)!
J5&9&! '5&! @/0('(B&! 41+! 1&.4'(B&! C400! >/1'&1'0! .(B&! 4! .6/8466<! 1?66! +&10('<$! L5&!
&E@410(/1!'5&1!'4F&0!@64>&!(1!4!6(1&49!J4<)!(1!>/1'94+(>'(/1!J('5!'5&!&B(+&1>&!/D!>/0C(>!
4>>&6&94'(/1!da:b)!acb)!agbe$!L5&!4?'5/90!@9/@/0&!'54'!'5&!1&.4'(B&!C400!C4<!>/99&0@/1+!
'/! 41'(C4''&9$! L5&<! (C4.(1&)! J('5/?'! @9/B(+(1.! 41<! 0>(&1'(D(>! 0?@@/9')! '54'! '5(0!
>/0C/6/.(>46! 41'(C4''&9!>/?6+! 8&! 9&@&66&+! 8<! /9+(149<! C4''&9! 8<! 0?..&0'(1.! '54'! '5(0!
@5&1/C&1/1!>/?6+!C41(D&0'! ('0&6D!+?9(1.! '5&!&E@&9(C&1'0!8&(1.!0&'!?@!4'!SV=3)! *849!
41+!-6@54)!(1'&1+&+!'/!5(.56(.5'!'5&!8&54B(/9!/D!41'(C4''&9!>9&4'&+!(1!'5&!648/94'/9<)!(1!
'5&!V49'5N0!.94B('<!D(&6+$!!

I1!'5&!0&>/1+!/1&!(1!2f"i!a""b)!'5&!V1.6(05C41!#4C(&!U491&0!@6410!'/!?1(D<!+49F!C4''&9!
41+!+49F!&1&9.<!(1'/!4!0(1.6&!&1'('<)!(+&1'(D(&+!J('5!1&.4'(B&!C400$!

L/! +/! 0/ !5&! (0!D/9>&+! '/! (1B/F&! 41! ?1+&0>9(8&+! @5&1/C&1/1! /D! >/10'41'! >9&4'(/1! /D!
1&.4'(B&!C400)!F&&@(1.! ('0!+&10('<!>/10'41'! '59/?.5/?'! '5&!>/0C(>!&E@410(/1)!0/!40! '/!
.?4941'&&!'5&!>/10'41><!/D!'5&!1&.4'(B&!>/0C/6/.(>46!>/10'41')!4>>/9+(1.!'/!'5&!9&64'(/1$!!

d:e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
! " =

c2

8# G
$ = Cst !!



! l !

G(1>&!5(0!C/+&6! (0!46J4<0!@9&0&1'&+!40!4!0/6?'(/1! '/!V(10'&(1N0!&O?4'(/1)! '5&!9?14J4<!
@5&1/C&1/1! (0! 4?'/C4'(>466<! @49'! /D! (')! J5(>5! 5&! '5&1! >/10(+&90! 40! '5&! C&>541(0C!
@9/+?>(1.! '5&!5(.5K&1&9.<!@49'(>6&0!>/10'('?'(1.!>/0C(>!94<0$!-1+!5&!>/1>6?+&0H!jU9/C!
'5(0!@&90@&>'(B&!'5&!9?14J4<!C/'(/1!(0!1/'!4!>5466&1.&!D/9!1&.4'(B&!C400!C/+&60)!8?'!4!
94'5&9!?0&D?6!/80&9B4'(/146!>/10'94(10'j$!!

[54'!(0!5/J&B&9!(1'&9&0'(1.!(0!4!0(C?64'(/1!9&0?6'!J5&9&!4!M&91O?(0'!.464E<)!>/C@/0&+!
/D!g)fff!@/0('(B&!C400!@/(1'0)!(0!0?99/?1+&+!8<!cg)fff!1&.4'(B&!C400&0!

!L5&0&!1&.4'(B&!C400&0)!&E&9'(1.!'5&(9!9&@?60(B&!4>'(/1!/1!'5&!>/C@/1&1'0!/D!'5(0!.464E<)!
C4F&0!@/00(86&!5(.5!9/'4'(/146!0@&&+0!4'!'5&!@&9(@5&9<$!`1!D(.?9&!c!'5&!9&+!>?9B&!.(B&0!
'5&!@9/D(6&!/D!'5&!9/'4'(/1!>?9B&!D/9!'5(0!.464E<)!J5&9&40!'5&!864>F!>?9B&!9&@9&0&1'0!'5(0!
@9/D(6&!(1!'5&!480&1>&!/D!'5&!1&.4'(B&!C400!&1B(9/1C&1'H!!

!

!

c!T!Empirical	approach,	simulation	results!

I1! '5&!C(+K1(1&'(&0!a"2b)!1?C&9(>46!0(C?64'(/10!J&9&!?0&+!'/!&E@6/9&!'5&!8&54B(/9!/D!4!
C(E'?9&!/D!@/0('(B&!41+!1&.4'(B&!C400&0)!04'(0D<(1.! '5&!@9(1>(@6&!/D!4>'(/1K9&4>'(/1)! ($&$!
4>>/9+(1.!'/!5<@/'5&'(>46!64J0H!!

dce!



! "f !

-	Masses	of	the	same	sign	attract	each	other	according	to	Newton's	law.	

-	The	masses	of	opposite	signs	repel	each	other	according	to	"anti-Newton".		

!

L5&! D(90'! 9&0?6'! +(+! 1/'! 89(1.! 41<! &6&C&1'! 6(F&6<! '/! /9(&1'! 9&0&49>5! (1! 40'9/@5<0(>0$! -!
@&9>/64'(/1!/D!'5&!'J/!0@&>(&0!J40!'5&1!/80&9B&+$!G&&!D(.?9&!gH!!

!

!

U(.$g!H!=&0?6'!/D!4!0(C?64'(/1!!J('5! ρ+ = ρ− !

-1! (+&4! '5&1!&C&9.&+)!>/10(0'(1.! (1!>/10(+&9(1.! '5&!8&54B(/9! /D!4!C(E'?9&! /D!@/0('(B&!
41+! 1&.4'(B&! C400&0)! ./B&91&+! 8<! '5&0&! 5<@/'5&'(>46! 64J0! /D! (1'&94>'(/1)! (1! '5&! >40&!
J5&9&!'5&!1&.4'(B&!C400!(0!+/C(141'$!L5&!D/66/J(1.!9&0?6'!J40!'5&1!/8'4(1&+H!!

!

U(.$h!H!=&0?6'!/D!0(C?64'(/1!"llg!a" 2b!!J('5! ρ− >>ρ+ !!

-6'5/?.5!'5&<!49&!/16<!27!0(C?64'(/10)!B&9<!@9(C('(B&)!>499(&+!/?'!J('5!'J/!'(C&0!g)fff!
C400!@/(1'0)! '5&!>9&4'(/1! /D!4!64>?149!0'9?>'?9&! /D! '5&!@/0('(B&!C400!4@@&49&+$! I1! '5&!
>&1'&9! /D! &4>5! >&66H! 4! 1&.4'(B&! C400! >/1.6/C&94'&)! 9&@?60(B&$! L5&! 1&.4'(B&! C400&0)!
+&10&9)! D/9C&+! '5&! D(90')! 8<! .94B('4'(/146! (10'48(6('<)! 4! 9&.?649! +(0'9(8?'(/1! /D! 1&.4'(B&!



! "" !

C400! >/1.6/C&94'&0)! 9&@&66(1.! '5&! @/0('(B&! C400! (1'/! '5&! (1'&90'('(46! 0@4>&$! L5&! (+&4!
&C&9.&+! '54'! '5&! 649.&K0>46&! 0'9?>'?9&! /D! '5&! ?1(B&90&! >/?6+! 9&0?6'! D9/C! 0?>5! 4!
C&>541(0C)! (C@6<(1.! 4! +&&@! 40<CC&'9<! 8&'J&&1! '5&! 'J/! @/@?64'(/10$! ^&6/J! 49&! '5&!
#&410! '(C&0! /D! '5&! 'J/! @/@?64'(/10$! L5&! #&410! '(C&! /D! '5&! 1&.4'(B&)! 0&6DK4''94>'(B&!
@/@?64'(/1)!8&(1.!J&4F&9)!0'9?>'?9&+!('0&6D!D(90')!6&4+(1.!'5&!.4C&$!!

dce!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

tJ
(− ) = 1

4π G ρ (− )
<< tJ

(+ ) = 1

4π G ρ (+ )
!!

-00?C(1.!'54'!'5&0&!1&.4'(B&!C400&0)!/D!1&.4'(B&!C>2!&1&9.<)!&C('!@5/'/10!/D!1&.4'(B&!
&1&9.<! '54'! +/! 1/'! @9/+?>&! 41<! /@'(>46! /80&9B4'(/1)! ('! 0&&C&+! @/00(86&! '54'! '5&!B&9<!
649.&! 0>46&! 0'9?>'?9&! dXWGe! (0! /9.41(Q&+! 49/?1+! 840(>466<! (1B(0(86&! >/1.6/C&94'&0! /D!
1&.4'(B&!C400$!G&&!D?9'5&9!'5&!O?&0'(/1!/D!'5&!*9&4'!=&@&66&9$!!

!

g!T!First	attempt	at	bimetric	modeling$!!

3&B&9'5&6&00! '5&! 9&0?6'0! /D! '5&! 1?C&9(>46! 0(C?64'(/10! J&9&! &1>/?94.(1.$! L/! '9<! '/!
(1'&.94'&!'5&!(1'&94>'(/1!64J0!dce!(1!4!9&64'(B(0'(>!D94C&J/9F!J40!'5&!/8B(/?0!D4>'!9&0'$!
[('5!4!0(1.6&!D(&6+!&O?4'(/1!41+!4!0(1.6&!C&'9(>! '5&!9?14J4<!&DD&>'!J40! (1&B('486&$!L/!
4B/(+! (')! '5&! D(&6+! 54+! '/! .&1&94'&! 1/'! /1&! D4C(6<! /D! .&/+&0(>0)! 8?'! 'J/)! '5&! D(90'!
'941064'(1.! '5&! 8&54B(/?9! /D! 1&.4'(B&! C400&0! 41+! '5&! 0&>/1+! '54'! /D! @/0('(B&! C400&0$!
LJ/! C&'9(>0!

  
gµν

(+ ) and gµν
(− ) J&9&! '5&9&D/9&! 1&&+&+)! ($&$! 'J/! =(>>(! '&10/90!

  
Rµν

(+ ) and Rµν
(− )

!
4@@&49(1.!(1!'5&!D(90'!C&C8&90!/D!'J/!D(&6+!&O?4'(/10$!!

I1!"llc!a" : b)!4!D(90'!4@@9/4>5!>/10(0'&+!(1!@9/@/0(1.!'5&!0&'!!

!dge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Rµν

(+ ) − 1
2

R(+ ) gµν
(+ ) = χ T µν

(+ ) + T µν
(− )⎡⎣ ⎤⎦ !!

dhe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Rµν

(− ) − 1
2

R(− ) gµν
(− ) = − χ T µν

(+ ) + T µν
(− )⎡⎣ ⎤⎦ !

L5&! C(1?0! 0(.1)! (1'9/+?>&+! (1! '5&! 0&>/1+! &O?4'(/1)! C4+&! ('! @/00(86&! '/! D(1+)! 8<!
(C@6&C&1'(1.! '5&! 3&J'/1(41! 4@@9/E(C4'(/1)! '5&! 64J0! /D! (1'&94>'(/1! dce$! L5&!
>/10'9?>'(/1! /D! Y/(1'! C&'9(>! 0/6?'(/10! 460/! 466/J&+!a"2b! '/! (1'9/+?>&! 4! 1&.4'(B&!
.94B('4'(/146!6&10!&DD&>')!'5&!'J/!C&'9(>0!400/>(4'&+!J('5!4!C400!;)!@/0('(B&!/9!1&.4'(B&)!
8&>/C(1. H!

d\e!!!!!!!!!!!!!!!!!!!!!!!

  

ds(+ )2 = 1− 2G M
r

⎛
⎝⎜

⎞
⎠⎟

c2dt2 − dr 2

1− 2G M
r

− r 2dθ 2 − r 2 sin2θ dϕ 2 !!

die!!!!!!!!!!!!!!!!!!!!!!!

  

ds( ! )2 = 1+
2G M

r
"
#$

%
&'

c2dt2 !
dr 2

1+
2G M

r

! r 2d( 2 ! r 2 sin2 ( d) 2 !!



! "2 !

8?'!'5&!0<0'&C!dge!n!dhe!9&D?0&+!'/!@9/+?>&!'5&!40<CC&'9<!'54'!54+!@9/B&+!0/!D9?('D?6!(1!
'5&!0(C?64'(/10$!L5&!0/6?'(/1!J40!D/?1+!(1!2f"c!a"cb!8<!.(B(1.!'5&!0<0'&C!/D!&O?4'(/10!
'5&!D/9CH!!

dle!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Rµ!

(+) "
1
2

R(+) gµ!
(+) = # T µ!

(+) +$ T µ!
(" )%& '( !!

d"fe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Rµ!

(" ) "
1
2

R(" ) gµ!
(" ) = " # $ T µ!

(+) + T µ!
(" )%& '( !

[5&1!4!UW=[!C&'9(>!(0!(1'9/+?>&+!(1'/!V(10'&(1N0!&O?4'(/1)! 'J/!+(DD&9&1'(46!&O?4'(/10!
49&! /8'4(1&+! J5(>5! >/1'4(1! '5&! D(90'! 41+! 0&>/1+! +&9(B4'(B&0! /D! '5&! 0>46&! D4>'/9!a$!
S/C@4'(8(6('<!8&'J&&1! '5&0&! 'J/! &O?4'(/10! d&E(0'&1>&! /D! 0/6?'(/1e! 9&0?6'0! (1! &1&9.<!
>/10&9B4'(/1H!

d""e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  ! a3c2 = Cst !!

[('5! 'J/! &O?4'(/10! J&! 54B&! D/?9! &O?4'(/10! '54'! C?0'! 8&! >/C@4'(86&$! I1!'5&! >40&! /D!
&O?4'(/10! dge! n! dhe! ('! (0! '5&0&! >/C@4'(8(6('<! >/1+('(/10! '54'! 6&4+! '/! 41! ?1(1'&9&0'(1.!
'9(B(46!0/6?'(/1!d7(94>!;(61&N0!C/+&6e$!!^?'!'5&!0<0'&CH!!

d"2e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Rµν

(+ ) − 1
2

R(+ ) gµν
(+ ) = χ T µν

(+ ) + c(− )2a(− )3

c(+ )2a(+ )3 T µν
(− )⎡

⎣
⎢

⎤

⎦
⎥ !

d":e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Rµν

(− ) − 1
2

R(− ) gµν
(− ) = − χ c(+ )2a(+ )3

c(− )2a(− )3 T µν
(+ ) + T µν

(− )⎡

⎣
⎢

⎤

⎦
⎥ !

(1! J5(>5! 'J/! UW=[! C&'9(>0! 49&! (1'9/+?>&+! '5&1! 6&4+0! '/! '5&! D/66/J(1.! >/1+('(/1! /D!
>/C@4'(8(6('<!8&'J&&1!'5&!'J/!@4(90!/D!&O?4'(/10!!

d"ce!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  ρ
(+ ) a(+ )3c(+ )2 + ρ (− ) a(− )3c(− )2 = Cst !

[5(>5! (0! 1/'5(1.! 8?' !&1&9.<! >/10&9B4'(/1$! I'! J40! +&0(9486&! '/! @9/+?>&! 4! W4.941.(41!
+&9(B4'(/1! /D! '5&0&! &O?4'(/10! D9/C! 41! 4>'(/1$! [&! @9/+?>&+! /1&! (1! 2f"g! a"gb)! J5(>5!
'?91&+!/?'!'/!8&!O?('&!>6/0&!'/!'54'!/D!G$!M/00&1D&6+&9!a"hb!8?'!5&90!0&&C&+!'/!8&!C/9&!
0/6(+!41+!'5(0!(0!J5<!J&!>5/0&!'/!6(1F!/?9!/J1!J/9F!'/!5&9$!

L5&!&+('/9(46!8/49+!04(+!'54'!(1!'5&!@9&B(/?0!J9('(1.!/D!'5&!49'(>6&!('!J40!04(+)!J&!O?/'&H!!

For example, the text around the discussion of  Hossenfelder’s work is so 
confused that I cannot tell if the authors are criticizing that work or building 
off it (or both). 

I1!J54'!D/66/J0!J&!J(66!05/J!'54'!5&9!J/9F!>/?6+!1/'!6&4+!'/!4!'9?&!>/0C/6/.(>46!C/+&6!
41+! '/! 4! 0&'! /D! >/C@?'4'(/146! 9&0?6'0! '54'! >/?6+! 8&! 0?>>&00D?66<! >/1D9/1'&+! J('5! '5&!
/80&9B4'(/10)!8&>4?0&!05&!+(+!1/'!0&&!'54'!'5&0&!9&O?(9&+!&E@6/9(1.!'5&!5<@/'5&0(0!/D!4!
B&9<! 40<CC&'9(>46! J/96+)! J5&9&! +&10('(&0)! 0@&&+0! /D! 6(.5')! 0>46&! D4>'/90! 49&! 94+(>466<!
+(DD&9&1'$!L5(0!(0!'5&!9&40/1!J5<!05&!>/?6+!1/'!+&B&6/@!5&9!&004<$!!



! ": !

`8B(/?06<)! ('!J(66!9&C4(1! '/!Y?0'(D<!J5<! '5&!?1(B&90&)!4'! '5&!&1+! /D! '5&!^(.!^41.)!>/?6+!
54B&!@9&0&1'&+! '5(0!>/1D(.?94'(/1$!L5(0!J(66!8&! '5&! /8Y&>'! /D!4!D?'?9&!@4@&9!/D!J5(>5!('!
J(66!1/'!8&!9&@/9'&+!5&9&$!

!

h!K!Massive	bigravity.!!
!
[&!J(66!8&.(1!8<!+(0>?00(1.!'5&!D(90'!4''&C@'!'/!8?(6+!4!C/+&6!J('5!0&B&946!C&'9(>0$!!
!
0!L$74C/?9!41+!I$o/.41!a"\ b!(1'9/+?>&!'5&!D/9C46(C!/D!D?66<!1/1K6(1&49!8(.94B('<$!!
L5&<!>/10(+&9!'J/!8941&0)!p!9(.5' !q!41+!p!6&D'!q)!(1'&94>'(1.!'59/?.5!C400(B&!.94B('/10$!L5&<!

(1'9/+?>&! W4.941.(41! +&10('(&0! (1! '5&! 4>'(/1!H! '5&! =(>>(! '&9C0! R
R LR

! g R !)! R
L

! g L )! '5&!

'&9C0!>/99&0@/1+(1.!'/!@/0('(B&!C4''&9! L
R

! gR 41+!1&.4'(B&!C4''&9! L
L

! gL )!49&!840&+!/1!

'5&! >/99&0@/1+(1.! D/?9K+(C&10(/146! 5<@&9B/6?C&0!  ! gR dxodx1dx2dx3 !41+!!!

  ! gL dxodx1dx2dx3 $! L5&<! (1'9/+?>&! 41! (1'&94>'(/1! '&9C!H!
  
µ gRgL( )1/4

  ! gL dxodx1dx2dx3

840&+! /1! 41! p!4B&94.&! B/6?C&! D4>'/9!q!
  

gRgL( )1/4
$! L5&! B49(4'(/146! C&'5/+! @9/+?>&0! 4!

