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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{;LU + (_)Hf;w
In GR we add two assumptions

Npguw = g — 17,950 — 17,95, =0 (Metric Compatibility)
7 —1I7 =0 (Torsion Free)

pLv VL

This gives us the Christoffel Symbols

Y 1 _~ym
[ 717 2(] (.‘7!”;:.1/ + Imu.p — .gu,n.m)
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Preliminaries: Torsion, spinors, and all that.

In DG the covariant derivative is not unique:
Fﬁ{;ru + (_)?,.tw
In GR we add two assumptions

NpGuw = oGy — 17,950 — 17,94, = 0 (Metric Compatibility)
Pt pr .
jiv L < E torsion- Iee)
This gives us the Christoffel Symbols

1 _ym Y
[ f;w — 9! ]I ((]NU! v T Imuv.pu — gu,u.r..m,) + C %

where C“jw — (T T LTT 4 7}1,) and 77 = I{W — [1:;’“

v H oV | 2254
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Preliminaries: Torsion, spinors, and all that.

Some notation:

DV = date] (0r — gwikt[y’ . v"]) 0

where
wikr =wyrr +Crki
So:
T! - D(__,f _ D(‘.’! + C'{_!('.‘J - (ij(__]J — (?{-IK(__J\ (__]J
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Dynamics: The action
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Dynamics: The gravitational Action.

Q . i : 1 _JpKL
SG = K /( €lJKL + SniknL )e e R
e Einstein-Hilbert Term
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Dynamics: The gravitational Action.

5 - 2 I JpKL
Sa = K /( €lJKL + SMiknL )e ¢’ R”

/
/

o Einstein-Hilbert Term /"

P L

-

e

@ Holst Term —
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Dynamics: The matter action Action.

@ Fermion Kinetic term \

+ 11 / (Def)eJef\k[EI,]KL(OfVL +:6AL) +?7I[K?7J]L(T‘fll +)\AL)]

- l/ EI.]KLE?[E’,JEiKE?LU(\TJ\II)

where:
X_IL _ @ﬁ’.ﬁ\p AL = E—}.)-}L\I;
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Dynamics: The matter action Action.

@ Fermion Kinetic term \

Sy = 3 / ersire’ e’ e (Wyl DV — DU~EW)
" / (De' e’ X [epsx(aVF + BAL) + nygenyn (rVE + AAL)]

-1 / ergrre’ e’e e U(VW)

J

@ Potential ————
@ Axial and Vector source term -~
where:
Vi = @}L\I’. AL = W5y Ly,
Farnsworth, Shane (AEIl) Spinor driven cosmic bounces June 2017 7/37

Pirsa: 17060109 Page 13/53



Dynamics: The matter action Action.

@ Fermion Kinetic term \

S, = - / ersxrel el ek Tyl DU — DUALD)

i / (De')el e [ersx (V™ + BAY) + npgnyL(TVE + AAY)]

- 1lr/ errrelelef e U(WW)

J

@ Potential ————
@ Axial and Vector source term ~
where:
vE = Wry Ly, Al = U5 Ly,
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Deriving the equations of motion.

Variation with respect to the spin connection w

a. 2. I ] 1. J K DL
.Zf].(eu_“i\: -+ ;’NI:’””E\"]J)(D& )(ﬁ = —4—!6[(7][\-’L(: € € :..1,1‘1;;\:44[)

| J_K oy’
— 1€M|IKLE € €N O

| J K | L
—ge e e N kNIl

where:

0" = (aV* 4+ pA"), OF = (rVF 4+ 4.
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Deriving the equations of motion.

After a long and tedious calculation...

OTXS -
Sh(lJ{_H}E) -
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Deriving the equations of motion.

Variation of the action with respect to the spinor V:

i IIKM L[y | PQJK (1 00" 1 PQIK (1 oS
€rIKLE Y UMY = —3€1JKLE QP . — 1M[K"JE eQP oy,
3! 1 18] S | ] o S
» TJKM L. A B oU
+ gar€rgkLe " Capmy [V YT Y + =,
e o
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Deriving the equations of motion.

Once again, after a long calculation...

W
intD o = S
oW
where:
| 3Gy ‘ . .
W=U(E) - ————[A;AT2B(1 + \) + 82 = (1 + ))?
(E) 2(1+’~H)[ rAT B+ + (14+X)%)
+ Vi I_..""(%n.r +a? - Tz)
+2VIA (B + f(l +A)) + T(_lr—:'i —(L+A))].
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Deriving the equations of motion.

