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Abstract: Resolving the big bang singularity with a non-singular classical bounce usually requires the introduction of some sort exotic matter which
violates the null-energy condition (NEC), such as a scalar field that undergoes ghost condensation, or models involving Galileon fields. In such
models an NEC violating phase is not difficult to achieve on its own, but the situation becomes much more restrictive once observational and
stability requirements are taken into consideration. In this talk | discuss whether a more desirable outcome might be achieved by making use of
fermionic rather than scalar matter. In particular, | describe bouncing scenarios which arise naturally within the context of Einstein-Cartan-Holst
gravity coupled to classical Dirac spinors. As | will show, it isrelatively easy to construct backgrounds which not only undergo a bounce, but which
also accommodate other interesting dynamics outside the bouncing phase, such as inflation or ekpyrosis. Unfortunately, things work less well when
considering perturbations in such bouncing backgrounds as | explain within the context of the smplest models: the comoving curvature perturbation
diverges as the moment of NEC violation is approached, and hence the models of greatest interest break down before reaching the bounce.
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Overview

@ Introduction
e Motivation: Why a classical bounce and Why Spinors?
e Preliminaries: Torsion and Spinors
@ Dynamics
e The Action
e Deriving the Equations of Motion
© Background cosmology

e Assumptions: Classical Spinors and Flat FRW
e Bouncing Solutions, Ekpyrosis and Inflation

Q Stability

e Linearised Equations of motion and the Co-moving Curvature
Perturbation
@ Dynamical (In)stabilities

© Conclusion and Open Questions
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Introduction: Why a bounce and why spinors?

@ We need a theory of initial conditions or we need a bounce.
Bouncing cosmologies offer tantalizing alternatives to the
standard inflationary scenario, offering solutions to the usual
cosmological problems: flatness, horizon problem, etc...

@ Null energy condition violation requires exotic matter. Gravity
with torsion coupled to spinors is perhaps the most natural and
minimal solution (see e.g. hep-th/0301129, 1105.6127,
1212.0585, 1111.4595, 1402.5880, 1406.1456... )
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Preliminaries: Torsion, spinors, and all that.

In DG the covariant derivative is not unique:
FH"IIU —+_ (—)Nfﬂli
In GR we add two assumptions

Apfhw = (._)/_J.(hw - F?/_;ﬂ_.(]-*-,u - Fﬁ'}_,u.(]-*;u =0 (MetriC Compatlblllty)
7 —1I7 =0 (Torsion Free)

jLv VL

This gives us the Christoffel Symbols

20 _ 1 _4ymyz
I fm - G.‘]f (.(fm L.V + 9muv.un — Gu .m.m.)
/ 2 / / /
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Preliminaries: Torsion, spinors, and all that.

In DG the covariant derivative is not unique:
Fﬁf,uu + (_)Nf;u,i
In GR we add two assumptions

Byl = @oling — FA"I_W__(].?,_, - FH}W_(]W, =0  (Metric Compatibility)
Pt pr :
jiv i < EIGlSlElI I Ieea
This gives us the Christoffel Symbols

1 _ym : Y
[ f;”/ — Zf]f ((]HUI 17 + (jn”}“ o .gU‘lLJ'H.) + C s

where C,, = 3(T,7, + 1,7, +T,,),and 77, =T, - I ,.

[yt H Vv
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Preliminaries: Torsion, spinors, and all that.

Some notation:

DV = dzte f‘,((‘)] - éw‘n{l A )

where
w1 =wikr + Cykir
So:
T[ = D(:J = D(-_‘! + C'{j(i"j — C{_lfﬁ'j = C:i‘-”\v(:,l\ €J
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Dynamics: The action
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Dynamics: The gravitational Action.

I(?J If!\ L

&)

NIKMIL e

-2

Sa =K /( €1JKL +

@ Einstein-Hilbert Term ~

June 2017 6/37
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Dynamics: The gravitational Action.

S | 2 1 ,JpKL
OG =K /( €lJKL + SMIKMIL )e e R”

/
e

@ Einstein-Hilbert Term /,

/"’
e

@ Holst Term —
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Dynamics: The matter action Action.

@ Fermion Kinetic term \

SL_-. = ‘% GI,U{LEIEBJEZK(EWLD\P = WWL\D)
+ 4 / (De"e e [ergkp(@VE + BAL) + nrgenpr (TVE + AAL))

- f:/ erjire’ e’ e el U(WW)

where:

[--"L — @hﬁ/l’lll Al’ = \II'}') L\II.
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Dynamics: The matter action Action.