0<0'&C!/D!'J/!>/?@6&+!D(&6+!&O?4'(/10$!I1!'5&!0&>/1+!C&C8&90!49&!'5&!'&10/90!9&@9&0&1'(1.!
'5&! 0/?9>&0! /D! '5&! 'J/! C4'&9(460! j9(.5'j! 41+! j6&D'j! 40! J&66! 40! '5&! '&9C0! 41+! 9&D6&>'(1.! '5&!
(1'&94>'(/1!8&'J&&1!'5&!'J/$!L5&!4?'5/90!'5&1!>/10(+&9!+(DD&9&1'!C/+&60H!8941&0)!oo)!1/1K
>/CC?'4'(B&!.&/C&'9<$!L5(0!D(90'!49'(>6&!(0!O?(>F6<!D/66/J&+!8<!4!0&>/1+!a2fb$!L5&!0>(&1'(D(>!
>/CC?1('<! 4@@49&1'6<!>/10(+&9&+! 4'! '5&! '(C&! '54'! '5(0! &004<! 9&@9&0&1'&+! 41! (C@/9'41'!
>/1'9(8?'(/1! 0(1>&! '5&! Y/?9146! %5<0(>46! =&B(&J! 7! +&B/'&+! "\ !41+!2g!@4.&0! '/! '5&0&! 'J/!
49'(>6&0)!+&0@('&!'5&!D4>'!'54'!1/!+4'4!&C&9.&+!'54'!>41!8&!>/C@49&+!J('5!41<!/80&9B4'(/146!
+4'4$!!!
!
!
\ !T!Bimetric	theory	with	exchange	symmetry.!!
!
I1! 2ffi! a" hb! G$! M/00&1D&6+&9! @?86(05&+! (1! '5&!Y/?9146! %=7! 4! '5&/9&'(>46! &004<! &1'('6&+! j!
^ (C&'9(>!'5&/9<!J('5!&E>541.&!0<CC&'9<j$!-0!05&!04<0!(1!5&9!0&>'(/1!I)!J&!O?/'&H!!
!

«	We	 consider	 a	 bi-metric	 theory	with	metrics	 ! 	 and	 h 	of	 Lorentzian	 signature	
that	define	 two	different	ways	of	measuring	angles,	distances	and	volumes	on	a	
manifold	M		»	.		

!

L5&0&!49&!'5&!04C&!C&'9(>0!'54')!(1!/?9!/J1!J/9F)!49&!>466&+!   g
(+ ) and g (− ) $!U/9! '5&!

04F&!/D!5/C/.&1&('<!J&!J(66!F&&@!'5&!1/'4'(/10!/D!5&9!@4@&9$!!
!

G'(66!(1!'5(0!0&>'(/1!I)!05&!J9('&0!H!
!!

«	We	will	further	introduce	two	sorts	of	matter	on	M	:	one	that	moves	according	
to	the	usual	metric	! 	and	the	measures	it	implies,	the	other	that	moves	according	
to	 the	 other	 metric	 h .	 We	 will	 refer	 to	 these	 fields	 as	 g-fields	 and	 h-fields,	
respectively.	»		

!



! "c !

P0(1.!5&9!j@?66!/B&9j!'&>51(O?&)!05&!+&D(1&0!41!4>'(/1!'54'!>/99&0@/1+0!'/!&O?4'(/1!d:2e!(1!
5&9!0&>'(/1!IVH!!!
!

  

S = d 4! x " g (( g ) R / 8#G + L ($ ) ) + " h Ph (L(%) )

+ d 4! x " h (( h) R / 8#G + L (& ) ) + " g Pg (L(' ) ) (32)

!

!
	

K!  
( g ) R and (h)R !49&!=(>>(N0!0>46490!400/>(4'&+!J('5!('0!C&'9(>0!g!41+! h$!!

!K! g and h 8&(1.! '5&! +&'&9C(141'0! /D! 8/'5! C&'9(>0)!  d
4x − g and d 4x − h !49&!

'5&!>/99&0@/1+(1.!cKB/6?C&0$!!
!
K!Ψ !(0!'5&!.KD(&6+!41+!Φ !'5&!hKD(&6+0!
!

G5&! '5&1! @&9D/9C0! 4! j8(KB49(4'(/1j$! I'! (0! '5&1! 1&>&0049<! '/! (1'9/+?>&! 4! >/?@6(1.! 9&64'(/1)!
J5(>5!05&!+/&0!J('5!&O?4'(/1!d2\e!(1!0&>'(/1	III!
!

  
δhκ λ = − a−1⎡⎣ ⎤⎦κ

µ a−1⎡⎣ ⎤⎦ λ
ν δ gµν (27) !

!
!L5(0!(0!'5&!>/B49(41'!B&90(/1!/D!'5&!>/?@6(1.!9&64'(/105(@!'54'!J&!?0&+!(1!/?9!49'(>6&!a"gb)!(1!
4!J/9F!0?80&O?&1'!'/!5&90$!M&1>&!'5&!/8B(/?0!F(105(@!8&'J&&1!'5&!'J/!0<0'&C0!/D!>/?@6&+!
D(&6+!&O?4'(/10$!M&90!>/99&0@/1+0!'/!&O?4'(/10!d:ce!41+!d:ge!(1!0&>'(/1!IV!/D!5&9!49'(>6&)!41+!
(0!J9(''&1!40!D/66/J0H!!
!

  

( g ) Rκν −
1
2

gκν
( g )R = Tκν − V h

g
aν
ν aκ

κ T κ ν (34)

(h) Rνκ − 1
2

hνκ
( h)R = T νκ − W g

h
aκ
κ aν

ν Tνκ (35)

! !!

!
!
I1!0&>'(/1!V!41+!(1!5&9!4@@&1+(E!^)!05&!0@&>(D(&0! '5&!(1'&94>'(/1!64J0! '54'!D/66/J!D9/C! '5&!
C/+&6$!L5&<!>/99&0@/1+!J('5! /?9!5<@/'5&0(0!dce$!G5&!1/'&0)!40!J&!+/)! '54'! '5(0!0/6B&0! '5&!
9?14J4<!@494+/E$![&!D(1+!(1!0&>'(/1!V!/D!5&9!@4@&9!'5&!@4(9!/D!G>5J49Q0>5(6+N0!0/6?'(/10!d\e!
41+!die!41+!'5&!1&.4'(B&!6&10(1.!'54'!9&0?6'0!D9/C!'5&C$!!

!
I1! '5(0! 0<0'&C!  V and W 49&! @/0('(B&! >/10'41'0)! 0&&! 4'! '5&! &1+! /D! 5(0! 0&>'(/1!IV$! L5&!
@9/@&9'(&0!/D!&6&C&1'!4!49&!0@&>(D(&+!(1!0&>'(/1!I!H!!
!

K «	In	this	formulation		the	introduced	map	" 	is	a	convenience	and	not	a	dynamic	field	».		
!
G5&! >4660! 4! 41+! 8! '5&! 0>46&! D4>'/90! @9&0&1'! (1!'5&! UW=[! C&'9(>0! d:ie! 41+! d:le! /D! '5&!
0&>'(/1!XI!/D!5&9!@4@&9H!
!



! "g !

  

ds2 = − dt2 + a2

1− kr
( dr 2 + dΩ2 ) (38)

ds2 = − dt2 + b2

1− kr
( dr 2 + dΩ2 ) (39)

!

!
!
G5&!>5//0&0!'/! '4F&!'5&!04C&!B46?&!>!r!"!/D!'5&!0@&&+!/D!6(.5'!D/9!'5&!@/@?64'(/10!g!41+! h$!!
G5&!460/!.(B&0!V(10'&(1N0!>/10'41'! '5&!?1('!B46?&!41+!400?C&0!D9/C!'5&!/?'0&'! '54'! '5&! 'J/!
>?9B4'?9&!(1+(>&0!49&!'5&!04C&$!!
!

-0!   g = a3 and h = b3 J&!D(1+! '5&!>?8&!94'(/0! /D! '5&!0>46&!D4>'/90! /D! /?9!&O?4'(/10!d"2e!41+!
d":e$! [5&1! 0&49>5(1.! D/9! 4! UW=[! 0/6?'(/1! J&! ?0&+! '5&! C(E&+! B&90(/10! /D! '5&! 0<0'&C! /D!
&O?4'(/10$!`?90!8&>4C&!H!
!

d"ge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Rµν

(+ ) − 1
2

R(+ ) gµν
(+ ) = χ T µν

(+ ) + c(− )2a(− )3

c(+ )2a(+ )3 T µν
(− )⎡

⎣
⎢

⎤

⎦
⎥ !

d"he!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Rµν

(− ) − 1
2

R(− ) gµν
(− ) = − χ c(+ )2a(+ )3

c(− )2a(− )3 T µν
(+ ) + T µν

(− )⎡

⎣
⎢

⎤

⎦
⎥ !

!
M&9!0<0'&C!(0!H!!
!
!
!
d" \e!

  

(g) Rκ
ν − 1

2
δ κ

ν (g)R = T κ
ν −V

h
g

aν
ν aκ

κT κ
ν !

!
d"ie !

  

(h) R !
" #

1
2

$ !
" (h)R = T !

" # W g
h

a"
" a!

! T !
" !

!
L5&! (1'9/+?>'(/1! /D! UW=[! C&'9(>0! (1!5&9!0<0'&C! /D! >/?@6&+! D(&6+! &O?4'(/10! 6&4+0! '/! 'J/!
@4(90! /D! &O?4'(/10$! G5&! .(B&0! /16<! /1&! @4(9$! L5&0&! 49&! &O?4'(/10! dc2e! 41+! dc:e! J5&9&! J&!
54B&!9&0'/9&+!5&9!'<@(1.!&99/9!8<!(1B&9'(1.!'5&!'&9C0!  V andW !
!

   

!a
a

!
"#

$
%&

2

= ' ( V b
a

!
"#

$
%&

3

' (
k
a2

(42)

!b
b

!

"#
$

%&

2

= ' ( W a
b

!
"#

$
%&

3

' (
k
b2

(43)

!



! "h !

!
L5&! /'5&9!'J/! &O?4'(/10! 41+! '5&! 400/>(4'&+! >/C@4'(8(6('<! &O?4'(/10! 49&! 1/'! @9&0&1'$! I'!
05/?6+!8&!9&C&C8&9&+)!40!>41!8&!0&&1!(1!'5&!>/1'&1'!/D!5&9!>/1>6?0(/10!(1!0&>'(/1!VII)!'54'!
'5&!4?'5/9N0!4(C!J40!1/'!'/!>9&4'&!4!1&J!>/0C/6/.(>46!C/+&6!8?'!'/!'9<!'/!C/+&6!'5&!0/?9>&!
/D! '5&! >/0C/6/.(>46! >/10'41'! R! '59/?.5! D6?>'?4'(/10! 9&64'&+! '/! '5(0! 8(C&'9(>! 0('?4'(/1$! I1!
0&>'(/1! III! /D! '5&! @4@&9! '5&! 4?'5/9! &E4C(1&0! +(DD&9&1'! >/1D(.?94'(/10$! I1! '5&! 4@@9/4>5!
D/66/J&+)!'5&!+&10('<! ! > 0 (0!@/0('(B&)!J5(>5!540!8&&1!(C@/0&+!(1!0?>5!4!J4<!'54'!&B/6?'(/1!

&O?4'(/10!dc2e!41+!dc:e!6&4+!'/!0(C(649!&B/6?'(/10$!I'!(0!/16<!8<!C4F(1.!4!@&>?6(49!>5/(>&!/D!
0(.10!(1!'5&!4>'(/1!'54'! '5&!4?'5/9!C414.&0)!J('5!@/0('(B&!C400&0!'/!C4F&!'5&C!9&@&6!&4>5!
/'5&9)!J&!O?/'&)!4'!'5&!&1+!/D!5&9!0&>'(/1!III!H!!

!!
K Thus,	because	of	the	presence	of	negative	gravitational	masses	…	

!
-!6(''6&!D?9'5&9!/1)!(1!0&>'(/1!VII!J&!D(1+!'5&!0&1'&1>&!
!

-	 «	We	 will	 assume	 that	 the	 field	 content	 for	 both,	 the	 g-fields	 and	 the	 h-fields,	 is	
identical	such	that	we	have	e.g.	two	copies	of	the	Standard	Model	».			

!

 V andW 8&(1.!@/0('(B&!>/10'41'0)!J5(>5!05&!&99/1&/?06<!>/10(+&90!40!D9&&!@494C&'&90)!'5&!
>5/(>&!  V =W =1&DD&>'(B&6<! 6&4+0! '/! 4! '9(B(46! C/+&6! J5&9&! >/0C(>! &B/6?'(/1! (0! ?1>541.&+!
41+! 9&0?6'0! (1! 4! U9(&+C411! C/+&6)! 4>>/9+(1.! '/! '5&! >5/(>&! /D!k)! J('5! 0'9(>'6<! @49466&6!
&B/6?'(/10!/D!'5&!'J/!@/@?64'(/10!
!
!
i !T!Confusing	 conclusions	 and	 a	 lack	 of	 elements	 that	 could	 be	 compared	with	 the	
observations	in	the	2008	article	of	S.Hossenfelder$!

P0(1.!'5&!@5940&!D9/C!'5&!&+('/9(46!8/49+!H!

!For example, the text around the discussion of  Hossenfelder’s work is so 
confused that I cannot tell if the authors are criticizing that work or building 
off it (or both). 

`?9! 410J&9! (0! '54'! '5&! W4.941.(41! +&9(B4'(/1! /@&94'&+! 8<! G48(1&! M/00&1D&6+&9! (0!
C4'5&C4'(>466<!&E4>')!0/!'54'!'5(0!>/10'9?>'(/1!/D!>/?@6&+!D(&6+!&O?4'(/10!>41!8&!9&'4(1&+!40!
4!C&'5/+!/D!>/10'9?>'(1.!4!8(C&'9(>!0<0'&C$!`1!'5&!/'5&9!541+)!5&9!49'(>6&!&1+0!(1!>/1D?0(/1$!
[&!J(66!O?/'&!&E>&9@'0!D9/C!@49'!VII!/D!5(0!49'(>6&$!
!

-	 «	In	 the	previous	 section	we	have	 studied	 the	extension	of	GR	 in	whose	 framework	
sources	 with	 negative	 energy	 appears	 in	 the	 equations	».These	 additional	 h-fields	
interact	only	with	our	standard	matter,	and	thus	couple	only	extremely	weakly.	»		

!
L5&!@9/@/046! (0!@&9D&>'6<!>6&49$! I'!&1B(04.&0! '5&! (1'9/+?>'(/1! /D!4!1&.4'(B&!&1&9.<!>/1'&1'

  E = m c 2 < 0 )! '5?0!>/99&0@/1+(1.! '/!&6&C&1'0!  m < 0 )! '5&9&D/9&! /D!1&.4'(B&!C400$! I'! J/?6+!
'5&9&D/9&!54B&!8&&1!6/.(>46! '/! (1'9/+?>&!41!&O?466<!1&.4'(B&!C400!+&10('<!ρ $!-'! '5(0!0'4.&!

/1&! (0!6//F(1.! 4'! 5/J! '5&0&!C400&0 mand m(1'&94>'$! [5(6&! '5(0! (0!4!C4Y/9!&6&C&1'! /D! '5&!
4@@9/4>5! '5(0! (0!1/'! (CC&+(4'&6<!41+!>6&49!dJ5(>5!>41!8&!+/1&!(CC&+(4'&6<! '541F0! '/! '5&!
3&J'/1(41! 6(C'e$!L5&0&!410J&90!54B&!'/!8&!D/?1+!(1!'5&!'&E'$!I1!0&>'(/1!V!J&!9&4+!H!
!



! "\ !

K!p!G(1>&!h!(0!Y?0'! 4! G>5J49Q0>(6+! C&'9(>! J('5! 1&.4'(B&! dse! 0/?9>&! /1&! 0&&! &$.$! 8<!
'4F(1.!'5&!3&J'/1(41!6(C('!'5&'! 4!5K@49'(>6&!J(66!8&!9&@&66&+!8<!'5&!.K0/?9>&$!q!!

!
I1!0&>'(/1!VIII!J&!D(1+H!!
!

-	«	We	further	investigated	the	spherical	symmetric	example	with	the	source	of	usual	
matter,	 and	we	 found	 that	 the	newly	 introduced	particles	would	be	 repelled	by	 this	
source	».		

!
L941064'(/1 !H!4!C400&!m!9&@&60!4!C400! m!$!!
!
-0!>/1D(9C4'(/1)!'5&!4?'5/9!J9('&0!(1!0&>'(/1!VH!!
!

-	«	Since	both	kinds	of	matter	repel,	one	would	expect	the	amount	of	the	h-matter	in	
our	vicinity	to	presently	be	very	small	».		

!
G/! '5&9&! (0! C?'?46! 9&@?60(/1! /D! '5&0&! C400&0! m and m )! &B&1! '5/?.5! '5&! C400! +&10('(&0!

 ρ and ρ
!
49&!8/'5!@/0('(B&!d$$$e$!!

!
^?'! J5(6&! G$M/00&1D&6+&9! (0! 41! &E>&66&1'! C4'5&C4'(>(41)! 05&! 0&&C0! 6&00! >/CD/9'486&! J('5!
@5<0(>0!O?&0'(/10$!G5&! '5(1F0!05&!>41!0(C@6(D<!>46>?64'(/10!8<! '4F(1.!466!>/10'41'0!&O?46! '/!
?1('<)! 41+! +/&0! '5&! 04C&! D/9! V(10'&(1N0! >/10'41'!χ $! M/J&B&9)! '5&! V(10'&(1! >/10'41'! (0!
D?1+4C&1'466<!1&.4'(B&$!I1!'5(0!6/.(>!05&!05/?6+!54B&!.(B&1!('!'5&!B46?&!K!"$!!I'!(0!'5(0!>5/(>&!
'54'!+(>'4'&0!5&9!>5/(>&!/D!0(.10!(1!5&9!D(&6+!&O?4'(/10)!4!0/?9>&!/D!>/1D?0(/1$!!

!
L5&!D4>'!/D!(1B/F(1.!'5&!J&4F1&00!/D!.94B('4'(/146!(1'&94>'(/1!J/?6+!/16<!C4F&!0&10&!(D!'5(0!
D/9>&!J40!>/C@49&+!'/!41/'5&9!D/9>&)!&00&1'(466<!'5&!&6&>'9/C4.1&'(>!(1'&94>'(/1!D/9>&!"f:l !
'(C&0! .9&4'&9$! L5&! 64''&9! (0! 480&1'! (1! >/0C/6/.(>46! C/+&60! J5&9&! '5&! >/0C(>! 0>&149(/)!
(1B/6B(1.!(0/'9/@<!41+!5/C/.&1&('<)!(1>6?+&0!'5&!D?1+4C&1'46!400?C@'(/1!/D!'5&!&6&>'9(>46!
1&?'946('<! /D! '5&! ?1(B&90&)! /'5&9J(0&! '5&! 0C466&0'! >549.&! J/?6+! 6&4+! '/! 4! B&9<!B(/6&1'!
&E@410(/1$! I1! '5(0! 0&1'&1>&! G$! M/00&1D&6+&9! C&410! '54'! '5&! &E(0'&1>&! /D! '5(0! &1'('<! /D!
1&.4'(B&!C400! J/?6+!>/?@6&!J&4F6<!J('5!@/0('(B&!C400)! J5&9&40! '5&! (1'&94>'(/10! m ↔ m !
49&!/D!'5&!04C&!/9+&9!/D!C4.1('?+&!40!'5&!(1'&94>'(/10! m ↔ m $!!!

!
U?9'5&9!/1H!!
!

	-	«	The	model	we	laid	out	is	purely	classical.	Nevertheless	it	is	worthwhile	to	consider	
the	vacuum	expectation	value	of	the	stress-energy	tensor	for	quantum	fields	that	are	
coupled	to	the	classical	background.	»	

!
G5&! '5&9&D/9&!>/10(+&90!5&9! '9(46!40!4!0(C@6&!C/+(D(>4'(/1! /D! '5&!0'41+49+!C/+&6$!L5?0! '5&!
@5&1/C&1/1!9&@9&0&1'&+!8<!'5(0!jJ&4Fj!>/?@6(1.!/D!'5&!5KD(&6+!J('5!'5&!.KD(&6+)!J/?6+!8&!4'!
'5&! /9(.(1! /D! '5(0! 1&.4'(B&! &1&9.<! /D! '5&! B4>??C)! '941064'&+! 8<! '5&! @9&0&1>&! /D! '5&!
>/0C/6/.(>46!>/10'41'!(1!V(10'&(1N0!&O?4'(/1$!S/10&O?&1'6<!05&!J9('&0!!H!!
!