Variation with respect to the vierbein ¢:

e

0 =2r(esyrrL + ;1}.5'1\'1/._1{,)67](1?"[ + DCRL 4 of,oPh)

, J K ’ ! L J K L
+ tecrpre’ef X — %ES,”\'L(:‘](ZA(T[ U+ %63,”\1(3 e DO’
_+_

i
Ynsienar + nansiL) (De” ) + fnsknype’e™ DO,
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Deriving the equations of motion.

After some calculation...:

. 2 ) H"L . ST T’L 17
"lh-(;;w - _E('-?L(;rXU) + Q.(];u/(?j[‘)iq— — .(];H/I'I"

~ Serueny [T, 719" Dp¥ + DpuiyN, v E Iy P e |

@ Anti-symmetric terms zero on-shell 7

~ _~

where Xt = (U4 D, ¥ — D U~L0).
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Deriving the equations of motion.

After some calculation...:

e » v L : 7 v L 17
‘lf'{_-(;!”/ — _%(]L(,“XU) _+_ %_(}“U('.)LAXT - -(}I”/II

_ %GLI-LENU lI—l[7N3 FYL]FYPBP\P == BPlII[VN’PyL]FyPlP}

@ Anti-symmetric terms zero on-shell j

where X = (U4 D, ¥ — D U~L0).
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Deriving the equations of motion.

Putting it all together:
Gy = —eru X5 + Souer XE — gV

iD= S

oW

where:

XE = (Uy'D, U — DU~ ),

| 3nGry? . 5 ‘
W =U(E) — ———[A;A (281 + \) + B2 — (1 + M)?)
2(1+ ~*) /
+ViV!i(Zar +o? — 7%)
+2VI A (a(B+ L1+ 0) +7(28 - (1+ 1))
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Questions?

Brief Intermission for Questions...

Farnsworth, Shane (AEIl) Spinor driven cosmic bounces June 2017 15137

Pirsa: 17060109 Page 23/53



Background Cosmology: Assumptions

Assumption 1. Flat FRW background:

ds® = gudztdz” = (1.2(7)(—(1,"T2 + §Y d.‘I.'fd.'I."j).
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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 (¥'W0) and (A’ A;). We define:

U, = (V)

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

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

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

W =U(E) + £&(E? + B?),

where

37 G"-"2 ; ¢ : ‘ Wy ¢ ‘
£= —ﬁ (CBL+N) + 87 = (1+ M%) = Car+a® = 1%)].
/
NOTE: A” is space-like!
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Background Cosmology: Assumptions
Classical spinor: ¥V = {a,b, ¢, d}

(AA") = —(V,V*) = E? 4 B2,
(4,V) = 0.

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

2 (- 2 - 2 2 2 2
—— (ZA(1+ AN+ 8= (1 +AN)) = (saT+ a” — :

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
(W) - (W)(¥) _
(W) ()
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Background Cosmology: Assumptions
Classical spinor: ¥V = {a,b, ¢, d}

(Au Au> — 7(‘:: Ll?ti) — E2 + Bz‘
(A1) =0,

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

W =U(E) + £(E* + B?),

(CBL+N) + 87 = (1+N)%) = Car+a® =1%)].

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

@ Fermion Kinetic term \

Sy = 3 / erskre’ e’ et (Uy DV — DU~ )
i / (De')e’ e [ersxr(@Vh + BAY) + npgnpn(tVE + AAY)]

- 11,/ erjkre’e’e el U(VY)

@ Potential ———
@ Axial and Vector source term -~
where:
Vi =T~ Al = Tyl
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Bouncing solutions: Classical Spinors and Flat FRW
backgrounds

Background Einstein:

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

Background Dirac

V00U + 37"HY = —ia[(U' + 26E)V — 2i£ B3 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 = —3HFE + 4a¢BA°,
B=-3HB — 2a(U" +26E)A°,
A® = —3HA® + 24[(U’ + 26F)B — 2(BE).
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unci utions: ity invari YU =
Bouncing solutions: Parity invariance ' = ¥

Dirac
. M
F+3HE =0— FE = —3
a-
Einstein
12cH? = U[E] + €E?,
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unci utions: ity invari YU =
Bouncing solutions: Parity invariance ' = ¥