@ Fermion Kinetic term \

SL‘. — # EIJKLCIEJE?K(E’}«LDW = WWL\I’)
+3 / (De")el et lersrr(@Vh + BAY) + nyrn L (tVE + AAY)]

a IIT/ 61.11{1,6[e‘je"""e['{}(@\p)

J

@ Potential ——— /
@ Axial and Vector source term -

where:
VL= @71’\1!. AL = @7;71“\11.
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Dynamics: The matter action Action.

@ Fermion Kinetic term \

Sy = 331 / ergrelel e (Wy DY — DUAE)
i / (Del)e’e® [ersxr(aVh + BAY) + mygnpn(tVE + AAY)]

a 11'/ fl.ilx'Lf?Ie‘jc?";eLU(TIJ\[;)

2

@ Potential ——— /
@ Axial and Vector source term -~
where:
V L _ ﬁﬁf L\I’. 14[, = 6_}_),}],\1,
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Deriving the equations of motion.

Variation with respect to the spin connection w

- 2 INJ 1 I1.J K DL
26(€rgMN + SNy ) (De)e” = —qpergrLe €7 e EqqunAD
| B g L
— Eflﬂ[‘.]‘!\’L(ﬁ € fi|;-\-']()
1 _J K L
— If: € (;l*‘;\; ”,-‘1!]}{",JLS2 ;

where:

O = (aV* + pAL), QL = (rvL + 2AD).
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Deriving the equations of motion.

After a long and tedious calculation...

‘)

G = s-v-(1f+~") 1eQXST(Log — (Ag + Q) + T8} (04 + L(AP + @P))|.
(@12 ’r‘r ’ ’
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Deriving the equations of motion.

Variation of the action with respect to the spinor V:

’ ITRMALD ) . QSR ot PQJIK (1 o2
G€IIJKLE T Y Upy¥Y = €[ JKLE - _ y—— — =7 T ha —
JILIKI ! 1ETIKI QP s ~ aMK) QP ST
- TJKM ~ Li. A _Bia oU
+ gar€rgkLe " CapmY Y Y| + =,
ow
Farnsworth, Shane (AEI) Spinor driven cosmic bounces June 2017 10 /37

Pirsa: 17060109 Page 17/53



Deriving the equations of motion.

Once again, after a long calculation...

- YTV
!’}[‘DL‘I’ = (‘_ g
ow
where:
o 3rG~? ‘ . .
W =U(E) - —[AfAT(28(1 + X) + 8% — (1 + 1)?
(B) = 54 oz [ArATG80+ ) (1+2)%)
+ Vi 1--""'(%(17 + 02 - 7°)
+2VIA @B+ 21+ X)) + (18 - (1+ V)]
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Deriving the equations of motion.

Variation with respect to the vierbein ¢:

€ i 2 : . J[ pK Ld T y ] [ 4 B g gt ) 4 4

0 = 2xk(esskr + 2nsknir)e’ (REE + DCRE + CpOPth)
I Kyl J k_L | ' —

essre’ e X¥ — Lesikre’ efelU + Lesyxre’e™ DO

y
l [ P - S l) _,,_i (2L l g f ___,_f\_ [)szf,
+ 5(MsixnaL + nugnsiL)(De”)Q” + qnskniree ;
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Deriving the equations of motion.

After some calculation...:

B e v L d 7y L g
-11‘1.(;;”/ = —3€[( XUI) =4 E.(}HU(_'LAT o -(]“VII

L

— terueny TN, ¥y Dp¥ + BP\P[’?NﬁLhP‘I’}

@ Anti-symmetric terms zero on-shell 7

— -~

where X2 = (U~2D, ¥ — D, U~y 0).
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Deriving the equations of motion.

After some calculation...:

= i L i T wvL 7
-11‘{(;;1:/ - _E({L(M.XU.) + E.q;u/('-lL)&T o -(Jnf”-"I

— tepueny | T[N, ¥vPDp¥ + BP‘I’[’YN-.’YL]’YP‘I’}

@ Anti-symmetric terms zero on-shell j

i~

where XL = (U~*D, ¥ — D, U~ W)
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Deriving the equations of motion.

Putting it all together:
J_f_h'ém, = (L “X[ _q’_,,,(?z_)}f‘ — guwW
YW
L
DLW = —.
L 7
where:

XE = (UylD, U — DU~ ).

| 3rGy? " | 5
W=UE)- —-[A/A 14+ A)+ 8% =1+ 2)?
()2(1+~-)["(( )+ 62— (1+2)?)
+Vivl(2ar +o® - 12
+2VI A (a(B+ L1+ 0) +7(28 - (1+ 1))
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Questions?