-	 «	We	 will	 assume	 that	 the	 field	 content	 for	 both,	 the	 g-field	 and	 the	 h-field,	 is	
identical	such	that	we	wave	e.g.	two	copies	of	the	Standard	Model	».		

!
I'! (0! '5&1! &40(&9! '/! ?1+&90'41+! J5<! 05&! >5//0&0! '/! @/0&! ρ > 0 !)! J5(>5! .(B&0! ('! (+&1'(>46!

&B/6?'(/149<!&O?4'(/10!dc2e!41+!dc:e)!J5&1!05&!>/10(+&90!4!C(E'?9&!/D!'J/!0(C(649!&1'('(&0$!



! "i !

L5&! J/96+! /D! 1&.4'(B&! C400&0! 9&@9&0&1'0! D/9! 5&9! 4! F(1+! /D! .5/0'6<! &1'('<! J5(>5! 8<! ('0!
>/1'9(8?'(/1! '/! '5&! .94B('4'(/146! D(&6+! J/?6+! 1/'! 89(1.! (1! ('0&6D! 4! @&9'?9841>&! 0&10('(B&! '/!
>/0C(>! +<14C(>0! dj'J/! >/@(&0! /D! '5&! G'41+49+! ;/+&6je! 8?'! J/?6+! 9&B&46! ('0! @9&0&1>&!
'59/?.5! D6?>'?4'(/10! J5(>5! J/?6+! '5&1! 8&! '5&! 0/?9>&! /D! '5&! &DD&>'! 4''9(8?'&+! '/! B4>??C!
&1&9.<)!'/!'5&!>/0C/6/.(>46!>/10'41'$!L5&!4?'5/9!'5&1!D/>?0&0!5&9!(1'&9&0'!/1!'5&!9&.(/10!/D!
'5&!?1(B&90&!'54'!49&!D9&&!/D!C4''&9)!/1!('0!j&C@'<j!9&.(/10)!41+!05&!J9('&0!H!
!

-	«	If	we	consider	the	vacuum	solution	in	the	model	with	exchange	symmetry	however,	
we	 expect	 a	 symmetry	 between	 both	metrics.	 In	 the	 case	 with	 maximal	 number	 of	
space-time	 symmetries,	 both	 would	 just	 be	 the	 Minkowski	 metric.	 We	 then	 have	
  h / g = 1 	and	the	pull	over	are	just	identity.	Since	the	matter	content	of	both	types	of	
fields	 is	 identical	 (…),	 this	means	 that	 the	 source	 terms	 in	 equations	 (34)	 	 and	 (35)	
cancel	identically,	,no	matter	how	large	their	values	are.	»		

!
L5&!9&40/1(1.!5&9&!8&>/C&0!>/1'94+(>'/9<$!L5&!C/+&6!1/!6/1.&9!>/99&0@/1+0!'/!j'J/!>/@(&0!
/D! '5&!0'41+49+!C/+&6j$!U(&6+!&O?4'(/10!J('5!1?66!0&>/1+!C&C8&90!6&4+! '/! '5&!7(94>K;(61&!
C/+&6!J('5!6(1&49!&E@410(/1!40!4!D?1>'(/1! /D! '(C&$!L5&0&!5<@/'5&'(>46!C(++6&!D6?>'?4'(/10!
49&!1/'!+&0>9(8&+$!`1&!0(C@6<!9&4+0H!!
!

-	 «	Wether	or	not	 this	 solution	 is	 stable	 or	would	 run	away	 is	 the	 constants	did	not	
exactly	cancel	requires	further	investigation.	»		

!
I'! (0! '5&9&D/9&!1/'!F1/J1!5/J!41!(10'48(6('<!/D! '5(0!B4>??C)!@9&0&1'&+!40!4!C(E'?9&!/D!'J/!
'<@&0!/D!C4''&9!J('5!(+&1'(>46!+&10('(&0)!>/?6+!.&1&94'&!4!D(&6+!>/99&0@/1+(1.! '/!4!1&.4'(B&!
&1&9.<!+&10('<)!'J/!/9+&90!/D!C4.1('?+&!.9&4'&9!'541!'5&!.94B('4'(/146!D(&6+!400/>(4'&+!J('5!
/9+(149<!C4''&9)!>4?0(1.!'5&!4>>&6&94'(/1!/D!'5&!&E@410(/1!'941064'&+!8<!'5&!/80&9B4'(/10!/D!
5(.5 K9&+05(D'!0?@&91/B4&$!!!

!
G5&!J9('&0H!!
!

«	Since	 we	 now	 have	 only	 gravitationnally	 interacting	 density	 contribution	 that	 is	
negative,	and	one	further	would	hope	for	symmetry	reason	that	both	densities	are	of	
the	same	order	of	magnitude	(…)	the	total	gravitating	density	can	be	smaller	than	the	
observed	one.	Then	the	relative	density	fluctuations	can	be	smaller	than	the	observed	
one	».	

!
I1+&&+)!5/J!>41!/1&!5/@&! '/!>9&4'&!4!D(&6+!/1&!5?1+9&+! '(C&0!C/9&!(1'&10&! '541! '5&!D(&6+!
+?&! '/! /9+(149<!C4''&9!D9/C!D6?>'?4'(/10!4@@&49(1.! (1!41!&1B(9/1C&1'! J5&9&)!6/>466<)! '5&!
+&10('<!/D!'5&!0&>/1+!C4''&9!(0!/D!'5&!04C&!/9+&9!/D!C4.1('?+&_!!

!
-1+!05&!>/1>6?+&0H!
!

-	«	Then	the	relative	density	fluctuations	could	be	larger	».	
!

X&9<!(1'&10&!D6?>'?4'(/10)!@9/+?>&+!8<!J54'!C&>541(0C_!
!
-1+!J&!9&4+H!!
!

-	«	Besides	this,	both	components	of	matter	repel	each	other	which	is	an	effect	usually	
not	present	».		

!



! "l !

`D!>/?90&)!0(1>&!(1!'5&!C/+&6!RS7;!J('5!J5(>5!05&!'9(&0!'/!0'(>F)!'5&!>/1D(1&C&1'!/D!.464E(&0)!
'5&!D64'1&00!/D!'5&(9!9/'4'(/1!>?9B&0!(0!(1'&9@9&'&+!8<!'5&!@9&0&1>&!/D!4!546/!/D!+49F!C4''&9$!!

!
L/! >/1>6?+&)! G48(1&! M/00&1D&6+&9! 0&&0! (1! '5&! 1&.4'(B&! .94B('4'(/146! 6&10! &DD&>'! 400/>(4'&+!
J('5! '5&!G>5J49Q0>5(6+!G/6?'(/10!Y/(1&+!'/.&'5&9)!&B/F&+!(1!0&>'(/1!III)! '5&!/16<!@/00(8(6('<!
/D! @?''(1.! 5<@/'5&'(>46! D6?>'?4'(/10! 0(.1466(1.)! (1! B4>??C)! 9&.(/10! >/10'('?'(1.! 6/>46(Q&+!
0/?9>&0!/D!1&.4'(B&!&1&9.<$!G5&!J9('&0H!!
!

-	 «	Another	 feature	 of	 the	 scenario	 becomes	 clear	 from	 the	 previously	 discussed	
example	 of	 the	 Schwarzschild	 metric.	 If	 there	 was	 a	 localized	 source	 of	 negative	
energy,	 it	would	act	as	a	gravitational	 lens-but	unlike	usual	matter	 this	would	be	a	
diverging	 lens	 since	 it	would	 repel	 our	 (usual)	 photons.	 Such	a	 lensing	 event	would	
typically	 lower	 the	 luminosity	 of	 the	 source,	 an	 effect	 that	 could	 potentially	 add	 up	
over	 distance	 if	 the	 contribution	 of	 such	 sources	 is	 substantial.	 The	 detection	 of	
diffractive	 lensing	 event	 could	 serve	 as	 a	 smoking	 gun	 for	 the	 here	 proposed	
scenario	?	».	

!
G$!M/00&1D&6+&9!9&+(0>/B&90!5&9&!'5&!&DD&>'!'54'!J&!54+!469&4+<!+&0>9(8&+!(1!"llg!a"2b$!!

!
I1! >/1>6?0(/1)! 40! 4! .//+! C4'5&C4'(>(41)! J&66! B&90&+! (1! '5&! '&>51(O?&0! /D! +(DD&9&1'(46!
.&/C&'9<! 41+! '5&! >46>?64'(/1! /D! B49(4'(/10)!05&! .4B&! (1! 2ffi! 4! >/5&9&1'! 41+! 0/6(+!
C4'5&C4'(>46! D/?1+4'(/1! '/! 4! C/+&6! J&! (1'9/+?>&+! (1! "llc! (1! ('0! (1D41><)! &00&1'(466<!
0?@@/9'&+!8<!1?C&9(>46!0(C?64'(/10$!
!
^?')! 6(F&! %<995?0)! 05&! 540! 1/'! 8&&1! 486&! '/! &E@6/('!'5&! @5<0(>46! (C@6(>4'(/10! /D! 5&9! J/9F)!
466/J(1.!4!>/1D9/1'4'(/1!J('5!/80&9B4'(/10$!
!
!
l !T!Adaptation	of	the	system	of	coupled	field	equations$!!
!
[&!49&!./(1.!'/!4+4@'!5&9!/J1! C/+&6)!8<!C/+(D<(1.!'5&!0(.10)!'54'!(0!'/!04<!8<!>/10(+&9(1.!
'54'! '5&!+&10('<! ! ρ < 0

!
41+! '5&!@9&00?9&!  p < 0

!
49&! '5(0! '(C&!1&.4'(B&$! [&!400?C&!4!@9(/9(!

'54'! '5&!0@&&+0! /D!6(.5' c and c !!40!J&66!40! '5&!>?9B4'?9&!(1+(>&0! k and k !C4<!8&!+(DD&9&1'$!
[&! J(66! C4F&!'5&! >/0C/6/.(>46! >/10'41'! 9&4@@&49! d546D! @9&0&1'! (1! '5&! &E@9&00(/1! /D! '5&!
4>'(/1!'59/?.5!'5&!D4>'/9!  8π G )!J5(>5!'5&1!+(04@@&490e$!!L5&9&!(0!1/!9&40/1!J5<!V(10'&(1N0!
>/10'41'0! χ and χ

!
(1!'5&!&O?4'(/10!05/?6+!8&!4!@9(/9(!(+&1'(>46$!P1+&9!'5&0&!>/1+('(/10!J&!

J(66!J9('&! '5&!UW=[!C&'9(>0!d(1!4!C/9&!>6400(>46!D/9Ce$!U/66/J(1.! '5&!04C&!C4'5&C4'(>46!
@4'5! 8?'! C/+(D<(1.! '5&! 0(.10)! '5&! 0<0'&C! /D! '5&! 'J/! >/?@6&+! D(&6+! &O?4'(/10! (0! J9(''&1! 40!
D/66/J0H!
!

d"le!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

( g ) Rκν −
1
2

gκν
( g )R + Λ gκν = χ Tκν + V h

g
aν
ν aκ

κ T κ ν

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

!

!

d2fe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

(h) Rνκ − 1
2

hνκ
( h)R + Λ hνκ = − χ T νκ + W g

h
aκ
κ aν

ν Tνκ

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

!

!
-0! D49! 40! G>5J49Q0>5(6+N0! &E'&9146! 0/6?'(/10! 49&! >/1>&91&+)! 1/'5(1.! 540! >541.&+$! ^?'! '5&!
j0&>/1+! C400&0j! 49&! 1&.4'(B&)! 40! J&66! 40! +&10('<! 41+! @9&00?9&!  ( m < 0 , p < 0 , ρ < 0 )$! L/!



! 2f !

>/10(+&9! '5&!&B/6?'(/1!/D! '5(0!0<0'&C!/D! 'J/!(1'&94>'(1.!C4'&9(460)!J&!J(66!J9('&! '5&!UW=[!
C&'9(>0)!466/J(1.!'5&!0<0'&C!'/!54B&!'J/!0@&&+0!/D!6(.5'$!`1&!0@&&+!c!D/9!d/9+(149<!@5/'/10e!
/D!@/0('(B&!&1&9.<!41+!/1&!0@&&+! c !D/9!@5/'/10!/D!1&.4'(B&!&1&9.<)! '94B&66(1.!4>>/9+(1.! '/!
'5&!.&/+&'(>!1?66!/D!'5&!C&'9(>!h$!
!

d"le!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
ds2 = − c2dt 2+ a2 dr 2

1− kr 2 + dθ 2 + sin2θ dϕ 2⎡

⎣
⎢

⎤

⎦
⎥ !

!

d2fe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
ds 2 = − c2dt 2+ b2 dr 2

1− kr 2 + dθ 2 + sin2θ dϕ 2⎡

⎣
⎢

⎤

⎦
⎥ !

!
G/! J&! 54B&! 4! 0(1.6&! C41(D/6+!M!&O?(@@&+! J('5! 'J/! C&'9(>0!g!41+!h!$! L5&! >/0C(>! 5(0'/9<!
9&0?6'(1.!D9/C!'5&!(1'9/+?>'(/1!/D!'5&0&!C&'9(>0!(1!'5&!D(&6+!&O?4'(/10!J(66!8&!'941064'&+!8<!
'5&!D?1>'(/10! .(B(1.! '5&!&B/6?'(/1! /D! '5&!0>46&!D4>'/90!  a(t ) and b(t ) $! [&!J9('&! '5&!0<0'&C! /D!
D(&6+!&O?4'(/10!(1!C(E&+!D/9CH!
!
d2"e!

  

( g ) Rκ
ν − 1

2
δ κ

ν ( g )R = χ T κ
ν +V h

g
aν
ν aκ

κT κ
ν

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

!

!
d22e!

  

(h) Rν
κ − 1

2
δ ν

κ (h)R = − χ T ν
κ +W g

h
aκ
κ aν

νT ν
κ

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
!

!
L5&!0/?9>&!'&10/90!/D!'5&!D(&6+!49&!.(B&1!'5&!D/9CH!!
!

d2:e

!!!!!!!!!!!!!

  

T µ
ν =

ρc2 0 0 0

0 − p 0 0

0 0 − p 0

0 0 0 − p

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

T µ
ν =

ρ c2 0 0 0

0 − p 0 0

0 0 − p 0

0 0 0 − p

⎛

⎝

⎜
⎜
⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟⎟

!

!
^<!(1'9/+?>(1.!'5&0&!C&'9(>0!(1'/!'5&!&O?4'(/10!J&!/8'4(1!'J/!@4(90!/D!+(DD&9&1'(46!&O?4'(/10)!
'5&!D(90'!@4(9!>/1'4(1(1.!'5&!D(90'!41+!0&>/1+!+&9(B4'(B&0!/D!'5&!>/99&0@/1+(1.!0>46&!D4>'/9!4!
41+!'5&!0&>/1+!@4(9!>/1'4(1(1.!'5&!D(90'!41+!0&>/1+!+&9(B4'(B&0!/D!'5&!0&>/1+!0>46&!D4>'/9!b$!!
!

d2ce!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
a = da

dt
!!a = d 2a

dt2
!b = db

dt
!!b = d 2b

dt2 !!

!
[&!.&'!'5&!&O?4'(/10 H!!
!

d2ge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
− χ ρ c2 +V b3

a3 ρ c 2⎡

⎣
⎢

⎤

⎦
⎥ = −Λ + 3k

a2 + 3 !a2

c2a2 !!

!



! 2" !

d2he!!!!!!!!!!!!!!!!!!!!!!
   
− χ ρ c2 +V b3

a3
ρ c2 + p +V b3

a3
p

⎡

⎣
⎢

⎤

⎦
⎥ = Λ − k

a2
−

!a2

c2a2
− 2!!a

c2a
!

!

d2\e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
χ ρ c2 +W

a3

b3 ρ c2⎡

⎣
⎢

⎤

⎦
⎥ = −Λ +

3k
b2 +

3 !b2

c2b2 !!

!

d2ie!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
! " c2 +W

a3

b3 " c2 + p +W
a3

b3 p
#

$
%

&

'
( = ) *

k
b2 *

!b2

c2b2 *
2 !!b
c2b

!

!
`1&!>411/')!40!M/00&1D&6+&9!+/&0)!>/10(+&9!/16<!&O?4'(/10!d2ge!41+!d2\e!41+!+&+?>&!D9/C!
'5&C! &B/6?'(/149<! &O?4'(/10! 8<! '9&4'(1.! '5&! @494C&'&90! V andW !40! (1+&@&1+&1'!
O?41'('(&0$!L5&<!49&!1/'$!L5&!(C@&94'(B&!/D!'5&!&E(0'&1>&!/D!4!0/6?'(/1!C?0'!8&!400?9&+$!L5&(9!
B46?&0! 49&! +&'&9C(1&+! 8<! '5&! >/C@4'(8(6('<! 9&64'(/10! '54'! 6(1F! &O?4'(/10! d2ge)! d2he)! d2\e)!
d2ie$!L5&!+&'4(6&+!>46>?64'(/1!(0!.(B&1!(1!-11&E!I$!I'!(0!C/+&66&+!/1!'5&!>6400(>46!>46>?64'(/1!/D!
'5&! UW=[! 0/6?'(/1! /D! V(10'&(1N0! &O?4'(/1)!J5(>5! 9&0?6'0! (1! 41! &1&9.<! >/10&9B4'(/1!
9&64'(/105(@!/D!
!

!d2le!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  ! c2R
3(1+

"
3

)
= Cst !!

J5(>5! .(B&0!  ρ c2 R3 = Cst !D/9! '5&! ?1(B&90&! /D! +?0'! 41+!  ρr c2 R4 = Cst !D/9!'5&! ?1(B&90&! /D!

94+(4'(/1$!M&9&!J&!.&'!0/C&'5(1.!0(C(649!d'5&!+&'4(6!/D!'5&!>46>?64'(/1!(0!.(B&1!(1!-@@&1+(E!Ie$!
!
!VO?4'(/10!d2ge!41+!d2he!'5&1!.(B&!H!
!

d:fe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

d
dt

! c2 +V b3

a3 ! c 2"

#
$

%

&
'

! c2 +V b3

a3 ! c 2 + p +V b3

a3 p
"

#
$

%

&
'

+
3
a

da
dt

= 0 !

!
-1+!&O?4'(/10!d2\e!41+!d2ieH!!
!

d:" e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

d
dt

! c2 +W a3

b3 ! c2"

#
$

%

&
'

! c2 +W a3

b3 ! c2 + p +W a3

b3 p
"

#
$

%

&
'

+
3
b

db
dt

= 0 !

!
L5&9&!49&!'J/!@/00(86&!0>&149(/0$!ID!J&!49&!(1!4!?1(B&90&!/D!+?0'H!!
!

d:2e!!!!!!!!!!!!!!!!!!!!!!!!!
  

d
dt

! c2a3 +V ! c2b3"# $%=
d
dt

W! c2a3 + ! c2b3"# $%= 0!

!!
[5(>5!.(B&0!4!.&1&946(Q&+!64J!/D!&1&9.<!>/10&9B4'(/1!J('5!
!
d::e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  V =W =1!!
!



! 22!

!

d:ce!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  ρ c2a3 + ρ c2b3 = E = Cst !

!
!
I1!'5&!>40&!/D!4!?1(B&90&!C4+&!?@!/D!94+(4'(/10!'5&!>/C@4'(8(6('<!6&4+0)!J('5H!!
!

d:ge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
V =

b
a

=
1

W
!!

!
'/!'5&!.&1&946(Q&+!>/10&9B4'(/1!/D!&1&9.<)!(1!'5(0!D/9CH!!
!

d:he!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  ρ c2a4 + ρ c 2b4 = E = Cst !

!
ID! /1&! /@'0! D/9! '5(0!C/+&6(1.! ('! J/?6+! '5&1! 8&! 1&>&0049<! '/! 9&J9('&! '5&! 0<0'&C! /D! D(&6+!
&O?4'(/10H!!
!

d:\e!!!!!!!!!!!!!!!!!!!!!!!!!

  

(g) R! " #
1
2

g! "
(g)R+ $ g! " = % T! " + (1+&

h
g

3 )
h
g

a"
" a!

