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What about the beginning or before?

ot the level of the classical geometry
(Lorentzian mwekric)

mainly based on arXivi2305.01676
with Ghazal Geshinizjani and Eric Ling,

but also 1¥03.070%5 with Daisulke Yoshida















Borde~Guth-Vilenkin (2003)
Consider an affine parameter A of a null geodesic in FLRW
dA = a(z) dt

dlna
Given the Hubble parameter H = we find

ds
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Thus defining an average Hubble parameter

1 Ay ay
Hy = J diH <
A=A ), Ap=il

we find

Creodesic Emcampte%emass!

However, is this coordinate independent?
Does ik always imply some kind of singularity?
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Close enough to open dS:

Milne-like = (0 extendible
(Ervic Ling’s btalke last weele)

Close enough to flat dS:

quasL*dS — ?



ds® =a(yrizdasbdr + rde(zz)) g =¢ =~Fkn

“Eddington-rFinkelstein coordinates”

= Jdta(t) ~ Jdna(n)z, V=t

ds? = = 2d/ dv & czz(/1)2dV2 Cl(/l)z(v i ;7(,1))de(2)

dS: ds®=—2dAdv + A%dve + (1 + Av)°dQy,,

a=1>0 — extendible ko 1R



ds?*= <) diddut a(/l)zdv2 + d(ﬂ)z(V o ’7(/1))2(19(22)

Grenerally i

t—> —oco,n—>—00,a— 0", 1->0"
C* extendibility of the metric requires

a2, a’n, a’n® € C*



Iﬂf a(t)/e™ - 1 or H(t) — H, a8% = 0 ffc:;r somwe H, > 0,

Fhewn 3 C exkension

1f H/a® converqges to a finite Limik ast— — ,

Fhewn 3 C? exktension

Iﬂf Hl/a* is smoobh i aasa— 0,

Fhewn 3 C*® extension



Tov exampie:

[
a(t) = e' + sin(e e? = lim e

[——00 et

=1 = 3 C° extension

aq- |
Bubl H=— does nolt have a Limitk asr— — !
da

curvabture sms}umﬁ%j

takke-home #1: coordinate singularities
and curvabure sinqularities are not
muﬁuauv exclusive



Cs qecdesics, curvature

H— Hy, H—> 0 = asymptotically AS
no scalar curvakture simaui.ari&v
not enough!
need H/a* ko converqge

a(t) = e + Oy as t > — 0 Aoes ik

a(t) = eV + M — I C® extension






ij H/a*?
The usual flat FLRW basis is parallel along comoving

Fivvelilee observers:

tebrad basis: E0 = dr, E' = adr, E? = ardd, E° = arsin 0d¢

= g/wdx”dx” - nabE“Eb

u”uﬂ — e u”VﬂE“ —

Curvabure in Ehis basis is what we expec&:
R, dx*dx" = — OHE - L (3 H)nabE“Eb

no scalar curvature singularity i H - H,, H - 0



ka Hla*?
1f we instead qo to a basis that is parallel along

null directions:

(E+ EY, E>°=E? EP=E°

Nomura & Yoshida [2105.05642]

tebrad basts: E0 = L(EO —EYH, E' =
\/2 \V2a

i, =0 2= S F=l)

Then components of the curvature are different:

R, dxtdx” = - —(E°)* - a’H(E")’ - 20GH" + 2E’E" + GH* + H)(E?) + (E))
da

1f Hla?> - + o, then there is a null parallelly propaga&ed (F:u[p.) curvature singularity



Recall the {1,v,0,¢]) coordinakes:

dsz2= -2y > a(/l)zdv2 e Cl(/l)z(V r W(/l))zdg(zz)

RS dotdi s + BH* + H)(—2dAdv + a()"dv® + a(A) (v — n(1))°dQ7,)



lim H 4

f——00 i
Hla* - oo

coordinate siv&guto\rﬂ:v coordinate siwguto\ri&j

C® extendible C? extendible

C! inextendible? C! inextendible?

geodesically incomplete? geodesigﬁauj incomplete?

scalar curvakure no scalar curvakure
simsui&ri&:j sismgu,i.ariﬁv

null 272 curvature null 272 curvature
sihgularity singularity

H/Clz—> 4\ i

Coordma&e si,hgu,taril‘:v

e éx&endi,bte

seodesmau_j camyté&e

et =
il o0l P

no scalar curvature
‘ si,ngu.i.o\rs'.f:v

no null 22 curvature
sihguta\rif:v




talce-home #3: one has to be
careful about what one means by a
“simaumﬁij"

(coordinate singularity,

spacetime inextendibility,
geodesic incompleteness,

scalar curvature sLMguLariEj,

p.p. curvature singularity)



Pure qeomelrical statements so far,
independent of any field equations
(we have not solved ow\:j)

Lebs inbroduce some phusics now
i
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coordinate singularity | 4 coordinate singularity

| Co‘exf:ev\dtibte . < 3 eg%.e’iif\‘c;libte

C! inextendible? e o o i
Slcally compiete
geodesically incomplete? . sl o

wrv
no scalar curvakure no scalar curvature

singulariby - stngularity

null 272 curvakure no ull 22 curvature
singularity singularity




However, both require extreme fine-tuning am&muv!

p=0atkr=—-c0

Whewn V(p) ~ 0, expm::& O+3Hp~0 = ¢g°~a®

looking backwards in time, we do not
civmamwauv expea:& to appraach dAS



H->H,H—->0 < p——p

P oeep == G ex&emdibil&j
buk Lm‘eiv not enough to get C?, ete,

Consider adding a subdominant matter
aompamemﬁ o a ce. with EoS w and demand Cz2:

p =K+ P= = e

H —5-3 + S
— xa Y<ooasa—0 <=}w§—§
a



D g e ex%emdibiti&v

converse also brue!
(in a specific context, though without the FLRW
symmetry assump&ions)

/2

If we solve the Einstein equations with
a perfect fluid,

U we have a continuous conformal
extension with conformal factor sz in
which the integral curves of the fluid's
vector field have past endpoint ot the
origin (as in 4%),

U p, p, $2Ric extend continuously
through the origin,

if we have strong causality near the
origin, then

p =—p abt the origin



p=—p ot the origin is ‘special

eitbher some prmaple selecks Ethis

ettherp» —p =

~ we do not have a continuous conformal extension in
which the integral curves of the fluid's vector field
have past endpoint at the origin (as in dS)

- or p, p, $#Ric do not extend continuously through
the origin

- Or anocther assumption fails (Einstein equations or
strong causality)



av\iso&ropw appraa&h
to singularity
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takke-home #4: ar curvature
siv\guiariEj unless some prin cipi.e‘ selects
Just the right past asymptotic conditions

s




St mary

Greomekbrical examptes where fms& bauv\darv
(Le. where null geodesics appear to end) is
more Lilke a “conical s&mautari&:j”

» Geowmetrical cases that are fully non-
singular, but need to approach ds “fast
enough”

 Need ko be precise about type of stingqularity

‘kasic:ai.i.v umiiw’ebj, atassi&attj, Ehat
inflation happening for infinite proper
time i the [msE s hon-singular



Cubtloole

o Quantum effects?

o Does the last theorem hold bejomd R?

o Classical qeometries that are extendible, do
they bounce as global dS?