Brief Intermission for Questions...
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Background Cosmology: Assumptions

Assumption 1. Flat FRW background:

ds® = G datdr” = a®(7)(=dr? + §Ydz*dz?).
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Background Cosmology: Assumptions

Assumption 2. Classical spinor:
The observed classical gravitational field is sourced by expectation
values of spinor invariants such as (¥W) and (A’ A;). We define:

Wy = (V)

such that
) - (@)
(U)(¥)
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Background Cosmology: Assumptions
Classical spinor: ¥V = {a,b, ¢, d}

(A, A%) = —(V,V*) = E? + B?,
(A,V%) =0.

where E = (UWU), and iB = (U5 W),
This means:

W =U(E)+ £(E* + B?),

where

3IrG~y% . ., 5 = g o
£ = —ﬁ (CBL+N) +8° =1+ 1)) = (Ear+a —77)].
NOTE: A“ is space-like!
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Background Cosmology: Assumptions
Classical spinor: ¥V = {a,b, ¢, d}

(A A% = —(V,V*) = E? + B?,
(A,V%) = 0.

where E = (W), and iB = (U~ V).
This means:

W =U(E) + £(E* + B?),

2814 A) + 82— (1+ A)?) — (2ar + a2 — 72)].

NOTE: A“ is space-like!
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Background Cosmology: Assumptions

Assumption 2. Classical spinor:
The observed classical gravitational field is sourced by expectation
values of spinor invariants such as (¥¥) and (A’ A;). We define:

Wy = (V)

such that
(UW) — (W) (W) "
(T){(¥)
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Background Cosmology: Assumptions
Classical spinor: ¥V = {a,b, ¢, d}

(A, A%) = —(V, V) = E? + B?,
(A,V%) = 0.

where E = (W), and iB = (U~ V).
This means:

W =U(E) + &(E* + B?),

NOTE: A“ is space-like!
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Dynamics: The matter action Action.

@ Fermion Kinetic term \

SL.-‘ — L / E]‘]}{LE?IEJE?A'(E’YLDW = WWL\I’)
+ 3 / (De'YeeX[ersxn(aVE + BAL) + nyenp (rVE + XAF)]

- %/ fl.}h’[,f?"C‘jc?“*eLU(@\I!)

@ Potential ———
@ Axial and Vector source term -
where:
rL _ gL AL _ OrA L
VE =Ty ly, AL = Tyl
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Bouncing solutions: Classical Spinors and Flat FRW
backgrounds

Background Einstein:

126H* = a® U + E(E? + Bz)]
—4k(2H' + H?) = a*[¢(E*+ B®) + U'E - U],

Background Dirac

V00T + 37 OHY = —ia[(U' + 26E)¥ — 2i¢ Bys V).
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Bouncing solutions: Classical Spinors and Flat FRW
backgrounds

Background Einstein:
126H* = a® [U + {(E* + B?)]
—4k(2H' + H?) = *[¢(E* + B + U'E - U],
Background Dirac
E = —-3HE + 4a£BA°,
B =—-3HB — 2a(U’ + 2¢E) A°,
A = —3HA° + 2a[(U’ + 26E)B — 2¢BE].
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Bouncing solutions: Parity invariance v’ = W

Dirac
. M
F+3HE =0— E = —y
a
Einstein
12xH? = U[E] + £E?,
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Bouncing solutions: Parity invariance ~'U = ¥
g y )

Example 1. Simple mass term:

: ‘ 9 1/3
C 3 _t;..
U=mE, all) = M(—% + e )

m 16k
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The Background: Bouncing solutions

35¢

i ' i i i i i 1 i i i i i l
=20 -10 0 10 20
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The Background: Bouncing solutions

L_J.J.Al‘ll]lJIIII—}lAJlJllll‘l'J.‘_L‘

-30 -20 - 20 30
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Bouncing solutions: Parity invariance ~'U = ¥
g y )

Example 2. Ekpyrotic model:

U(E) = —£E* + b E™ + by E?",

- <) +)
P UE-U+¢E?2 nby 27
W= — = 5 — (” = 1) + 9
p U + EE- b1 E™ + ba B
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The Background: Bouncing solutions

2.5

)

2.0

1.0
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The Background: Bouncing solutions

w
1 1 A A t
-40 -20 20 40

-1H

-2

-3

-4/

-5
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Questions?

Brief Questions Intermission...
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Stability: Peturbed FRW

Peturbed line element:

ds® = ”(T):z[_(l + 2¢)d7? + 2B;drdz’ + ((1 =2¢)di; + h ,‘_j)rf.tl,‘f(f.l'j].