! T ! "

'

(
)
)

*

+
,
,

!

d:le!!!!!!!!!!!!!!!!!!!!!!!

  

(h) R ! " #
1
2

h ! "
( h)R + $ h ! " = # % T ! " + (1+&

g
h

3 )
g
h

a"
" a!

! T! "

'

(
)
)

*

+
,
,

!

!

 ! = 0>/99&0@/1+(1.!'/!'5&!C4''&9!+/C(14'&+!&94!41+ α =1!'/!'5& !94+(4'(/1!+/C(14'&+!&94$!!
!
[&!>41!05/J)!Y?0'!40!J&!54B&!'54'H!!

dcfe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
! = "

8# G
c4

!!

'54'!J&!.&'! H!!

dc"e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
! = "

8# G
c4 !

!
^<!'4F(1.!4!>/0C/6/.(>46!>/10'41'!1?66!(1!'5&!'5&!&O?4'(/10)!D/9!'5&!?1(B&90&!/D!+?0'!('!>/C&0H!!
!

dc2e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
!a = c ! k +

8" G
3c4

E
a

!!

!

dc:e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   

!b= c − k +
8π G
3c4

E
b

!

!

dcce!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   

!!a
a
= − 8π G

3c2 E !!

!

dcge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   

!!b
b

=
8! G
3c 2 E !



! 2: !

!
-0! '5&! C&40?9&C&1'0! 9&D&99(1.! '/! /?9! C4''&9! +/C(14'&+! &94! 05/J! 41! 4>>&6&94'(/1)! J&!
+&+?>&! '54'! '5&! .6/846!&1&9.<!E!(0! 1&.4'(B&$!3&.4'(B&!C400!+/C(14'&0$! ! L5(0!>/1D(9C0! '5&!
5<@/'5&0(0! '54'! 54+! @9&B4(6&+! '/! 6&4+! '/! (1'&9&0'(1.! 1?C&9(>46! 0(C?64'(/10$! VO?4'(/1! dc2e!
(C@/0&0!'54'!'5&!(1+&E!/D!>?9B4'?9&!k!(0!K"$!-0!4!>/10&O?&1>&)!466!'5&!1&.4'(B&!C400&0!49&!(1!4!
0'4'&!/D!+&>&6&94'(/1$!L5&0&!&O?4'(/10!49&!'5&9&D/9&!J9(''&1H!!
!

dche!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  

1
a

d2a
dt2

= − 8π G
3c2

E !

!

dc\ e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  

1
b

d2b
dt2 =

8! G
3c2 E !

!
!
!!
"f !T!An	universe	dominated	by	negative	mass.!
!
[&!>41!'5&1!J9('&!&O?4'(/1!dche!4>>/9+(1.!40H!!
!

dci e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
a2 d 2a

dt2 = 8π G
c2 Eo ao

3 !

!
L5&!&E4>'!0/6?'(/1!/D!0?>5!41!&O?4'(/1!540!8&&1!.(B&1!8<![(66(4C!^/11/9!al b$!`16<!'5&!
@49'!/D!'5&!0/6?'(/1!>/99&0@/1+(1.! '/! '5&!C4''&9!+/C(14'&+!&94!>41!8&!>/10(+&9&+$!!^<!
@?05(1.! '5(0!0/6?'(/1! '/! '5&!/9(.(1!/D!'(C&)!'5&!Q&9/!B46?&!/D!'5&!>59/1/6/.(>46!B49(486&)!
'5&!C4'5&C4'(>46!0/6?'(/1!.(B&0!4!1/1KQ&9/!0>46&!D4>'/9!a!B46?&$!L5&!C/+&6!4>>/?1'0!D/9!
'5&!4>>&6&94'(/1!/D!'5&!&E@410(/1$!da:b)acb)agbe$!L5&!C4(10'9&4C!ΛS7;!C/+&6!@9&+(>'0!41!
&E@/1&1'(46! &E@410(/1! 9&64'&+! '/! '5&! D4>'! '54'! '5&! &1&9.<KC4''&9! &O?(B46&1'! /D! '5&!
>/0C/6/.(>46!>/10'41'!9&C4(10!?1>541.&+!J5&1! '5&!?1(B&90&!&E@41+0$!S/1B&90&6<)! '5&!
+&10('<! /D! 1&.4'(B&! C400! +&>9&40&0! 41+! &O?4'(/1! dche! 400(.10! 41! 40<C@'/'&! '/! '5(0!
&E@410(/1$!!

!
L5&!>/C@49(0/1!/D!'5&!@9&+(>'(/10!/D!'5(0!C/+&6!J('5!'5&!+4'4!/D!\ff!'<@&!I4!0?@&91/B4&!
@9/B&+!'/!8&!&E>&66&1'!a"l b!$!
!



! 2c!

!
!

U(.$\ !H!S/C@49(0/1!'/!/80&9B4'(/146!+4'4!D9/C!\ff!"4 K0?@&91/B4&!a"l b!

!!

L5&! (1'&9&0'! /D! '5(0! 4@@9/4>5! (0! '54'! ('! ?1(D(&0! '5&! 'J/! (1B(0(86&! >/C@/1&1'0! /D! '5&!
?1(B&90&!(1'/!4!0(1.6&!&1'('<)!4!1&.4'(B&!C400)!J5(>5!1/J!D?6D(660!'5&!D?1>'(/10!@&9D/9C&+!
8<!+49F!C4''&9!41+!+49F!&1&9.<$!

!
!
""! T!Radiative	era.!

L5&!>/C@4'(8(6('<!>/1+('(/1! /D! '5&!D/?9!&O?4'(/10! .(B&0!
  
V = 1

W
= b

a
!$! -00?C(1.! '54'! '5&!

0<0'&C! (0! 46J4<0! +/C(14'&+! 8<! '5&! 1&.4'(B&! &1&9.<! >/1'&1'! J&! J/?6+! 46J4<0! 54B&! 4!
@/0('(B&!4>>&6&94'(/1H!!
!

dcl e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
a3a = 8π G

3c4
Eo ao

4 !!

!

^?'!40!('!0'41+0)!'5(0!C/+&6!+/&0!1/'!@9/B(+&!'5&!9&40/1!J5<!0?>5!4!+(00<CC&'9<!&E(0'0!
8&'J&&1!'5&!'J/!&1'('(&0$!I1!4!1&E'!49'(>6&!J&!J(66!05/J!5/J!'5(0!40<CC&'9<!C41(D&0'0!
('0&6D)!0'49'(1.!D9/C!4! '/'466<!0<CC&'9(>46!0('?4'(/1)! '59/?.5!41/'5&9!+&0>9(@'(/1! /D! '5&!
94+(4'(B&! &940! /D! '5&! 'J/! @/@?64'(/10$! L5(0! 4@@9/4>5! J(66! &E@64(1! (1! @400(1.! '5&!



! 2g!

9&C49F486&! 5/C/.&1&('<! /D! '5&! &496<! ?1(B&90&! 41+! J(66! @9/B(+&! 41! 46'&914'(B&!
(1'&9@9&'4'(/1!/D!'5&!D6?>'?4'(/10!/D!'5&!S;^$!

W&'! ?0! 1/J! &E4C(1&! J54'! >41! &C&9.&! D9/C! '5&! C/+&6)! 40! ('! 0'41+0)! (1! '5&! C4''&9!
+/C(14'&+!&94!@540&$!

!

" 2!T!With	respect	to	local	relativistic	observational	data$!!

L5&!4.9&&C&1'!(0!(CC&+(4'&$!-0!1/'&+!8<!G$!M/00&1D&6+&9!(1!0&>'(/1!IV!/D!5(0!49'(>6&H!!

«	Since	both	kinds	of	matter	repel,	one	would	expect	the	amount	of	h-matter	
in	our	vicinity	to	presently	be		very	small	».		

G/!'5&!0<0'&C!8&>/C&0H!!

dgf e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
( g ) Rκν −

1
2

gκν
( g )R + Λ gκν = χTκν !

dg" e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  

(h) R! " #
1
2

h! "
(h)R+ $ h! " = # %

g
h

a"
" a!

! T! " !

L5&! D(90'! &O?4'(/1! (0! 0(C@6<! '54'! /D! '5&! >6400(>46!*= $! G/! 466! 6/>46! B&9(D(>4'(/10! 6(F&! '5&!
&E@6414'(/1!/D!'5&!4+B41>&!/D!;&9>?9<N0!@&9(5&6(/1!41+!'5&!+&B(4'(/1!/D!6(.5'!94<0!8<!'5&!
G?1!460/!+&9(B&!D9/C!'5&!C/+&6$!

!

"2! T!Galaxy	modeling$!!

I'!540!8&&1!@/00(86&!'/!8?(6+!4!C/+&6!/D!4!.464E<!J('5!0@5&9(>46!0<CC&'9<!0?99/?1+&+!8<!
1&.4'(B&!C400)! '5&!64''&9!54B(1.!4!>/1D(1(1.!&DD&>'!/1!('$!G&6DK.94B('4'(1.!0'&6649!0<0'&C0!
54+! 469&4+<! 8&&1! C/+&6&+! (1! "lc2! 8<! G$S541+940&F549! a2f b! ?0(1.! 4! 0/6?'(/1! /D! '5&!
;4EJ&66K̂ /'QC411!'<@&!/D!'5&!X640/B!&O?4'(/1)!>/?@6&+!J('5!'5&!%/(00/1!&O?4'(/1$!L5&!
0'490!(1!.464E(&0!D/9C!1/1K>/66(0(/1!0&'0$L5&!^/6QC411!&O?4'(/1!(0!J9(''&1!40!D/66/J0H!!

dg2e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   

! f
! t

+ !
v .

!
" r f #

!
" r$ .

!
" vf = 0!!

! !8&(1.!'5&!.94B('4'(/146!@/'&1'(46!41+!! !'5&!C400!+&10('<)!%/(00/1N0!&O?4'(/1!(0!!

!dg: e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  ! " = 4# G$ !!

!!   
!
vo = <

!
v > !!8&(1.! '5&! C&41! B&6/>('<)! 9&0(+?46! B&6/>('<! d'&9C! ?0&+! 8<! 40'9/@5<0(>(0'0)!

J5(6&!D6?(+!C&>541(>0!J(66!0@&4F!/D!'5&9C46!4.('4'(/1!B&6/>('<e!(0   
!
V =

!
v !

!
vo !$![&!+&D(1&!

41!/@&94'/9!!!

!dgce!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
D !

"
" t

+
!
vo .

!
# r !!



! 2h!

[&! >41! '5&1! >/10(+&9! 'J/! X640/B! &O?4'(/10)! J9(''&1! (1! '&9C0! /D! 9&0(+?46! B&6/>('(&0)!
>/?@6&+!8<!'5&!%/(00/1!&O?4'(/1$!L5&0&!&O?4'(/10!49&!J9(''&1H!!
!

dgge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
Df +

!
V .

!
! r f "

!
! vf .

!
! r# + D

!
vo( ) "

!
! v

!
V :

!
!

!
vo = 0!

dghe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
D f +

!
V .

!
! r f "

!
! vf .

!
! r# + D

!
vo( ) "

!
! v

!
V :

!
!

!
vo = 0!

L5&!'&9C0!   
!
∇v

!
V and

!
∇!vo !49&!'5&!+<4+(>!C4'9(>&0!a2:b!D/9C&+!D9/C!'5&!+(DD&9&1'!B&>'/90!

41+! .94+(&1'0$!L5&! '&9C!   
!
∇v

!
V :
!
∇!vo !9&@9&0&1'0! '5&!0>4649!@9/+?>'! /D! 'J/!+<4+0!+&D(1&+!

da2" b! @4.&! "h! &O$! "$:"$ce! 8<!   A :B = Ai
j Bi

j $! L5&! 6/.49('5C! /D! ;4EJ&66! ^/6'QC411N0!
+(0'9(8?'(/1!D?1>'(/1!D!(0!4!0@5&9(>46!@/6<1/C(46!40!4!D?1>'(/1!/D!'5&!>/C@/1&1'0!dP)X)[e!
/D! '5&! 9&0(+?46! B&6/>('<$! V66(@'(>! 0/6?'(/10! 54B&! 8&&1! +&B&6/@&+)! J5&9&! '5&! ;4EJ&66!
^/'QC411!D?1>'(/1!(0!/16<!4!0@&>(46!>40&)!J5&9&! Logf !(0!'5&1!4!@/6<1/C(46!/D!+&.9&&!2!
40! 4! D?1>'(/1! /D! '5&0&! >/C@/1&1'0$! [&! F1/J! '54'! '5&! +(0'9(8?'(/1! /D! 0'&6649! 9&0(+?46!
B&6/>('(&0!49/?1+! '5&!0?1! (0!1/'! (0/'9/@(>!8?'!>/99&0@/1+0! '/! 41!&66(@0/(+! /D!B&6/>('(&0!
J5&9&!/1&!/D!'5&!4E&0!(0!9/?.56<!+/?86&!'5&!/'5&9!'J/$!-!C/+&6!/D!4!0@5&9/(+46!.464E<!
d/9!.6/8?649!>6?0'&9e!>/99&0@/1+(1.!'/!'5&!+94J(1.!8&6/J!540!8&&1!>/10'9?>'&+H!
!
!

!
U(.$i !H!V66(@0/(+!/D!B&6/>('(&0!(1!0@5&9(>46!0<CC&'9<$!!

!
!
I1!0@5&9(>46!0<CC&'9<! '5&! 'J/! '9410B&90&!4E&0!/D! '5&!&66(@0/(+! /D! '5&!B&6/>('(&0)!J5(>5!
49&! &O?46)! +(DD&9! D9/C! '5&! 4E(0! @/(1'(1.! '/J49+0! '5&! >&1'&9! /D! '5&! .464E<$! U/9! 41!
4E(0<CC&'9(>! 0<0'&C! '5&! 'J/! '9410B&90&! 4E&0! +(DD&9)! J5(>5! 540! 8&&1! +&B&6/@&+! (1!
9&D&9&1>&! a2cb$! I1! '5&! >/1D(.?94'(/1! /D! D(.?9&! 2! '5&! 054@&! /D! '5&! B&6/>('<! +(0'9(8?'(/1!
D?1>'(/1!>/99&0@/1+0!'/H!!
!

dg\ e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
Lnf = LnA(r ) − V2

<v2 >
+ a(r ) (

!
V.!r )2 !!

!
U/9!'5&!1&.4'(B&!C400!&1B(9/1C&1'!4!;4EJ&66(41!B&6/>('<!+(0'9(8?'(/1!(0!?0&+H!!
!



! 2\ !

dgi e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
Log f = LogA(r ) − V2

<v2 >
!

!
^<!(1'9/+?>(1.!'5&0&!D?1>'(/10!(1'/!'5&!'J/!X640/B!&O?4'(/10!dgge!41+!dghe)!(1!0'4'(/149<!
9&.(C&)!41+!>/?@6(1.!J('5!'5&!%/(00/1!&O?4'(/1$!L5&!>46>?64'(/1!(0!D4>(6('4'&+!8<!'5&!?0&!
/D! +<4+(>! 46.&894! a2" b$! [&! /8'4(1! &E4>'! 0/6?'(/10! '54'! C/+&6! '5&! >/1D(1&C&1'! /D! '5(0!
0@5&9/(+46!.464E<!>/99&0@/1+(1.!'/!D(.?9&!:$!!
!

!
!

U(.$l !HG@5&9/(+46!.464E<)!/9!.6/8?649!>6?0'&9)!/9!>6?0'&9!/D!.464E(&0$!
!
L5(0! C/+&6! 5(.56(.5'0! '5&! 9/6&! /D! '5&! 1&.4'(B&! C400! &1B(9/1C&1'! '54'! >/1D(1&0! 8/'5!
0@5&9/(+46!.464E(&0)!>6?0'&90!/D!.464E(&0!41+)!(1!'5&!>40&!/D!.464E(&0)!466/J0!'/!9&>/10'9?>'!
'5&! D64'1&00! /D! '5&(9! 9/'4'(/1! >?9B&0$! G&&! 4! C/9&! 9&>&1'! 9&0?6'! /1! D(.?9&!c! a"" b$! L5&0&!
/8Y&>'0!/D!@/0('(B&!C400!49&!'5?0!5/?0&+!(1!.4@0!(1!'5&!1&.4'(B&!C400!+(0'9(8?'(/1$!L5(0!
.4@! 8&(1.! &O?(B46&1'! '/! 41! &O?(B46&1'! @/0('(B&! C400)! '5(0! /1&! J(66! 8&! '5&! C4(1!
9&0@/10(86&!D/9!'5&!/80&9B&+!.94B('4'(/146!6&10!&DD&>'0$!L5&!C/+&6!'5&9&D/9&!4>>/?1'0!D/9!
'5(0!0&'! /D! /80&9B4'(/10$!U9/C! '5(0!@/(1'! /D!B(&J!('! (0!41!46'&914'(B&! '/! '5&!+49F!C4''&9!
C/+&6)!8?'!+/&0!1/'!(1B46(+4'&!'5&!&E(0'&1>&!/D!'5&!64''&9$!
!
3/'&H!I'!(0!?1D/9'?14'&!'54'!J&!+/!1/'!54B&!'5&!@/00(8(6('<!'/!+&B&6/@!4!.464E<!D/9C4'(/1!
0>&149(/! ?0(1.! 0(C?64'(/10$! L5&! @9/>&00! /D! >/10'('?'(/1! /D! '5&! 649.&K0>46&! 0'9?>'?9&!
5(.56(.5'0!4!1&J!@5&1/C&1/1H!'5&!(1'&10&!>/C@9&00(/1!/D!'5&!@/0('(B&!C400)!+?&!'/!'5&!
9&@?60(B&!&DD&>'!/D!'J/!4+Y4>&1'!1&.4'(B&KC400!>/1.6/C&94'&0)!9&0?6'(1.!(1!'5&!5&4'(1.!/D!
'5(0!C4''&9!(1!@64'&0)!/DD&9(1.!41!/@'(C46!.&/C&'9<!D/9!4!94@(+!94+(4'(B&!>//6(1.)!D4B/9(1.!
'5&!D/9C4'(/1!/D!@9(C('(B&!.464E(&0$!!

!
-! 0/6(+! 8/+<! 9/'4'(/1! (0! '5&1! (1'9/+?>&+$! L5&! D/66/J(1.! (C4.&! >/C&0! D9/C! 1?C&9(>46!
0(C?64'(/10! >499(&+! /?'! 4'! '5&! 7-IGt! 648/94'/9<! (1! M4C8?9.! (1! "ll2! 8<! '5&! 0'?+&1'!
U9m+m9(>! 7&0>4C@$! I1! 4! D&J! '?910)! 4D'&9! 4! '9410(&1'! 9&.(C&)! 4! 8499&+! 0@(946! (0!D/9C&+)!
640'(1.!D/9!'5(9'<!'?910!a2: b$!
!



! 2i !

!
!

U(.$"f !H!^499&+!0@(946!D9/C!1?C&9(>46!0(C?64'(/1!d"ll2!H!2E"f)fff!@/(1'0e!
!
L5&!&B/6?'(/1! /D! '5&!F(1&'(>!C/C&1'! /D! '5&! .464E<)!46/1.!J('5! '5&!&0'486(05C&1'! /D! ('0!
9/'4'(/1!>?9B&!+(DD&9(1.!D9/C!'5&!(1('(46!0/6(+!8/+<!9/'4'(/1)!(0!40!D/66/J0H!!
!

!
U(.$"" !H!VB/6?'(/1!/D!'5&!F(1&'(>!C/C&1'!d"ll2 !H!2E"f)fff!@/(1'0e!