Example 1. Simple mass term:

. 3 fz 1/3
U=mE. a(t) = /\/(—t + "~ )

m 16K
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The Background: Bouncing solutions

3.5

i i i i i i i I i i i 1 I i i i t
-20 -10 0 10 20
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The Background: Bouncing solutions

-30 20 = e 20 30
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Bouncing solutions: Parity invariance /' = ¥

Example 2. Ekpyrotic model:

U(F) = —£E* + b E"™ + by E*",

2| ) ~)
P UFE-U-+¢EE- _ nbo £
Ww=—= 2 :(”71)+ ] 2n
P U+ EE- b1 E™ + bo B
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The Background: Bouncing solutions

2.5

)

2.0

1.0

—a0 20 ' 0 20 40
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The Background: Bouncing solutions

w
2
A 1 A A A 1 i A A A A A A A A A A4 t
-40 =20 r 20 40
-1H
-aH
-3
-4/
-5
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Questions?

Brief Questions Intermission...
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Stability: Peturbed FRW

Peturbed line element:

ds* = a(7)*[—(1 4+ 2¢)d7* + 2B;drdx" + ((1 — 2¢)6;; + hij)dx'da?],

Peturbed spinor

¥ =W¥q + ¥
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Stability: Linearised equations
Einstein Equations:

4Gy = *81‘{[(50 ]f.,'f'\fj' O + (iH(ﬁ)’I
= a*(1+2¢)(U + £E°) + fa| Bpkye® i A; + 2k;C")

S

7

@ SVT mixingterm! —___—

where iCf,) = (Y077 ¥ (1) + T 1)1 7' ¥ (g)).
Dirac Equations:

E = -3HE +3¢'E — o;V*
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Stability: Real Fluid Form

T =uyu,(P+p)+ guP+%,,
where:

ZHU = ZU“. Z“U?.IU — {]. Zﬂ — {].

M

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

p = (U + f,Ez) + Ji; [/_f[,/w';,.lfmk'j «-“'l\; + E/f;.-(—'kJ.
P = [‘: h*ﬁ o L-“:;f_‘,‘ . (::J + liu [1}}“}1."5;\'“)!” ‘4'” + BA]‘(H'AJ.

i o 2 ~k | lrrsi 2 KO
E,'J' = ;0 2( (i;"_j) - E!;,'J';\';‘.( + E[(f}lﬂ + BJ'A‘;)!],;‘. + (thy + B’-A”)”ﬂ' - ?”'-.J’-B}"A.’]:' AL,
g = (p+ P = lf_;,lg‘l"i E—((1—3¢)nin + %hm)A'mf“”mkf&“'

Scalar components of ¢; and ¥, ;:
“\* . 1 ”(}‘ l; :_H[)nr ';_1 - J}\ ("H)
“ = BkFk, [ 2kC SAm i 3
q= %f;‘
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Stability: Co-moving Curvature perturbation

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

R=¢ — q.
Py + po)

Differentiate twice:

R =0(t)R
where
H —p+ 3P 1 12m?t
{) (f) - + 3 H f — — ——
H p+ P t 3m2t? + 16kE
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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
. H —p+ 3P 1 12m?t
H p+ P t 3m2t? + 16kE
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Stability: Co-moving Curvature Perturbation
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Stability: Co-moving Curvature perturbation

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

Differentiate twice:

R =6(t)R
where
. H —p + 3P 1 12m?t
()(f) p— <+ SH /__ I — - T
H p+ P t 3m2t? + 16kE
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Stability: First order Solutions

)
R 4
e ]
R >0 |
] .
| r
| R <0
L R <0
|
! \
|
|
]tsz'uguh:r q t
- -e 1 - .
RR<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 =60(H)R
where
oty = Ly gg=p 3P _ 1 12wt
H p+ P t 3m2t? + 16kE
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Stability: Co-moving Curvature Perturbation

20 i

10
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Tensor Perturbations

1.0
f'.‘ hoo
1
n  m===a= hg3
1
11
0.q
11 ‘.‘
qr rl\
- (I | 1\ oy
N | A A F N
= \ I \
- J AN/ anN

==
<
{

— / L ] ] \ / -~
Wil
:4 (]
5. 5|= ‘l ’l
h \y
U ?
-1.0%
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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. It looks 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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