Peturbed spinor

\I] —_ \I!((]) ‘+‘\D(”
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Stability: Linearised equations
Einstein Equations:

-'U{G(](] = *81‘{[(5"'”1'.,')(.'?‘} Q + (iH({)’l

= a?(1+2¢)(U + €E?) + &u[ B[,,;kklé‘o'ik4’Aj + 2k;C"]

S

P

@ SVT mixing term! — e

where iCf}y = (0’7" ¥(1) + ¥1y1"7' ¥ (0))-
Dirac Equations:

E = —3HE + 3¢'E — 9;V*

Farnsworth, Shane (AEIl) Spinor driven cosmic bounces June 2017 29/37

Pirsa: 17060109 Page 42/53



Stability: Real Fluid Form

,r,m/ — 'U,“UU(,P + P) + gpul_) -+ 2:;ru-
where:
EHU L= Zy“. zﬂyu‘u = {l, Z“ = U,

with u,, = {—a(l + ), av;}.
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Stability: Real Fluid Form

p=(U+EE?) + £[Bkye"™ Aj + 2k C*¥],
l) — [‘iﬁJl ‘}_ (-;;h‘ o lJ + liu [lj}u‘;‘.f"—?k”]m ,""l”, "1‘ -BALCWA

Yij = 2a |20k, — 3nikiC* + 3 [(ihj + Bjk))ni. + (iha + Biki)njx — 30 Bik))e¥0™ A |,
g =(p+ -l))f'r - ﬁ[-y‘r E—((1- 3‘-‘))’]‘*“ = f_l_ihm)A'm:—””mk:&k].

Scalar components of ¢; and ¥, ;:

Y =
~ Hnl\'i J’\'L

q:%f;

a(ky Bie¥0m A — 4k.CH),
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Stability: Co-moving Curvature perturbation

Simplification: Restrict to Parity Invariant Perturbations and
potential U = mFE!

Differentiate twice:

R=6(tR
where
o(t) = H L 3H —p+ 3P _ 1 j .)'_l%n').‘*’(, _
H p+ P t 3Im=tc 4 16k€
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Stability: Co-moving Curvature perturbation

Simplification: Restrict to Parity Invariant Perturbations and
potential U = mE!

Differentiate twice:

R =0(t)R
where
oi(t) = H g =P¥3P _ 1 | '_)1%17;.2;, -
H p+ P t  3mcté + 16KE
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Stability: Co-moving Curvature Perturbation

20 |

10

\
s L : L " P 1 s L : N |t

— ]

-10 -5 —— ‘ P 10
[ -10{F |
:{ ‘.
" -20 | |
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Stability: Co-moving Curvature perturbation

Simplification: Restrict to Parity Invariant Perturbations and
potential U = mE!

Differentiate twice:

R =60(t)R
where
0(t) = = O} dam e ; :;1%].”2(’-
H p+P t  3m=tc + 16k&
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Stability: First order Solutions

R 4 !

|
|
|
|
|
|

e 1

R->0 I
l -
: R <0
‘ R <0
| \
|
|
|
,tsz'nguh:r . t

- -e ] - -w

R R<0 ; RR>0
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Stability: Co-moving Curvature perturbation

Simplification: Restrict to Parity Invariant Perturbations and
potential U = mFE!

Differentiate twice:

R =0(t)R
where
0(t) = H pagpt3l 1 .-)1%”2'2[' =
H p+P t 3m<tc 4+ 16k§
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Stability: Co-moving Curvature Perturbation
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Tensor Perturbations

o
—
.
e S
%) vl
[~] L]

n
1n
n 0 mmamaa
1
11
0411
11 &
o l' ‘\
-~ I 1 [ -~
- 1 1 \ / ~
:\ b “ - ] I \] /! “
il % H Il A V4 t
d) y =20 ] l\.{ W 4‘[)\\——
i W\ 4
‘ 1 ] I -
:»l 1
5. 3|: ‘| ’l
h oy
U y
-1.0*
Farnsworth, Shane (AEIl) Spinor driven cosmic bounces June 2017 36 /37

Pirsa: 17060109 Page 52/53



Discussion

@ Q. What is the new Physics responsible for the bounce?
e A. Torsion coupled to classical spinors.

@ Q. Might this new physics resolve the singularity for the perturbations as
well as the background?

e A. Itlooks pretty bad...
© Q. Does this new physics have any observational signature?
o A. Possibly the preferred direction picked by A’?
@ Q. What physical principles underlie the theory beyond working to resolve
the singularity?
e A. Making most Minimal extension to known physics possible.

@ Q. Does a consistent picture for cosmology require that both the
background and the perturbations are quantized?

e A. Not for mathematical consistency. Perhaps the ‘classical’ spinor
assumption is however a little too strong.

@ Q. Does the bounce or pre-bounce phase help in setting initial conditions?

e A. Yes in the sense that it is very easy to accommodate a phase of
ekpyrosis or inflation either side of the bounce.
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