!
!
[&!49&!(1! '5&!@9&0&1>&!/D!4!@5&1/C&1/1! /D!+<14C(>46!D9(>'(/1$! I1!>/66(0(/1!+/C(14'&+!
0<0'&C0)! '5&! '9410D&9! /D! F(1&'(>! C/C&1'! 41+! &1&9.<! '4F&0! @64>&! 8<! >/66(0(/10$! I1! 1/1K
>/66(0(/146! 0<0'&C0! '5&0&! &E>541.&0)! J5(>5! 9&D6&>'! '5&! +(00(@4'(B&! C/+&! (1! '5&0&!
&1B(9/1C&1'0)! 49&! >499(&+! /?'! B(4! '5&! 4@@&4941>&! /D! (15/C/.&1&('(&0)! +&10('<! J4B&0!
460/!>466&+! '(+46!&DD&>'0$!L5&!(1'&94>'(/1! (C@6(&0! '54'! '5&!054@&!/D! '5&!+&10('<!J4B&0!(1!



! 2l !

'5&!@/0('(B&!J/96+!D(1+0!('0!>/?1'&9@49'! (1! '5&!1&.4'(B&!J/96+$!L5&!>?9B&!48/B&!05/J0!
'54'!'5&!(1'&94>'(/1!(0!(1'&10&!J5&1!'5&!1&.4'(B&!C400!&1B(9/1C&1'!(0!@9&0&1'!41+!J5&1!
'5&!.464E<!9/'4'&0!40!4!0/6(+!8/+<)!J5(>5!(0!460/!9&B&46&+!(1!'5&!(C4.&0!/D!'5&!'9410(&1'!
@540&$! L5&! B49(4'(/1! +&>9&40&0! J5&1! '5&! .464E<! 540! 9&4>5&+! ('0! +(DD&9&1'(46! 9/'4'(/1!
9&.(C&! J('5! D64'1&00! /D! '5&! >?9B&! 4'! '5&! @&9(@5&9<$! L5&0&! 0(C?64'(/10! >/?6+! /16<! 8&!
>499(&+!/?'!(1!*&9C41<!D/9!4!D&J!C/1'50)!40!'5&!0'?+&1'!J40!O?(>F6<!>466&+!'/!/9+&9!8<!
5(0!5(&949>5<$!-0!J&!54+!1/!4>>&00!'/!4+&O?4'&!>/C@?'(1.!9&0/?9>&0!(1!U941>&)!J&!54+!
'/! 4841+/1! '5(0! 9&0&49>5! +(9&>'(/1! J('5! 9&.9&'$! I1! 4++('(/1)! (1! 0@('&! /D! '5&! 0'9/1.!
C4'5&C4'(>46! 0?@@/9')! '5&! 0@&>(46(Q&+! Y/?91460! 9&Y&>'&+! '5&0&! J/9F0! J('5/?'! 9&4+(1.!
'5&C!41+!9&@6(&+!j0/99<)!J&!+/1N'!@?86(05!0@&>?64'(B&!J/9F0j$$!!
!

": K!Large-scale	structure,	the	problem	of	the	Great	Repeller.!

I1!2f"\!a \ b!4!B&9<!649.&!0>46&!C4@!/D!'5&!?1(B&90&!(0!@?86(05&+)!>/B&9(1.!4!>?8&!/D!/1&!
41+! 4! 546D! 8(66(/1!6(.5'! <&490! /1! &4>5! 0(+&$! L5(0! C4@@(1.! (0! 4>>/C@41(&+! 8<! 4!
@9&0&1'4'(/1! /D! '5&! B&6/>('<! D(&6+! J5(>5! 5(.56(.5'0! '5&! &E(0'&1>&! /D! 4! B40'! 0@5&9/(+46!
9&.(/1! &E&9'(1.! 4! 9&@?60(B&! &DD&>'! /1! '5&! 0?99/?1+(1.! .464E(&0! 41+! J5(>5! 540! 8&&1!
14C&+!*9&4'!=&@&66&9$!!
!

!
U(.$"2 !H!L5&!*9&4'!=&@&66&9!

!
L5&! C/+&6! (1'&9@9&'0! '5(0! /80&9B4'(/1! 40! '5&! @9&0&1>&! /D! /1&! /D! '5&! 1&.4'(B&! C400!
>/1.6/C&94'&0!+&'&9C(1(1.! '5&!0'9?>'?9&!/D! '5&!?1(B&90&!/1!4!B&9<!649.&!0>46&)!D/9C&+!
8<! '5&! .94B('4'(/146! (10'48(6('<! /D! '5&! 1&.4'(B&)! 0&6DK4''94>'(1.! C400! $! L5&! +49F! C4''&9!
5<@/'5&0(0!+/&0!1/'!@9/B(+&!41!410J&9!(1! '5&!0&10&! '54'!1/!0>&149(/! (0!@9/@/0&+! '54'!
J/?6+!Y?0'(D<!'5&!&E(0'&1>&!/D!4!649.&!B/(+$!!!
!
L5(0!0>5&C&! /D!4!+(0'9(8?'(/1! /D!>/1.6/C&94'&0! /D!1&.4'(B&!C400!J/?6+! '5&1!54B&! '5&!
>/10&O?&1>&!/D!J&4F&1(1.! '5&!6?C(1/0('<! /D!+(0'41'! 0/?9>&0!8<!1&.4'(B&! .94B('4'(/146!
6&10!&DD&>'$!L5(0!(0!&E4>'6<!J54'!(0!/80&9B&+!D/9!9&+05(D'!.464E(&0!.9&4'&9!'541!\$!!



! :f !

!
-0! ('! 0'41+0)! '5&!1&.4'(B&!C400!C/+&6!@9&0&1'0! ('0&6D!40!4!>9&+(86&!46'&914'(B&!41+! '5&!
9&0?6'0!/8'4(1&+!+&0&9B&! '/!8&!89/?.5'! '/! '5&!4''&1'(/1! /D! '5&!0>(&1'(D(>!>/CC?1('<!0/!
'54'!C<!0?8Y&>'!>41!8&!+(0>?00&+$!^?'!J&!J(66!C/B&!/1!'/!/'5&9!49&40!/D!9&0&49>5!J5&9&!
+49F!C4''&9!+/&0!1/'!@9/B(+&!410J&90$!
!
I10/D49! 40! '5&! @9&0&1'! C/+&6)! J('5! 9&0@&>'! '/! '5&0&! 40@&>'0)! @9&0&1'0! ('0&6D! 40! 41!
46'&914'(B&!'/!'5&!C4(10'9&4C!C/+&6!RS7;!'5&!9&64'(B&!(C@/9'41>&!/D!'5&!1&.4'(B&!C400!
(0!'5&!04C&!40!'54'!/D!'5&!0&'!+49F!C4''&9!@6?0!+49F!&1&9.<H!!
!

!
!

U(.$": !H!L5&!>/C@/1&1'0!
!

!
!
" c!T!Primordial	antimatter,	nature	of	the	negative	mass.!!
!
I1! '5&! 4>>&@'&+! 0>(&1'(D(>! 0>5&C&)! C4''&9! 41+! 41'(C4''&9! 49&! D/9C&+! D9/C! @9(C('(B&!
94+(4'(/1)! 40! 6/1.! 40! '5&! &1&9.<! /D! @5/'/10! &E>&&+0! '5&! &1&9.<! &O?(B46&1'! /D! '5&0&!
C4''&9K41'(C4''&9!@4(90$! [5&1! '5&!&E@410(/1!6/J&90! '5(0! '&C@&94'?9&! '5&0&!0<1'5&0&0!
>&40&!41+!'5&0&!&6&C&1'0!+(04@@&49!8<!411(5(64'(/1$!U/00(6!94+(4'(/1!(0!>/10(+&9&+!40!'5&!
9&C141'! /D! '5&0&! 411(5(64'(/10$! L5&9&! (0! >?99&1'6<! 1/! '5&/9&'(>46! C/+&6! '54'! &E@64(10!
J5<!/1&!@49'(>6&!/D!C4''&9!(1!4!8(66(/1!9&C4(1&+)!1/9!J5<!J&!54B&!1&B&9!54+!'/!5(.56(.5'!
('0!>/?1'&9@49'!(1!'5&!D/9C!/D!@9(C/9+(46!41'(C4''&9$!!
!
L5&! =?00(41! -1+9&(! G4F549/B! a2cb! 0'49'&+! D9/C! 4! 0<1'5&0(0! (C4.&! /D! 849</10! D9/C!
O?49F0! 41+! 41'(O?49F0! D9/C! 41'(K849</10$! ->>/9+(1.! '/! 5(C! '5&! 94'&! /D! 0<1'5&0(0! /D!
849</10!J/?6+!54B&!8&&1!D40'&9! '541! '54'! /D!41'(K849</10$!L5&!&E@410(/1!J/?6+!54B&!
D9/Q&1!'5(0!0('?4'(/1!41+!'5&9&!J/?6+!&E(0'!(1!/?9!?1(B&90&!4!9&C141'!/D!D9&&!41'(O?49F0)!
(1! '5&!94'(/! '59&&!'/! /1&$!M&!D?9'5&9!0?..&0'&+!'54'!4! 'J(1!?1(B&90&!J/?6+!>/&E(0'!J('5!
/?9!?1(B&90&)!J5(>5!J/?6+!54B&!F1/J1!41! /@@/0('&!0('?4'(/1!41+!J5&9&!41'(K849</10!
41+!O?49F0!J/?6+!0?80(0'!(1!'5&!D9&&!0'4'&$!M&!460/!0?..&0'&+!'54'!'5&!'(C&!499/J!/D!'5(0!
/'5&9!?1(B&90&!J/?6+!8&!/@@/0('&!'/! /?90!41+!'54'!('!J/?6+!8&!&141'(/C/9@5(>$!^?'!5&!
54+! 1/'! &1B(04.&+! '5&! (1B/6B&C&1'! /D! '5&0&! 'J/! 9&.(/10$! ^&6/J! (0! 4! +(+4>'(>! (C4.&!
(66?0'94'(1.!G4F549/BN0!C/+&6$!!
!
!



! :" !

!
!

!U(.$"c !H!7(+4>'(>!(C4.&!/D!-1+9&(!G4F549/B!C/+&6!
!
!

[&! >41! >/10(+&9! '5&! >/0C/6/.(>46! C/+&6! J('5! 1&.4'(B&! C400&0! 40! 0?..&0'(1.! '5&!
D/66/J(1.!0>5&C&H!!

!

!
!

U(.!$"g !H!W(1F!'/!'5&!G4F549/B!C/+&6!
!
`1&!>41!(C4.(1&!4!9&B&9046!/D!'(C&!4'!'5&!'(C&!/D!'5&!^(.!^41.)!4!0('?4'(/1!'54' !89(1.0!4!
D/9C!/D!410J&9!'/!'5&!O?&0'(/1!jJ54'!J40!'5&9&!8&D/9&!'5&!^(.!^41.j$!
!
I'! 0/! 54@@&10! '54'! (1! "l\f! '5&! U9&1>5! C4'5&C4'(>(41! #$;$G/?9(4?! 89/?.5'! 41! /9(.(146!
410J&9! '/! LK0<CC&'9<$! M(0! 4@@9/4>5! (0! '5&! D/66/J(1.$! G'49'(1.! D9/C! ;(1F/J0F(N0!
(0/C&'9<!.9/?@)!'5&!complete!%/(1>49m! .9/?@)! 5&! +&'&9C(1&0)! 8<! '5&! '&>51(O?&! /D! '5&!
.9/?@N0! >/4+Y/(1'! 4>'(/1! /1! '5&! +?46! /D! 5(0! W(&! 46.&894! a2gb)!'5&! >5494>'&9(0'(>0! /D! '5&!
C/'(/10!/D! '5&!+(DD&9&1'!@49'(>6&0! '54'! (10>9(8&! '5&(9!C/'(/10!(1!('$!L5&0&!/8Y&>'0!49&!/D!
'J/!F(1+0 H!
!

K!%5/'/10)!>5494>'&9(Q&+!8<!'5&(9!V!&1&9.<!41+!0@(1!0$!!!
!
K!%49'(>6&0!J('5!41!&1&9.<!V!dJ('5!4!9&0'!C400!C)!4>>/9+(1.! '/!V! r!C>2e!41+!41!
(C@?60&!@$!!



! :2 !

!
%/(1>49mN0! .9/?@)! 9&@9&0&1'&+! 8<! '5&! C4'9(E! dg$ge)! S! 8&(1.! '5&! 0@4>&K'(C&! '941064'(/1!
B&>'/9!H!!
!

dgl e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

L C
0 1

⎛

⎝⎜
⎞

⎠⎟
with C =

Δt
Δx
Δ y
Δz

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

!!

!
L5(0! .9/?@! (0! >/10'9?>'&+! D9/C! '5&! W/9&1'Q!.9/?@)! 9&@9&0&1'&+! 8<! '5&! C4'9(E! dc)ce)!
4E(/C4'(>466<!+&D(1&+!4>>/9+(1.!'/H!!
!

dhf e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

t LG L = G with G =

1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

!!

!
L5?0!+&D(1&+)!'5(0!.9/?@!540!D/?9!>/11&E!>/C@/1&1'0H!!
!
K! Ln !(0! '5&!1&?'946!>/C@/1&1'!8&>4?0&! ('! >/1'4(10! '5&!1&?'946!&6&C&1'! /D! '5&! .9/?@$! I'!
+/&0!1/'!9&B&90&!'(C&!/9!0@4>&$!
!
K! Ls !(1B&9'0!0@4>&!8?'!1/'!'(C&H!%K!0<CC&'9<$!!
!
K! Lt !I1B&9'0!'(C&!8?'!1/'!0@4>&H!LK0<CC&'9<!
!
K!

 
Lst !

I1B&9'0!8/'5!'(C&!41+!0@4>&H!%L!0<CC&'9<$!!

!
L5&!D(90'!'J/!>/C@/1&1'0!D/9C!'5&!orthochronous!0?8.9/?@!  Lo = Ln , Ls{ } !

/9!9&0'9(>'&+!

%/(1>49m! .9/?@$! ! L5&! /'5&9! 'J/! >/C@/1&1'0! D/9C! '5&!antichronous! 0?80&'!

  
La = Lt , Lst{ } !$![&!>41!8?(6+!'5&!>/C@6&'&!.9/?@!D9/C!'5&!/9'5/>59/1/?0!.9/?@!'541F0!

'/!'5&!@9/@&9'(&0! 
Lt = − Ls Lst = − Ln J5(>5!(0!'941064'&+!8<!J9('(1.!'5&!C4'9(E!

!

dh"e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

λ Lo C

0 1

⎛

⎝
⎜

⎞

⎠
⎟ with λ = ± 1 !

!
L5&!4>'(/1!/D!'5&!.9/?@!/1!('0!C/C&1'!a2gb!>4?0&0)!0'49'(1.!D9/C!4!C/B&C&1'!/D!C/C&1'!
;)!466!@/00(86&!C/B&C&1'0!/D!C/C&1'!;N!6(F&6<!'/!8&!(10>9(8&+!(1!;(1F/J0F(N0!0@4>&!'/!
?1D/6+$!I'!(0!'941064'&+!8<!'5&!9&64'(/10!da2gb!&O$!d":$"f\e!/1!@4.&!"\2eH!!
!



! :: !

dh2e!!!!!!!!!!!!!!!
  

M ' = L M t L + C t Pt L ! L P tC = Lo M t Lo + " C t Pt Lo ! " Lo P tC

P' = L P = " Lo P
!!

!
P!(0!'5&!&1&9.<K(C@?60(/1!cKB&>'/9!41+!!#!'5&!(C@?60(/1!: KB&>'/9$!!H!!
!

dh:e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

 

P =

E
px

py

pz

!

"

#
#
#
#
#

$

%

&
&
&
&
&

!!

!
U9/C!'5&!&E4C(14'(/1!/D!'5&0&!9&64'(/10!dh2e!41+!dh:e!J&!D(1+!'5&!9&0?6'!/D!G/?9(4?!da2gb!
@4.&!"lf)!&O?4'(/1!d"c$\e!eH!!
!

T-symmetry	reverses	the	energy	and	pulse,	but	not	the	spin.	
!
G/! '54'! '5&! 4146<0(0! /D! '5&! @9/@&9'(&0! /D! 0@4>&K'(C&! 05/J0! '54'! L K0<CC&'9(>! C/'(/10!
05/?6+! 8&! (1>6?+&+)! '54'! J/?6+! 0(C@6<! 8&! '5/0&! /D!@49'(>6&0! /D! /@@/0('&! &1&9.<)! D/9!
@5/'/10)!41+!/D!1&.4'(B&!C400!D/9!C4''&9$!P1'(6!2f""!1/'5(1.!&C&9.&+!D9/C!/?9!@5<0(>0!
'54'! >/?6+! .(B&! >9&+('! '/! '5(0! (+&4$! ^?'! '5&! +(0>/B&9<! /D! '5&! 4>>&6&94'(/1! /D! &E@410(/1)!
4''9(8?'&+! '/! '5&!4>'(/1! /D!1&.4'(B&!&1&9.<)! .4B&!>9&+&1>&! '/! '5&! (+&4! '54'! '5&9&!>/?6+!
&E(0'!@49'(>6&0!J('5! 1&.4'(B&!&1&9.<)! J5(>5!>/?6+!8&!@49'(>6&0!J('5! 1&.4'(B&!C400!41+!
@5/'/10!J('5!1&.4'(B&!&1&9.<$!L5(0!@/00(8(6('<!/D!(1B&90(/1!/D!'5&!'(C&!>//9+(14'&!>41!8&!
9&4+!(1!41<!>40&!(1!'5&!&E@9&00(/1!/D!'5&!C&'9(>)!(1B49(41'!8<!LK0<CC&'9<)!%K0<CC&'9<!
41+!%LK0<CC&'9<H!!
!
dhce!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  ds2 = c2dt2 ! dx2 ! dy2 ! dz2 !!
!
^?'!'5(0!(1B&90(/1!/D!'5&!'(C&!>//9+(14'&!t!+/&0!1/'!4?'/C4'(>466<!C&41!'5&!(1B&90(/1!/D!
'5&!@9/@&9!'(C&!s!u!!
!
L5&!>/0C/6/.(>46!C/+&6!5/0'0 !1&.4'(B&!C400&0!41+!1&.4'(B&!&1&9.<!@5/'/10! '54'!41+!
/?9!(10'9?C&1'0!>411/'!>4@'?9&$! I'!(0!4!0(C@6&!&E'&10(/1! /D! ;(1F/J0F(N0! .&/C&'9<!$!-0!
'5(0!(1B&90(/1!./&0!541+!(1!541+!J('5!'5&!(1B&90(/1!/D!'(C&!J&!>466!('H!!
!

Janus	Model	
!
L5&!'J/!D/6+0!49&!6(1F&+!8<!4!%LK0<CC&'9<!9&64'(/105(@)!6(F&!G4F549/BN0!'J(1!?1(B&90&0$!!

!
L5&! C4''&9K41'(C4''&9! +?46('<! D(1+0! ('0! .&/C&'9(>46! '941064'(/1! 8<! (10>9(8(1.! '5&!
C/B&C&1'0! (1! 4! o46?Q4! g7! 0@4>&$! L5&! >/99&0@/1+(1.! .9/?@! (0! '5&1! '941064'&+! 8<! '5&!
C4'9(>&0!dg$geH!!
!



! :c !

dhge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

µ 0 !

0 " L o C

0 0 1

#

$

%
%
%

&

'

(
(
(

with
" = ±1

µ = ±1
!!

!
L5&! B46?&! µ = −1 9&@9&0&1'0! 4! SK0<CC&'9<$! L5(0! +/?86&0! '5&! 1?C8&9! /D! 9&64'&+!
>/C@/1&1'0!(1!'5&!.9/?@$!L5&!.9/?@!4>'0!/1!'5&!D(B&K+(C&10(/146!o46?Q4!0@4>&K'(C&!!
!

  ζ , t , x , y , z{ } !

!
L5&! '941064'(/1! 0?8.9/?@! (0! (1'9/+?>&+! 46/1.! '5(0! D(D'5! +(C&10(/1$! ->>/9+(1.! '/!
3/&'5&9N0! '5&/9&C! '5(0! (0! '941064'&+! 8<! '5&! >/10'41'! /D! 4! 0>4649!q! )! J5(>5! (0! '5&1! '5&!
&6&>'9(>!>549.&$!!
!
;4''&9v41'(C4''&9! 0<CC&'9<! (0! .&/C&'9(>466<! '941064'&+! 8<! '5&! (1B&90(/1! /D! '5&! D(D'5!
+(C&10(/1!ζ $! W&'! ?0! 0'49'! D9/C! U&<1C411N0! (+&4! 4>>/9+(1.! '/! J5(>5! 8<! 4@@6<(1.! '/! 4!
@49'(>6&!4!+/?86&!(1B&90(/1!/D!0@4>&!41+!'(C&)!('!8&54B&0!6(F&!41!41'(C4''&9!@49'(>6&$!L5(0!
(0!>/1>9&'(Q&+!8<!@400(1.!'/!'5&!#41?0!.9/?@!H!
!
!

dhhe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

λµ 0 φ
0 λL o C

0 0 1

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

with
λ = ± 1
µ = ± 1

!!

!
L59/?.5! '5&! C4'9(E! '5&! B46?&! λ = −1!/@&94'&0! 41! (1B&90(/1! /D! 0@4>&! 41+! '(C&)! 4'! '5&!
04C&!'(C&!40!41!(1B&90(/1!/D!'5&!&6&>'9(>46!>549.&$!I1!@400(1.)!'5&!(1B&90(/1!/D!'(C&!6&4+0!
'/!'5&!(1B&90(/1!/D!&1&9.<!41+!C400$!L5(0!RK0<CC&'9<!(0!'54'!J5(>5!>/99&0@/1+0!'/!'5&!
#41?0! >/0C/6/.(>46! C/+&6$! ^<! 4++(1.! '5&! B46?&! µ = ! 1 J&! (10'466! '5&! +?46('<! /D!
41'(C4''&9!(1!'5&!J/96+!/D!1&.4'(B&!C400&0$!!
W&'!?0!1/'&!(1!@400(1.! '54'!/1&!>41!4++!40!C41<!4++('(/146!+(C&10(/10!'/!;(1F/J0F(N0!
0@4>&!40!O?41'?C!>549.&0! qi !!
!

dh\ e!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

! µ 0 ...

0 ! µ ...

... ... ...

0 0 " 1

0 0 " 2

... ... ...

0 0 ...

0 0 ...

0 0 ...

! µ 0 " p

0 ! L o C

0 0 1

#

$

%
%
%
%
%
%
%
%
%

&

'

(
(
(
(
(
(
(
(
(

)

* 1

* 2

...
* p

+

1

#

$

%
%
%
%
%
%
%
%
%

&

'

(
(
(
(
(
(
(
(
(

!

!
L5&!>/C@6&'&!>46>?64'(/1!/D!'5&!4>'(/1!/D!'5(0!.9/?@!/1!('0!C/C&1'?C!(0!.(B&1!(1!-11&E!
II!41+!6&4+0!'/H!
!



! :g !

dhi e!!!!!!!!!!!!!!!!!!

  

qi ' = ! µ qi

M ' = L M t L + C t Pt L " L P tC = Lo M t Lo + ! C t Pt Lo " ! Lo P tC

P' = L P = ! Lo P

!

!
G/!'5&9&!49&!'J/!41'(C4''&90H!!

!
K!L5&!SK0<CC&'9(>!/D!/9+(149<!41'(C4''&9)!J('5!@/0('(B&!C400!41+!@/0('(B&!&1&9.<$!
W&'!?0!>466!('!j41'(C4''&9!(1!'5&!0&10&!/D!7(94>j$!
!
K!L5&!%LK41'(C4''&9)! !%LK0<CC&'9(>! /D!/?9! /J1!C4''&9)!J('5!1&.4'(B&!C400!41+!
1&.4'(B&!&1&9.<)!J5(>5!J&!J(66!>466!41'(C4''&9!(1!'5&!0&10&!/D!U&<1C411$!!
!

ID! G4F549/BN0! (+&4! (0! '5&1! (C@6&C&1'&+)! '5&! J/96+! /D! 1&.4'(B&! C400&0! J/?6+! 8&!
@/@?64'&+!J('5!41'(C4''&9!/D!1&.4'(B&!C400!41+!&1&9.<$!V00&1'(466<H!!

!
K!3&.4'(B&!C400!41'(@9/'/10!
!
K!3&.4'(B&!C400!41'(K1&?'9/10!
!
K!3&.4'(B&!C400!41'(K&6&>'9/10!
!
K!%5/'/10!/D!1&.4'(B&!&1&9.<!
!
K!-!9&0(+?&!/D!1&.4'(B&!&1&9.<!O?49F0$!!

!

I'! (0! /D! >/?90&! (C@/00(86&! '/! 5(.56(.5'!'5&0&! >/C@/1&1'0! (1+(B(+?466<)! &0@&>(466<! 0(1>&!
'5(0!1&.4'(B&!C400!(0!46C/0'!480&1'!(1!'5&!0/649!0<0'&C$!

L5&! C/+&6! (0! D460(D(486&! /1! C41<! 6&B&60$! [('5! '5&! D/9&0&&486&! @9/.9&00! /D! /80&9B4'(/1!
'&>51(O?&0)! ('! J(66! 8&! @/00(86&! '/! '9<! '/! +&'&>'! 4'! '5&! >&1'&9! /D! '5&! *9&4'! =&@&66&9!
D/9C4'(/1!'5&!@9&0&1>&!/D!4!>/1.6/C&94'&!/D!1&.4'(B&!C400)!J5(>5!J/?6+!'5&1!9&B&46!('0!
@9&0&1>&! 8<! 4! 0(.1(D(>41'! 4''&1?4'(/1! /D! '5&! C4.1('?+&! /D! '5&! +(0'41'! 0/?9>&0$! ID! '5(0!
4''&1?4'(/1! 9&B&460! '5&! @9&0&1>&! /D! 41! /8Y&>'! /D! 6(C('&+! 0(Q&)! ('! J(66! (1B46(+4'&! 41<!
(1'&9@9&'4'(/1!(1!'&9C0!/D!4!.4@!(1!'5&!+49F!C4''&9$!!

L5&! >//6(1.! '(C&! /D! 4! @9/'/0'49! (1>9&40&0! J('5! ('0! C400$! L5&0&! >/1.6/C&94'&0)! J5(>5!
D/9C! 94@(+6<! 4D'&9! +&>/?@6(1.)! >41! 8&! >/C@49&+! '/! @9/'/0'490! /D! .(.41'(>! C400! J5/0&!
>//6(1.!'( C&!&E>&&+0!'5&!4.&!/D!'5&!?1(B&90&$!L5&<!49&!'5?0!0@5&9/(+46!0&'0!C4+&!?@!/D!
41'(K5<+9/.&1! 41+! 41'(K5&6(?C! &C(''(1.! 1&.4'(B&! &1&9.<! @5/'/10)! J5(>5! /?9!
(10'9?C&1'0! >411/'! >4@'?9&)! (1! '5&! 9&+! 41+! (1D949&+! 941.&$! I1! '5(0! J/96+! /D! 1&.4'(B&!
C400&0)!'5&9&!(0!1/!4'/C!5&4B(&9!'541!'5&0&$!L5&9&!49&!1/!0'490)!1/!.464E(&0)!1/!@641&'0$!!

Life	is	absent	from	it.	

!
K L5&!#41?0!;/+&6!@9/B(+&0!41!410J&9!'/!'5&!O?&0'(/1!/D!'5&!64>F!/D!/80&9B4'(/1!/D!

@9(C/9+(46!41'(C4''&9$!!
!



! :h !

K I'!@9&+(>'0! (1!@400(1.! '54'! 41'(C4''&9!>9&4'&+! (1! '5&!648/94'/9<)! J('5! 4!@/0('(B&!
C400)! J(66! 8&54B&! 6(F&! /9+(149<! C4''&9! (1! &E@&9(C&1'0! '/! +&C/10'94'&! ('0!
8&54B(/9!(1!'5&!V49'5N0!.94B('4'(/146!D(&6+!d*849!41+!-6@54!&E@&9(C&1'0e$!
!

K I'!(0!'5&!/16<!/1&!'/!4''9(8?'&!4!@9&>(0&!(+&1'('<!'/!'5&!(1B(0(86&!>/C@/1&1'0!/D!'5&!
?1(B&90&!41+!'/!0@&>(D<!'5&!14'?9&!/D!'5&!/8Y&>'0!J5(>5!+/!1/'!>/10'('?'&!('$!!
!
!!

K ID! /1&!9&@64>&0! '5&!0(1.?649('<!^(.!^41.!8<!4!89(+.&!>/11&>'(1.! '5&! 'J/!D/6+0! /D!
?1(B&90&!(1!(1'&94>'(/1)!J5(>5!49&!(1!4!J4<! '5&!=(.5'!0(+&!41+! '5&!?@0(+&!+/J1!
0(+&!/D!'5&!5<@&90?9D4>&!0@4>&K'(C&)! '5&!C/+&6!89(1.0!41!/9(.(146!410J&9! '/! '5&!
O?&0'(/1!jJ54'!J40!'5&9&!8&D/9&!'5&!^(.!^41._!q!

K !

!

!
U(.!$"h !H!V6(C(14'(/1!/D!'5&!(1('(46!0(1.?649('<!

!
L5&! (1B&90(/1! /D! '5&! '(C&! >//9+(14'&! (0! 1/'! 4! @9/86&C! (1! '5(0! &E'&10(/1! /D! .&1&946!
9&64'(B('<!0(1>&!C&'9(>0)!D(&6+!&O?4'(/10)!D/9!466!&O?4'(/10!/D!@5<0(>0!49&!'(C&K9&B&90(86&$!
[54'!+/&0!k?41'?C!;&>541(>0!54B&!'/!04<!48/?'!'5(0_!ID!J&!9&D&9!'/!4!9&D&9&1>&!J/9F)!
'54'! /D! G$! [&(18&9.! a2hb! (1! 0&>'(/1! 2$h! d@4.&0! \c! '/! \he$! [&! J(66! D(1+! 'J/! 498('949<!
>5/(>&0!>/1>&91(1.!'5&!/@&94'/90!%!41+!L!D/9!'5&!(1B&90(/1!/D!0@4>&!41+!'(C&$!I1!/9+&9!'/!
4B/(+!'5&!&C&9.&1>&!/D!1&.4'(B&!&1&9.<!0'4'&0)!J5(>5!49&!>/10(+&9&+!4!@9(/9(!(C@/00(86&)!
'5&!D/66/J(1.!'J/!498('949<!>5/(>&0!>41!8&!C4+&)!!
!

K %!6(1&49!41+!41+!?1('49<!!d!WP!e!
!

K L!41'(6(1&49!41+!41'(K?1('49<!d--e !
!
!
" g!T!Opening	of	a	new	research	field	in	Quantum	Mechanics	ahb.		
!
I'! (0! J&66! F1/J1! '54'! '5&! &O?4'(/10! /D! 9&64'(B(0'(>! O?41'?C! C&>541(>0! do6&(1K*/9+/1)!
7(94>e!14'?9466<!5(.56(.5'!1&.4'(B&!&1&9.<!0'4'&0$!L5&<!54B&!46J4<0!8&&1!&6(C(14'&+!8<!
>/10(+&9(1.!'54'!'5&<!6&4+!'/!1&.4'(B&!@9/848(6('<!+&10('(&0$!L5&!0/6?'(/1!'54'!@5<0(>(0'0!



! :\ !

54B&!D/?1+!(0!'5&1!'/!9&@64>&)!(1!4!94'5&9!49'(D(>(46!J4<!('!C?0'!8&!4+C(''&+)!'5&!0/K>466&+!
@9/848(6('<! +&10('(&0! 8<! >549.&! +&10('(&0H! '5(0! (0! '5&! 8(9'5! /D! 41'(@49'(>6&0! d(1! '5&!
>/CC/16<!4>>&@'&+!0&10&e$!

!
M/J&B&9)!(D!J&!6//F!4!6(''6&!>6/0&9!4'!'5&0&!@9/848(6('<!+&10('(&0)!J&!0&&!'54'!'5&<!>41!8&!
9&(1'&9@9&'&+!40!9&46!@9/848(6('(&0)!@/0('(B&)! (D!J&!>/10(+&9! '54'!1&.4'(B&!&1&9.<!0'4'&0!
49&! 460/! 400/>(4'&+! J('5! 1&.4'(B&! C400&0$! L5(0! (0! @49'(>?6496<! 0'9(F(1.! J('5! '5&! o6&(1K
*/9+/1!+&10('<)!J5(>5!(1B/6B&0!'5&!94'(/!

dhl e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 

E
m

!!

%9/848(6(0'(>! (1'&9@9&'4'(/1! (0! '5&9&D/9&! >/C@4'(86&! J('5! 1&.4'(B&! &1&9.<! 0'4'&0!
@9/B(+&+! '54'! &1&9.(&0! 41+! C400! 49&! 0(C?6'41&/?06<! 1&.4'(B&$! -1+!5/J! >/?6+! ('! 54B&!
8&&1!/'5&9J(0&!J('5!V(10'&(1N0!9&64'(/1!4'!9&0'!V!rC!>2!_!L5?0!O?41'?C!C&>541(>0!(0!'5&!
(+&46! .9/?1+! D/9! 9&(1'&.94'(1.! 1&.4'(B&! &1&9.(&0$! M/J&B&9)! '5&! >/10&O?&1>&0! C?0'! 8&!
+(0>&91&+$! `1&! /D! '5&C! (0! '54'! '5&! '&C@/946! 9&B&9046! /@&94'/9! J(66! 5&1>&D/9'5! 8&!
>/10(+&9&+!40!4!6(1&49!41+!?1('49<!/@&94'/9!ai b$!!

[&!F1/J)!(1!D4>')!'54'!4!0<CC&'9<!/@&94'/9!C?0'!1&>&0049(6<!8&!a2hb$!!!

K!W(1&49!41+!?1('49<!dWPe!

/9!

! K!-1'( K6(1&49!41+!41'(K?1('49<!d--e!

I'! (0! >?0'/C49<! '/! >5//0&)! D/9! 4! 0@4'(46! (1B&90(/1! %)!'5&! >5/(>&! WP! 41+! D/9! 4! '&C@/946!
(1B&90(/1! L! '5&! >5/(>&! --$! L5?0)! '5&! 4>'(/1! /D! '5&0&! +(0>9&'&! 0<CC&'9(&0! /1! '5&!
D?1+4C&1'46! /@&94'/90! /D! O?41'?C! C&>541(>0! 40! J&66! 40! /1! '5&! (C4.(149<! (! >41! 8&!
0?CC49(Q&+!8<H!

d\f 4e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!   P:
!
x ! "

!
x ,

!
p # " i "

!
$ ! "

!
p , i ! i !!

d\f 8e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!   T:
!
x !

!
x ,

!
p " # i "

!
$ ! #

!
p , i ! # i !

L5&!D?1+4C&1'46!9&64'(/105(@!/D!O?41'?C!C&>541(>0H!!

d\" e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   

xj , pk
!" #$= i ! %j k !!

(0!'5&1!(1B49(41'!?1+&9!d\f 4e!40!J&66!40!?1+&9!d\f 8e$!!

;/9&/B&9)!'5&!0<CC&'9<!  PT( t ! " t , i ! " i ) '5?0!>5/0&1!&10?9&0!'5&!(1B49(41>&!/D!'5&!
&1&9.(&0!

!d\2e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
E ! H " i!

#
#t

!!

%/0('(B&!&1&9.(&0)!(D!J&!6(C('!/?90&6B&0!'/!'5&C)!'5&9&D/9&!9&C4(1!&E>6?0(B&6<!@/0('(B&$!`1!
'5&!>/1'949<)!(1!ai b!J&!54B&!/@'&+!D/9!'5&!>5/(>&!WP)!D/9!'5&!'J/!(1B&90(/10)!J5(>5!6&4+0!
'/!'5&!D/66/J(1.!9&0?6'H!!



! :i !

d\ : 4e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!   P:
!
x ! "

!
x ,

!
p # " i "

!
$ ! "

!
p , i ! i !

!d\ : 8e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!   T:
!
x !

!
x ,

!
p " # i "

!
$ !

!
p , i ! i !

8/'5!&10?9(1.!'5&!(1B49(41>&!/D!dhle$!L5&!C4Y/9!+(DD&9&1>&!(0!'54'!'5&!0<CC&'9<!%L!6&4+0!
'5(0!'(C&!'/!4!>541.&!/D!0(.1!4'!'5&!6&B&6!/D!'5&!&1&9.(&0H!

d\ge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
H ! i !

"
" t

# $ H !!

L5&9&!(0!1/'5(1.!'/!@9&B&1')!@5<0(>466<)!C4'5&C4'(>466<!41+!D9/C!4!@9/848(6(0'(>!@/(1'!/D!
B(&J)! '/!>/10(+&9! '5&0&!1&.4'(B&!&1&9.<!0'4'&0!40!6/1.!40! '5&<!49&!400(.1&+!4!1&.4'(B&!
C400$! ! ;/9&/B&9)! ('! &B&1! 0&&C0! '54'! '5(0! 4++('(/146! @/00(8(6('<! (0! C/9&! 9(./9/?0! (D! J&!
0'(>F! '/! C4'5&C4'(>0)! 0(1>&! (C@6<(1.! '54'! L! (0! 6(1&49)! ('! (0! (1! 4.9&&C&1'! J('5! ('0! ?0?46!
9&46(Q4'(/1!d>D$!a2hb!VO!d2$:$"he)!@$!gi)!D/9!&E4C@6&eH!

d\:e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  T =diag( ! 1,1,1,1) !!

!
!

"\e! Challenging	the	inflation	model.		

ID! J&! J41'! '/! 499(B&! 4'! 4! >/5&9&1'! >/0C/6/.(>46! C/+&6)! J&! 54B&! '/! 1&./'(4'&! 466! '5&!
&6&C&1'0!>/C(1.!D9/C!'5&!/80&9B4'(/10$!`1&!/D!'5&C!(0!'5&!&E'9&C&!5/C/.&1&('<!/D!'5&!
S;^)! (C4.&! /D! '5&! &496<! ?1(B&90&$! L5&! /16<! &E@6414'(/1! @?'! D/9J49+! 0/! D49! (0! '5&!
5<@/'5&0(0!/D!4!>/10(+&9486&!(1D64'(/1)!4''9(8?'&+!'/!4!D(&6+!/D!(1D64'/10$!-0!1/!46'&914'(B&!
'5&/9<! J40! @9&0&1'&+)! '5(0! C/+&6! &1+&+! ?@! 8&(1.! >/10(+&9&+! 40! @49'! /D! 4! j0'41+49+!
C/+&6j)!J5&9&40!1/!>9&+(86&!C/+&6!/D!(1D64'/1!J40!8/91$!!

X49(/?0!4''&C@'0!54B&!8&&1!C4+&!dwww9&De!?0(1.! 4!B49(486&!0@&&+! /D!6(.5'$! ^?'! '5&0&!
4''&C@'0! 54B&! 8&&1! 54C@&9&+! 8<! '5&! 6/00! /D! W/9&1'Q! (1B49(41>&$! ;/9&/B&9)! '5&!
/80&9B4'(/146!+4'4!J&9&! /@@/0&+! '/! '5&!B49(4'(/1! /D!>)! (D! /16<! '59/?.5! ('0! (1D6?&1>&! /1!
'5&!D(1&!0'9?>'?9&!>/10'41'$!!
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B49(486&!>/10'41'0j)!40!@49'!/D!'5&!94+(4'(B&!&94$!!!!
!
L5&0&!>/10'41'0)!40!J&66!40! '5&0&! 'J/! .4?.&0)!49&!@9&0&1'! (1! '5&!&O?4'(/10! /D!@5<0(>0)!
9&C&C8&9(1.!H!!
!

K!L5&!D(&6+!&O?4'(/1!

K!;4EJ&66,0!&O?4'(/10!



! :l !

K!k?41'?C!C&>541(>0,!&O?4'(/10$!!

L5&!O?41'('(&0!'/!>/10(+&9!49&H!!

L5&!0(E!>/10'41'0!/D!@5<0(>0H!!

K!* !H!>/10'41'!/D!.94B('4'(/1!

K!>!H!0@&&+!/D!6(.5'!
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K!C!H!466!F(1+0!/D!C400&0!
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L/!'5(0!C?0'!8&!4++&+!!

K!4!H!!0@4>&!0>46&!D4>'/9$!!

K!' !H!'(C&!0>46&!D4>'/9$!!!

[&!C?0'!'5&9&D/9&!>/10(+&9!B49<(1.!'5&0&!&(.5'!O?41'('(&0!'/.&'5&9H!!

d\ce!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  G , c , h , e , µo , m , a , t{ } !!

[&! '5&1!05/J! !a"2b!!'54'! '5&9&!(0! /16<! /1&!.&1&946(Q&+!.4?.&!9&64'(/1)! (1B/6B(1.! '5&0&!
&(.5'! O?41'('(&0)! 6&4B(1.! 466! '5&! @5<0(>0! &O?4'(/10! (1B49(41'$! L5&! +&'4(60! /D! '5&!
&0'486(05C&1'!/D!'5&0&!+(DD&9&1'!9&64'(/10!>41!8&!D/?1+!(1!'5&!4@@&1+(E!III $!

I1! '5&0&!>/1+('(/10)!(D!J&!>5//0&!/1&!/D! '5&0&!O?41'('(&0!40!4!B49(486&)! '5&!/'5&9!0&B&1!
49&!+&+?>&+$!-0!'5&!&O?4'(/10!/D!@5<0(>0!9&C4(1!(1B49(41')!'5&!04C&!(0!'9?&!D/9!'5&!D(1&!
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D4>'/9!4)!9&64'&+!'/!'5&!&E@410(/1!@9/>&00)!40!4!.?(+(1.!B49(486&$!L5&!B49(4'(/10!49&!'5&1H!!

d\ge!!!!!!!!!!!!!!!!!!!!!
  
G ∝ 1

a
; c ∝ 1

a
; h ∝ a3/2 ; e ∝ a ; µo ∝

1
a

; m ∝ a ; t ∝ a3/2 !!

G(1>&!'5&!B49(486&0! εo )!+(&6&>'9(>!>/10'41'!/D!B4>??C)!41+! µo !49&!9&64'&+)!J&!+&+?>&!'54'!
(0!480/6?'&!>/10'41'$![&!B&9(D<!'54'!'5&!(1B49(41>&!/D!'5&!W/9&1'Q!C&'9(>!!

!d\he!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  ds2 = c2 dt2 ! dx2 ! dy2 ! dz2 !!

4>>/9+(1.!'/!'5&!48/B&!9&64'(/105(@0$!!

-0!9&>466&+!(1!'5&!4@@&1+(E!III !'5&0&!.4?.&!9&64'(/10!(C@6<!'54'!H!!
!
K!-66!>5494>'&9(0'(>!6&1.'50!B49<!40!4!
!



! cf !

K!-66!>5494>'&9(0'(>!'(C&0!B49<!40!'!
!
K!-66!&1&9.(&0!49&!>/10&9B&+$!!
!

L5&! '5(9+! @9/@&9'<! (0! '5&1! (1! >/1'94+(>'(/1! J('5! 9&+05(D'! C&40?9&C&1'0)! J5(>5! 8/(6!
+/J1! '/!&B46?4'&! '5&!&1&9.<!6/00! /D!@5/'/10)!+?&! '/! '5&!&E@410(/1$!L5?0! '5(0!D/9C! /D!
j.4?.&j!&B/6?'(/1!>41!/16<!8&!6/>4'&+!+?9(1.!'5&!94+(4'(B&!&94$!!

!
[54'! (0! '5&! /80&9B486&)! 9&64'&+! '/! '5(0! C/+&! /D! &B/6?'(/1! d/D! .4?.&e)! (D! '5&9&! (0! 1/!
9&+05(D'!_!-10J&9!H!('!(0!'5&!&B/6?'(/1!/D!'5&!>/0C/6/.(>46!5/9(Q/1$!!
!

dgge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
   
Hcosmo = cdt !"

1

a
d(a3/2) !" a !!

!
L5&9&!(0!'5&9&D/9&!1/!6/1.&9!41<!1&&+!D/9!(1D64'(/1$!!
!
L5&!O?&0'(/1!9&C4(10H!J5&1!+/&0!'5(0!C&>541(0C!49(0&_!!
!
L5&! j+(9&>'j! /80&9B4'(/146!+4'4!49&! '5/0&! /D! '5&!9&+05(D'$! ^&</1+! '54')! J&!9&>/10'9?>'!
'5&! 0('?4'(/1! /D! '5&! >/0C/0! '59/?.5! 4! C/+&6$! ID! J&! 6(C('! '5&! 9&+05(D'! '/! '5&! D(90'!
5?1+9&+'5! /D! 4! 0&>/1+)! 40! G$! [&(18&9.! +(+! (1! 5(0! 8//F! jL5&! U(90'! L59&&! ;(1?'0j)! '5(0!
@5<0(>0! 0&&C0! '/! 8&! F1/J1! (1! 4! 04'(0D4>'/9<! J4<$! L5&! D(90'! >/1D(9C4'(/1! J40! '5&!
+(0>/B&9<! /D! '5&! @9(C('(B&! 94+(4'(/1! 84>F.9/?1+)! (1'&9@9&'&+! 40! 9&0?6'(1.! D9/C! 41!
411(5(64'(/1! 8&'J&&1! @4(90! /D! @49'(>6&0! /D! C4''&9! 41+! 41'(C4''&9$! =&>466(1.! '54'! ?1'(6!
1/J)!'5&!480&1>&!/D!/80&9B4'(/1!/D!@9(C/9+(46!41'(C4''&9!>/?6+!1/'!8&!&E@64(1&+$!!

!
L5&!D4>'! '54'! j466!&1&9.(&0!49&!>/10&9B&+!(1! '5&!@540&! jJ('5!B49(486&!>/10'41'0j!J/?6+!
/@@/0&!4!1?C8&9!/D!@5&1/C&14)!0?>5!40!+&(/1(Q4'(/1!/9!/'5&90$![&!>41!+&+?>&!'54'!(D!
'5(0!C&>541(0C!/D!+9(D'!/D!>/10'41'0!(1'&9B&1&0!('!>/?6+!8&!8&D/9&!'5(0!D(90'!5?1+9&+'5!/D!
4!0&>/1+$!!
!
I'!9&C4(10!O?('&!@9/86&C4'(>!'/!'9<!'/!.(B&!4!+&0>9(@'(/1!/D!'5&!?1(B&90&!8<!./(1.!D?9'5&9!
84>F! (1! '(C&$! [&! /16<! F1/J! '54'! '5&! +&10('<! '//F! &E'9&C&6<! 5(.5! B46?&0$! [5&1! '5&!
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&E@&9(C&1'466<$! I'! (0! @&954@0! C/9&! 9&46(0'(>! '/! 4+C('! C/+&0'6<! '54'! J&! +/! 1/'! 9&466<!
F1/J!J54'!54@@&10!J5&1!J&!'9<!'/!./!D?9'5&9!84>F!(1!'(C&$!!
!
[5&1!J&!'9<!'/!>9&4'&!4!C/+&6!/D!4!1&?'9/1!0'49!J&!>/C&!4>9/00!@9/86&C0!/D!4!0(C(649!
14'?9&$![5&1!J&!'9<!'/!+&0>9(8&!'5&!>/1'&1'0!/D!'5&!0'49)!40!J&!./!+&&@&9!(1'/!('0!&1'94(60)!
J&!49&!6&+! '/!>/10(+&9!4!@9/.9&00(B&!+&>/C@/0('(/1! /D! '5&!C4''&9!(1'/!C/9&!41+!C/9&!
D?1+4C&1'46!>/C@/1&1'0$!-'! '5&!0?9D4>&!/D! '5&!0'49H!(9/1!@640C4)! '/'466<!(/1(Q&+$!L5&1)!
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'5&!D9&&!0'4'&$!7&&@&9!0'(66)!('!(0!'5&!&6&>'9/10!'54'!>/C8(1&!J('5!@9/'/10!'/!.(B&!1&?'9/10$!



! c" !

V6&>'9/10!'54'!>&40&!'/! j&E(0'j)!D/9!64>F!/D!0@4>&)!9&C&C8&9(1.! '54'! '5&(9!J4B&!D?1>'(/1!
540!4!0@4'(46!&E'&10(/1! "igf! '(C&0! .9&4'&9! '541! '54'! /D!1&?'9/10!41+!@9/'/10$!^?'! '5&!
C&+(?C!0'(66!F&&@0!('0!@640C4!0'4'?0)!40!6/1.!40!'5&!&6&>'9(>!>549.&0!/D!'5&!@9/'/10!>41!8&!
1&?'946(Q&+!8<!C&0/10)!J5/0&!0(Q&!(0!2f\!'(C&0!05/9'&9!'54'!'5&!/1&!/D!&6&>'9/10$!U(1466<)!
J5&1!('!(0!'5&!C&0/10N!'?91!'/!9?1!/?'!/D!0@4>&)!'5&!>/1'&1'!(0!+&0>9(8&+!40!/16<!D/9C&+!
8<! 1&?'9/10$! U(1466<)! J5&1! '5&! +&10('<! (1>9&40&0! 4.4(1)! '5&/9(0'0! @9/@/0&! 4! 0'49! >/9&!
>/10'('?'&+!8<!4!@640C4! /D!O?49F0!41+! .6?/10$! -1+! (1!D4>'! '5(0!+&0>&1'! '/! '5&!5&49'! /D!
1&?'9/1!0'490!(0!4!J4<!'/!./!84>F!(1!'5&!@40'!/D!'5&!?1(B&90&$!!

!
[5&1!'5&!C400!/D!'5&!1&?'9/1!0'49!(1>9&40&0!4.4(1)!'5&!C/+&6!@9/@/0&+!8<!'5&!'5&/9(0'!
(0!'5&!864>F!5/6&)!8?(6'!D9/C!4!0/6?'(/1!/D!'5&!D(&6+!&O?4'(/1!9&D&99(1.!'/!4!@/9'(/1!/D!0@4>&!
D9&&!/D!41<!>/1'&1'$!!
!
!
"ie! The	question	of	time.!!
!
I1!>6400(>46!>59/1/6/.<)! '5&!5(0'/9<!/D! '5&!?1(B&90&!(0!4''4>5&+! '/!4! '(C&!B49(486&! '$!^?'!
J54'! (0! ('0! @5<0(>46! C&41(1._! M/J! '/! >/1>&(B&! 4! >6/>F)! /1! 4! 0(C@6&! >/1>&@'?46! 6&B&6)!
J5&1! '5&! +(DD&9&1'! >/C@/1&1'0! 49&! 41(C4'&+! 8<! '5&9C46! 4.('4'(/1! 0@&&+0! '54'! 49&!
0(.1(D(>41'6<!>6/0&!'/!'5&!0@&&+!/D!6(.5'$!!
!
`1&!>41!&1B(04.&!4!F(1+!/D!>/1>&@'?46!>6/>F!>/10'('?'&+!8<!'J/!C400&0!/98('(1.!49/?1+!4!
>/CC/1!>&1'&9!/D!.94B('<$!L5&!C/0'!0(.1(D(>41'!J4<! '/! '46F!48/?'!4! '(C&!(0! '/!6(1F! '5(0!
C&40?9&C&1'!'/!41!41.6&$!I'!(0!'5&!9/'4'(/1!/D!'5&!0&>/1+!541+!/1!'5&!J4'>5)!'5&!@&9(/+!
/D!9/'4'(/1!/D! '5&!V49'5!49/?1+!'5&!G?1)!/9! '5&!9/'4'(/1!/D! '5&!;(6F<![4<!/1!('0&6D$!L5&!
C&40?9&!/D!'(C&!J(66!'5?0!8&!'5&!C&40?9&!/D!4!1?C8&9!/D!9&B/6?'(/10!/D!/?9!&6&C&1'49<!
>6/>F)!8<!0?@@/0(1.! '54'! '5(0! /1&!C414.&0! '/! 4B/(+!41<!>/66(0(/1! J('5! ('0!0?99/?1+(1.!
C&+(?C)!C4+&!?@!/D!(1>9&40(1.6<!D40'!@49'(>6&0$!!

!
I1! 4! 0<0'&C! J5&9&! '5&! >/10'41'0! +/! 1/'! B49<)! '5(0! (0! '5&! >40&! D/9! '5&! C400&0! 41+! '5&!
>/10'41'!*!/D!.94B('4'(/1$!L5&!94+(?0!/D!.<94'(/1!/D!'5&!0<0'&C!41+!'5&!@&9(/+!/D!9/'4'(/1!
49&!460/!(1B49(41'$!I1!'5&0&!>/1+('(/10!/?9!&6&C&1'49<!>6/>F!J(66!>/?1'!4!D(1('&!1?C8&9!/D!
9&B/6?'(/10!(D!J&!./!84>F!'/!4!0('?4'(/1!J5&9&!'5&!?1(B&90&!(0!400(C(6486&!'/!4!@/(1'$!L5(0!
1?C8&9! /D! 9&B/6?'(/10! (0! '5&1! (+&1'(D(&+! J('5! '5&! >5/0&1! B49(486&! ')! J5(>5! J/?6+!
>/10'('?'&!4!.//+!>59/1/6/.(>46!(1+(>4'/9$!!
!

!
U(.$!"\!!M/96/.&!m6mC&1'4(9&!

!
!
I'! (0! >/C@6&'&6<! +(DD&9&1'! (D! J&! @64>&! /?90&6B&0! (1! 4! .4?.&! >/1'&E')! J('5! B49(486&!
>/10'41'0$! L5&! 94+(?0! /D! .<94'(/1! B49(&0! 6(F&! '5&! 0@4>&! .4?.&! 4$! L5&! .94B('4'(/146!
>/10'41'! B49(&0! 40! '5&! (1B&90&! /D! 4! J5(6&! '5&! C400&0! B49<! 40! 4$! L5&! >46>?64'(/1! /D! '5&!



! c2!

@&9(/+! /D! '5&! 0<0'&C! 05/J0! '54'! ('! B49(&0! 6(F&! '5&! '(C&! .4?.&! ')! ($&$! ('! (0! 05/9'&9! 41+!
05/9'&9!40!J&!./!84>F!(1!'(C&$!L5&!1?C8&9!/D!9&B/6?'(/10!C4+&!8<!/?9!>6/>F!(0H!!
!

dghe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  
N =

dt
t! = Lnt =

a1/2 da
a3/2! = Lna !!

!
L5?0)!D9/C!'5&!0'4'&)!'5&!C/C&1'!J5&1!'5&!0@4'(46!&E'&10(/1!/D!'5&!?1(B&90&!J(66!8&!1?66!
?1'(6!'/+4<!/?9!>6/>F!J/?6+!'/'46!41!(1D(1('&!1?C8&9!/D!'?910$!S/1B&90&6<)!'/!./!84>F!'/!4!
5<@/'5&'(>46!(10'41'!Q&9/)!(1!'5(0!C/+&!/D!>/0C(>!&B/6?'(/1)!&B/F&0!'5&!4@5/9(0C!/D!x&1/!
4>>/9+(1.!'/!J5(>5!->5(66&0)!@?90?(1.!4!'/9'/(0&)!1&B&9!C414.&0!'/!>4'>5!?@!J('5!('$!!
!
!
"le! Time	or	entropy_!
!
L5&!9&64'(B(0'(>!D/9C?64'(/1!/D!'5&!B&6/>('<!+(0'9(8?'(/1!D?1>'(/1!(0!!
!

dg\e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

  

f = n
m

2π kT
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⎝⎜

⎞
⎠⎟

3/2
1

c K2

mc2

kT
⎛
⎝⎜

⎞
⎠⎟

2kT
m

exp
−mc2

1− v2

c2

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

!!

!
J5&9&!C!(0! '5&!9&0'!C400)!L! '5&! '&C@&94'?9&)!1! '5&!1?C8&9!/D!+&10('<!41+!o2!4!^&00&6!

D?1>'(/1$! ID!
 
! =

<v2 >
c2

"

#$
%

&'

1/2

<<1!! '5&1! J&! .&'! '5&! >6400(>46! ;4EJ&66K̂ /6'QC411! B&6/>('<!

+(0'9(8?'(/1!D?1>'(/1!H!!
!

dgie!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
f = n

m
2! kT

"
#$

%
&'

3/2

e ( mv2/2kT

!
W&'!?0!>/C@?'&!'5&!&1'9/@<!@&9!849</1)!40!+&D(1&+!8<!H!
!

dgle!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 
s= !

k
n

f Lnf""" dudv dw = - k < Lnf > !!

!
J5&9&!F!(0!'5&!^/6'QC411,0!>/10'41'$![&!54B&!! n ! a" 3!!! v

2 ! c2 ! a" 1 !!! m ! a!!0/!'54' !H!!
!
dhfe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! s ! Ln a ! Ln t !!
!
L5&!&1'9/@<!@&9!849</1!(+&1'(D(&0!'/!'5&!0/K>466&+!p!>/1D/9C46!'(C&!q$!!
!
!
!
!
!



! c: !

2fe!Something	is	always	missing.	!
!
L5&! &E'9&C&! 5/C/.&1&('<! /D! '5&! S;^! 540! 6&+! '/! '5&! @9/@/046! /D! '5&! &E(0'&1>&! /D! 4!
D41'40'(>! (1D64'(/1)! J('5/?'! 41<! /'5&9! Y?0'(D(>4'(/1! '541! '5(0! 0(1.6&! /80&9B4'(/146! +4'4$!
L5&!C/+&6!(1>6?+(1.!4!jB49(486&!>/10'41'j!0'&@)!+&0>9(8&+!8<!4!.4?.&!@9/>&00)!6&4+0!'/!4!
B49(486&!>!&B/6?'(/1!J5&9&! '5&!>/0C/6/.(>46!5/9(Q/1!D/66/J0! '5&!B49(4'(/1! /D! '5&!0@4>&!
0>46&!D4>'/9)!J5(>5!(0!41/'5&9!J4<!'/!Y?0'(D<!'5(0!.9&4'!5/C/.&1&('<$!^?'!'5&!O?&0'(/1!'/!
8&!410J&9&+!(0H!!
!
K![54'!>4?0&0!'5(0!9&.(C&!>541.&_!!
!
I1!>6400(>46!>/0C/6/.<)!41+!(1!'5&!@540&!/D!'5&!#41?0!C/+&6!'54'!D/66/J0!'5&!+&>/?@6(1.)!
'5&! C400&0! (1! '5&! ?1(B&90&! +/! 1/'! &E@41+$! I'! (0! '5&! @5/'/10! '54'! &E@41+! 41+! '5&(9!
J4B&6&1.'5!'5&1!D/66/J0!'5&!.9/J'5!/D!'5&!0@4>&!0>46&!D4>'/9!4$!!

!
[&!54B&!0&&1)!J5&1!J&!J&1'!(10(+&!4!1&?'9/1!0'49)!5/J!('0!>/1'&1'!'&1+&+!'/!0(C@6(D<$!
-'!'5&!>&1'&9!/D!'5&!0'49H!1&?'9/10$!I1!/9+&9!D/9!'5&C!'/!&E(0')!'5&<!C?0'!8&!486&!'/!(10'466!
'5&(9! J4B&! D?1>'(/1! (1! '5&! +(0@/0486&! 0@4>&$! L5&! /9+&9! /D! C4.1('?+&! /D! '5&! C(1(C46!
0@4>&! 9&O?(9&+! >41! 8&! '5&! S/C'/1!6&1.'5! /D! 1&?'9/10! J5(>5! (0! /D! '5&! /9+&9! /D! "fK"g!
C&'&90$![54'!54@@&10!J5&1!'5&!+&10('<!/D!'5&!C&+(?C!(0!0?>5!'54'!'5&!4B&94.&!+(0'41>&!
8&'J&&1!1&?'9/10!8&>/C&0!0C466&9! '541! '5(0!6&1.'5_!L5&9&! (0!1/!>6&49!410J&9! '/! '5(0!
O?&0'(/1$!!
!
L5&! 04C&! O?&0'(/1! >41! 8&!40F&+! J5&1! J&! '9<! '/! 9&'94>&! '5&! >/?90&! /D! &B&1'0! (1! '5&!
?1(B&90&$!ID!J&!+94J!4!@49466&6!J('5!'5&!1&?'9/1!0'49!C/+&6)!J&!J/?6+!8&!6&+!'/!>/10(+&9!
4! C&+(?C! C4+&! ?@! /D! 1&?'9/10! 41+! 41'(1&?'9/10)! J5(>5! 49&! C/9&! 41+! C/9&! >6/0&6<!
@4>F&+! '/.&'5&9$! -! >9('(>46! C/C&1'! J/?6+! '5&1! />>?9)! 9&0?6'(1.! (1! '5&! '9410('(/1! '/! 4!
9&.(C&! /D! B49(486&! >/10'41'0)! J5&9&! '5&! S/C@'/1! 6&1.'5! /D! '5&! 1&?'9/10! >&40&0! '/! 8&!
>/10'41'!41+!B49(&0!40!'5&!0@4>&!0>46&!D4>'/9!4$!^?'!'5(0!(0!/16<!4!>/1Y&>'?9&$!M/J&B&9)!('!
(0! 1/'! C/9&! @9/86&C4'(>!'541! '5&! 0>5&C&! @9/@/0&+! 8<! '5&! (1D64'(/1! '5&/9<$! [&! >41!
9&@9&0&1'!/1!'5&!D(.?9&!8&6/J!'5&!J4<!(1!J5(>5!'5&!+(DD&9&1'!>/10'41'0!&B/6B&$!`1!'5&!EK
4E(0)! (1!6/.49('5C(>!>//9+(14'&0)!4!@494C&'&9! /D!&B/6?'(/1!0?>5!40! '(C&)! '5&!?1('!B46?&!
>/99&0@/1+0! '/! '5&! '9410('(/1!8&'J&&1! '5&! 'J/! 9&.(C&0$! -D'&9! '5(0! '(C&)! '5&!>/10'41'0!
4+/@'!'5&!B46?&0!'54'!J&!F1/J!'/+4<$!ID!J&!>46>?64'&!'5&!%641>F!6&1.'5)!J&!1/'(>&!'54'!('!
460/!D/66/J0!'5&!&B/6?'(/1!/D!'5&!0@4>&!0>46&!D4>'/9)!J5(6&!'5&!%641>F!'(C&!D/66/J0!'54'!/D!
'5&!'(C&!0>46&!D4>'/9$!!



! cc!

!
!

U(.$"i !H!G>5&C4'(>!&B/6?'(/1!/D!>/10'41'0!(1!W/.KW/.!>//9+(14'&!

!

2"e!An	alternative	interpretation	of	CMB	fluctuations.	

I1!'5&!D(&6+!&O?4'(/10)!'5&!&1&9.<KC4''&9!>/1'&1'!(1!'5&!D/9C!/D!94+(4'(/1!>/1'9(8?'&0!'/!
'5&!D(&6+)!40!+/&0!C4''&9$!!I1!94+(4'(B&!&940!'5&0&!>/1'&1'0!49&!(1!'5&!C4Y/9('<$!!

I'!(0!O?('&!6&.('(C4'&!'/!40F!J5&'5&9!4!D/9C!/D!.94B('4'(/146!(10'48(6('<!>/?6+!/>>?9!(1!'5(0!
94+(4'(/1K+/C(14'&+!C&+(?C)! (1!4! .40! /D!@5/'/10$! !W&'!?0!0?@@/0&! '54'!0/C&J5&9&! (1!
'5&!?1(B&90&!'5&9&!(0!4!9&.(/1!/D!>5494>'&9(0'(>!+(C&10(/1!W!J5&9&!'5&!>/1'&1'!(0!.9&4'&9!
'541! J54'! (0! 49/?1+! ('$! ID! 1/'5(1.! 54@@&10)! J&! >41! >/10(+&9! '54'! '5(0! /B&9+&10('<! /D!
94+(4'(/1!J(66!+(00(@4'&!(1!4!'(C&!Wv>$!!

ID! J&! 4841+/1! 4! 6?C@! /D! C4'&9(46! /D! +(4C&'&9! W! '/! '5&! /16<! D/9>&0!/D! .94B('<! ('! J(66!
(C@6/+&! 4>>/9+(1.! '/! 4! 64J! L ! t3/2 !/9)! @?'! +(DD&9&1'6<)! '5(0! J(66! />>?9! J('5! 4!

>5494>'&9(0'(>!4>>9&'(/1!'(C&! tJ ! L2/3$!̂<!(1'9/+?>(1.!'5&!>/10&9B4'(/1!/D!C400!  ! m " L #3!

J&!/8'4(1!41! (C@6/0(/1!'(C&!d/9!#&410!'(C&e!  tJ ! " m
#1/2 $!!

ID!1/J!('!(0!4!O?&0'(/1!/D!41!/B&9+&10('<!/D!94+(4'(/1!'5(0!/1&!J(66!>9&4'&!4!.94B('4'(/146!
D(&6+$!L5&!&B/6?'(/1! /D!0?>5!4!>6?0'&9!J(66!8&!4>>/9+(1.! '/! L ! t1/2 $!̂ ?'!40!J&!54B&! '5&1!

  ! r " L #4 !J&!J(66!54B&!41!(C@6/0(/1!'(C&!  tJ ! " r
#1/2 $!L5(0!/B&9+&10('<!J(66!(1>9&40&!(D!'5&!



! cg!

+(0@&90(/1! '(C&! (0! .9&4'&9! '541! '5&! 4>>9&'(/1! '(C&)! ($&$! (!
 

L
c

> tJ !y!I1! /'5&9! J/9+0)! '5&!

.94B('4'(/146!(10'48(6('<!J(66!/>>?9!/1!+(0'41>&!0>46&0!.9&4'&9!'541!

dh"e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! LJ = ctJ !

[&! D(1+! '5&1)! (1! '5(0! C&>541(0C! /D! 4! .94B('4'(/146! (10'48(6('<! /D! '5&! @5/'/1! .40)! '5&!
&O?(B46&1'! /D! '5&! #&410! 6&1.'5! /D! '5&! C4''&9$! ^?'! '5(0! /1&! (0! '5&1! /D! '5&! /9+&9! /D! '5&!
>/0C/6/.(>46! 5/9(Q/1$! L5(0! (0! '5&! 9&40/1! J5<! J&! 54B&! 1&B&9! 8&&1! >/1>&91&+! J('5! 4!
@5&1/C&1/1! J5(>5! J/?6+! '5&1! 8&! D?1+4C&1'466<! ?1/80&9B486&)! 46'5/?.5! ('! >9&4'&0!
D6?>'?4'(/10! J5/0&! /9+&9! /D! C4.1('?+&! /D! '5&! J4B&6&1.'5! (0! '5&! #&410! 6&1.'5! (1! '5&!
94+(4'(B&!C&+(?C$!!

L5&0&! D6?>'?4'(/10! 8&(1.! 486&! '/! />>?9! +?9(1.! '5&! @540&0! /D! &B/6?'(/1! J('5! B49(486&!
>/10'41'0)! (1! '5&! 'J/! @/@?64'(/10)! /D! @/0('(B&! /9! 1&.4'(B&! &1&9.<)! '5&<! 49&! 1/'! /16<!
'941064'&+!8<!4!D6?>'?4'(/1!/D!8?'!J/?6+!460/!4DD&>'!'5&!B46?&0!/D!'5&!>/10'41'0)!J('5!'J/!
D(&6+0!'941064'(1.!B49(4'(/10!/D!'5&!0&'0H!!

dh2e
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  

G(+) , c(+) , h(+) , e(+) , µo
(+) , m(+) , a(+) , t(+){ } !

6(1F&+!8<!!

dh:e!!!

  
G(+) !

1
a(+)

; c(+) !
1

a(+)
; h(+) ! a(+)3/2 ; e(+) ! a(+) ; µo

(+) !
1

a(+)
; m(+) ! a(+) ; t(+) ! a(+)3/2 !

41+!H!!

dhce
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  

G(! ) , c(! ) , h(! ) , e(! ) , µo
(! ) , m(! ) , a(! ) , t(! ){ } !

6(1F&+!8<!!

!dhge!!!

  
G(+) !

1
a(+)

; c(+) !
1

a(+)
; h(+) ! a(+)3/2 ; e(+) ! a(+) ; µo

(+) !
1

a(+)
; m(+) ! a(+) ; t(+) ! a(+)3/2 !

[&!'5?0!0&&!'5&!(+&4!/D!4!C?6'(B&90&)!C4+&!?@!/D!j?1(B&90&!8?886&0j!D/9C(1.!4!@4B&C&1')!
&1+/J&+!J('5! '5&(9!/J1!0&'! /D!>/10'41'0)!J('5! '5&!>/99&0@/1+(1.!B46?&0!/D! '5&!0>46(1.!
D4>'/90$! ^?')! ?16(F&! J54'! /'5&90! &1B(04.&)! '5&! &O?4'(/10! J/?6+! 9&C4(1! '5&! 04C&! D9/C!
/1&!>&66!'/!41/'5&9!41+)!(1!D4>')!'5&(9!5(0'/9(&0!J/?6+!1/'!8&!D?1+4C&1'466<!+(DD&9&1'$!-66!
>&660! /D! 1&.4'(B&! &1&9.<! J/?6+! .(B&! 9(0&)! (1! '5&(9! +/C(14'&+! C4''&9! &94)! '/! 4! 9&.?649!
+(0'9(8?'(/1! /D! 0@5&9/(+46! >6?0'&90$! I1! '5&! @/0('(B&! &1&9.<! >&660! J&! J/?6+! D(1+! 64>?149!
0'9?>'?9&0)!.(B(1.!8(9'5!'/!.464E(&0!41+!0'490$!!

^?'! (1! '5&0&! 0&'0! 4! +(DD&9&1>&! /D! '5&(9H! a
(+) >> a( ! ) !$!-0! '5&! #&410!6&1.'50! 49&! 0?>5! '54'!!!

  LJ
(+) ! a(+) ; LJ

(! ) ! a(! ) !!'5&!0@4'(46!+(0'9(8?'(/10! /D! '5&!D6?>'?4'(/10!49&!B&9<!+(DD&9&1'!
(1! '5&! 'J/! @/@?64'(/10$! ID! '5&! 1&.4'(B&! C&+(?C!F&&@0! 4! '/'46! 5/C/.&1&('<! +?9(1.! ('0!
94+(4'(B&!@540&)!'5&!D6?>'?4'(/10!/D!+&10('<!/D!('0!94+(4'(/1!>4?0&!4!J&4F!9&0@/10&!(1!'5&!
@/0('(B&!J/96+$!!



! ch!

-1+!'5&9&(1!6(&0)!(1!/?9!/@(1(/1)!'5&!/9(.(1!/D!'5&!D6?>'?4'(/10!/D!'5&!S;^$!L5&(9!4146<0(0)!
8<!(+&1'(D<(1.!'5&!D?1+4C&1'46!D6?>'?4'(/1)!J5(>5!(0!/D!'5&!/9+&9!/D!/1&!+&.9&&)!.(B&0!?0!
4>>&00!'/!'5&!9&64'(/105(@H!

dh2e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  

LJ
(! )

LJ
(+)

!
a(! )

a(+)
! 10! 2 !

G(1>&! '5&0&! D6?>'?4'(/10! />>?9! 40! @49'! /D! '5&! .4?.&!@5&1/C&1/1)! '5&<! 460/! 4DD&>'! '5&!
B46?&0!/D!'5&!@5<0(>0!>/10'41'0!41+H!

dh:e!

  

c(! )

c(+)
=

a(+)

a(! )
! 10 ;

G(! )

G(+)
=

a(+)

a(! )
! 100 ;

h(! )

h(+)
=

a(! )

a(+)

"

#$
%

&'

3/2

! 10! 3 ;
m(! )

m(+)
=

a(! )

a(+)
! 10! 2 !

[&!460/!54B&H!!

dhce!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  

t(! )

t(+)
!

tJ
(! )

tJ
(+)

=
a(! )

a(+)

"

#$
%

&'

3/2

! 10! 3 !

L5&! '(C&! /D! #&410)! (1! 1&.4'(B&! C400&0)! (0! '5&1! '5/?041+! '(C&0! 05/9'&9! '541! '54'! /D!
@/0('(B&!0@&>(&0$!L5(0!Y?0'(D(&0!'5&!0>5&C&!/D!D/9C4'(/1!/D!'5&!B&9<!649.&!0>46&!0'9?>'?9&!
/D!'5&!?1(B&90&)!4>>/9+(1.!'/!J5(>5!('!(0!'5&!0@5&9/(+46!>6?0'&90!/D!1&.4'(B&!C400!J5(>5!
49&!D/9C&+!D(90'$!!

-0!'5&!'5&9C46!4.('4'(/1!B(/'&00&0!D/66/J!'5&!.4?.&!@9/>&00!H!!!)!D/9!1?C&9(>46!0(C?64'(/10!
/D!'5&!D/9C4'(/1!/D!'5(0!B&9<!.94+&!0>46&!0'9?>'?9&!J&!54B&!'5&!+4'4H!!

dhge!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  

< v(! ) >
< v(+) >

=
a(+)

a(! )
! 10!

!

22e!The	problem	of	interstellar	travel.	

L5&!1&49&0'!@641&'49<!0<0'&C)!6(1F&+!'/! '5&!1&49&0'!0'490)!(0!D/?9!6(.5'!<&490!4J4<$!L5(0!
D4>'!C4+&!'54'!?1'(6!1/J!('!J40!>/10(+&9&+!'54'!'5&!(+&4!/D!8&(1.!486&!/1&!+4<!'/!9&46(Q&!
'9(@0!'/J49+0!'5&0&!>6/0&!0<0'&C0!J/?6+!8&!?1'5(1F486&!4'!'5&!0>46&!/D!4!5?C41!B4>??C$!
^?'!'5&!1&J!.&/C&'9(>!>/1'&E'!>541.&0!'5(1.0$!L5&!?1(B&90&!(0!4!B49(&'<!&O?(@@&+!J('5!
'J/! +(DD&9&1'! C&'9(>0$! -66! '5&! @/(1'0! /D! '5&! B49(&'<! 49&! 6/>4'&+! J('5! '5&! 5&6@! /D!
+(C&10(/16&00!+>//9+(14'&0H!!

dhhe!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  

! o , ! 1 , ! 2 , ! 3{ } !!

W&'!'J/!@/(1'0!-!41+!^!8&!+(0'41')!J('5!>//9+(14'&0!!

dh\e!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
  

! o , ! A
1, 0,0{ } ! o , ! B

1, 0,0{ } !



! c\ !

L5&! +(0'41>&! 8&'J&&1!'5&0&! 'J/! @/(1'0! J(66! 8&! +(DD&9&1'! +&@&1+(1.! /1! J5&'5&9! ('! (0!
>/B&9&+!(1!'5&!@/0('(B&!/9!1&.4'(B&!C400!0&>'/9H!!

dhie!!!!!!!!!!!!!!!!!!!!!!!!!  L
(+) =a(+)( ! B

1 " ! A
1 ) ! 100L(" ) = 100a(" ) ( ! B

1 " ! A
1 ) !

ID!4!B&5(>6&!54+!4!'&>51/6/.<!466/J(1.!('!'/!9&B&90&!('0!C400!d41+!'54'!/D!('0!@400&1.&90e!
'5&! +(0'41>&! ('! J/?6+! 54B&! '/! >/B&9! J/?6+! 8&! 4! 5?1+9&+! '(C&0! 05/9'&9$! ;/9&/B&9! '5&!
0@&&+!6(C(')!4'! '54'! /D! '5&!6(.5'! (1! '5&!1&.4'(B&!0&>'/9)! J/?6+!8&!94(0&+! /D!4!D4>'/9! '&1$!
U9/C!J5&9&!4!@9(/9(!4!J&4F&9!'94B&6!'(C&!/D!'59&&!/9+&90!/D!C4.1('?+&$!!

Thus	interstellar	travel	becomes	non-impossible.	

`1>&! 499(B&+! 4'! ('0! +&0'(14'(/1)! '5&! B&5(>6&! J/?6+! /16<! 54B&! '/! /@&94'&! 4! 1&J! C400!
(1B&90(/1! '/!D(1+!('0&6D!(1! '5&!@/0('(B&!0&>'/9$!7?9(1.! ('0!Y/?91&<)! '5&!@400&1.&90!/D! '5(0!
B&5(>6&! J/?6+! 6/0&! 466! @/00(8(6('<! /D! 54B(1.! /80&9B4'(/10! /D!'5&! @/0('(B&! C400!
&1B(9/1C&1')! 46J4<0! @9&0&1'! 8?'! 1/J! (1B(0(86&! '/! ('$! I1B&90&6<)! '5&<! J/?6+! 8&! '5&!
0@&>'4'/90! /D! '5&!1&.4'(B&!J/96+!0>&1&9<)! '54'! (0! '/!04<)! '5&<!J/?6+!8&!486&! '/!0&&! '5&!
0@5&9/(+46!>6?0'&90!/D!1&.4'(B&!C400)!&C(''(1.!(1!'5&!9&+!41+!'5&!(1D949&+$!!

-'! '5&! C/C&1'! /D! '5&! C400! (1B&90(/1! 'J/! &O?(B46&1'! B/6?C&0)! @/0('(B&! 41+! 1&.4'(B&!
0&>'/90!J/?6+!8&!&E>541.&+$!ID!'5&!B&5(>6&!@&9D/9C0!('0!C400!(1B&90(/1!J5&1!('!(0!(1!'5&!
4'C/0@5&9&)!('!J(66!1/!6/1.&9!8&!B(0(86&!'/!/80&9B&90!C4+&!?@!/D!@/0('(B&!C400!41+!J(66!
0&&C!'/!+&C4'&9(46(Q&!(1!'5&(9!&<&0$!!

-0!'5&!1&.4'(B&!0&>'/9)!(1!'5&!0/649!0<0'&C)!(0!?6'94!949&D(&+)!'5&!>/1'&1'!/D!'5&!&O?(B46&1'!
B/6?C&!J5(>5!J(66! '4F&! '5&!@64>&!/D! '5&!/1&!/>>?@(&+!8<! '5&!B&5(>6&!J(66!8&!D(66&+!J('5!
@5/'/10!41+!B&9<!949&!4'/C0!/D!41'(K5<+9/.&1!41+!41'(K5&6(?C!J5/0&!C400&0)!54B(1.!
460/! ?1+&9./1&! 41! (1B&90(/1)! 8&>4C&! @/0('(B&! 41+! J(66! 411(5(64'&! (1! >/1'4>'! J('5! '5&!
4'/C0!41+!C/6&>?6&0!/D!'5&!4'C/0@5&9&)!8<!@9/+?>(1.!.4CC4!94<0$!L5&!(99?@'(/1!/D!'5&!
4(9! C/6&>?6&0! (1! 4! 0@4>&! @&9>&(B&+! 40! O?40(! &C@'<! J(66! @9/+?>&! 4! +(0'?9841>&! /D!
4&9/+<14C(>!14'?9&$!!

L5(0!@9/>&00!/D!C400!(1B&90(/1!(0!&O?(B46&1'! '/!0J4@@(1.!4+Y4>&1'!>/1'&1'0!6/>4'&+!/1!
'5&!D9/1'!41+!84>F!/D!'5&!5<@&90?9D4>&$!I'!(0!'5?0!4!@9/86&C!/D!'/@/6/.<$!U/9!'5&9&!'/!8&!
5(0'/9(>46! >/1'(1?('<! ('! (0! 1&>&0049<! '54'! '5&! B&5(>6&! 41+! ('0! @400&1.&90! D/66/J! 4!
>/1'(1?/?0!6(1&!/D!?1(B&90&)!>/1'(1?(1.!'5&(9!@9/.9&00(/1!'/J49+0!'5&!D?'?9&$!L5&!D4>'!/D!
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2ce!Gravitational	lens	effect	created	by	a	gap	in	the	negative	mass$!
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The	conclusion	is	that	it	is	simply	impossible	to	define		
a	gravitational	potential	in	a	uniform	matter	distribution.	
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Calculation	of	the	group's	action	on	its	space	of	moments.	
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Construction	of	generalized	gauge	relations	
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