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Cosmology with Supernovae

e Fundamentals

— Observables
— Theory

e Supernovae as distance indicators

— Tests of General Relativity
¢ [ime dilation
¢ Distance duality

— Hubble Constant H,
— Mapping the expansion history (qq, O, Qp)
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Cosmic Distances

Separate the observed distances r(t) into
the expansion factor a(t) and the fixed
part x (called comoving distance)

0,0) (1,0 (0,0) (1,0) (0,0) (1,0)
Comovin g _ ~
Distance D =a(ty) =a(t3)
x=1 Comoving >a(ty)
Distance
x =1
N
7
Tim
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Calculating Distances

Simple example of distances in flat space:

— Coordinates x and y

e Distance: dI? = dx? + dy? (Cartesian)
— Coordinates r and 6

e Distance: dl? = dr? + r? df>
— In general:

di? =) gydx d
i j=1,2
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Cosmic Distances

In 4 dimensions
— (time as the O coordinate) this becomes
3
ds? = Zﬂ’vzogwdx“dx" = guydxtdx?

using the (Einstein summation) convention
where repeated indices are summed

or explicitly:
— Minkowski (flat) space

-1 0 0 O cdt

, 0 1 0 0}/ dx
ds® = (cdt dx dy dz) 0 0 1 0 dy
O 0 O 1 dz
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Calculating Distances
Expanding universe with scale parameter a(t)

10 0 0N\ e
0 @) 0 0
ds? = (cdt dx dy dz) () (dx>

0 0 a*) O dy
0 0 0 a?(t)) \dz

- | emaitre-Friedmann-Robertson-Walker (FRW)

metric for an isotropic and homogeneous
universe

ds* is proper space and the metric g, is the
conversion from the coordinates dx*

oooooooooooo
Distance =a(ty) =a(t3)

>a(ty)

Comoving
Distance
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(Geodesic and
Coordinate Transformation

Simple case:
— Minkowski space (flat):

— movement of a force-free
particle (geodesic):

d2xt
dt2
— How does this look like in polar coordinates?

0, with x* = (x, y) (Cartesian coordinates)

d?xt

£ 01l

Xt = (r,0) =
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An everyday rfz system
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(Geodesic

General equation of a freely moving particle

d?x't o dx'® dx') 0
de2 % de de

e Note the affine connection (Christoffel
Symbol) T, = 0 for Cartesian coordinates
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Recap Einstein Equations

e (Gravity is the dominant force in the universe
- (General Relativity

e Need the most general form of the metric =
transformations between coordinate
systems

— find ‘invariant’ parameters

e Equation of motion for a force-free particle
(¥ = 0) in GR leads to affine connections -
Christoffel symbols

e Putting this together with the geometry and
the energy content = Einstein Equations
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emaitre Robertson Walker Metric

Assumes homogeneity and isotropy

Line element Iin polar metric has angular
and radial components

2

dr
ds? = —c?dt® + a*(t) T +1r2d6?% + r? sin® Od ¢*

a®(t)
Joo =—1, Gmr= 1 sz;

Jog = a* (1% gpe= a’(t)r*sin® 6
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Light ray coming towards us

No angular dependence, hence

cdt =

and integrated

dx
V1 — kx?

ta(t)

fx dx ()
s=a = aS(x
o V1 — kx?2

with
(arcsin(x) k=1
S(x) =% x k=20
arcsinh(x) k=-1
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Strange Consequences

o k=1
— closed universe

— distances increase and then decrease again
with increasing x

o k=0
— ‘critical’ universe
— expands forever
o k=-1
— open universe
— expands forever
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The Energy-Momentum Tensor

Use the form for the ‘perfect fluid’
0 O

S OoOT O

0O O
p O
0 p
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Einstein’s Field Equation

The (time) evolution of the scale factor

depends only on the time-time component
of the Einstein equation:

1 8thG
Roo —5900R = —5Tyo

2 c*
- Too = pc? (energy density)
. 1 3 (a2
— time part ROO — EgooR = ; (E)

a

ESO Knowledge Exchange Series — 24 September 2018 Bruno Leibundgut



Friedmann Equation

Time evolution of the scale factor is
described through the time part of the
Einstein equations

Assume a metric for a homogeneous and
isotropic universe (metric is diagonal in
polar coordinates) and a perfect fluid

a* k 8nG

2taz=3 PO
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Friedmann Equation

Put the various densities into the Friedmann equation

a? , 8nG k 8nG k
;:H =Tp(t)_¥=T(pM+py+pvac)_;

Use the critical density p,., =3 ~ 2.1072° g cm=3 (flat

8tG

universe), define the ratio to the critical density o = -~

Pcrit

Most compact form of Friedmann equation
1 =0y +Q, +Quee + Q

k
a?H?
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Dependence on Scale Parameter

For the different contents there were
different dependencies for the scale
parameter

Py X a
Combining this with the critical densities
we can write the density as

_ 3H; a3 ag\4 I
p_%[QM(;) +Qy(z) +'Q'A+Qk(z) ]
and the Friedmann eqguation

H? = HE[Qu(1 +2)° + Q,(1 + 2)* + Qp + Q (1 + 2)?]

> pyxat pu. = const
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Redshift

Redshift is directly related to the ratio of the
scales between emission and absorption of
a photon

v | T A W\

(== /__>

his Is remarkably simple as a
measurement in a spectrum tells the scale

changes
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Cosmological Redshift

For two different times we get
dt,  dt,
a(t;) a(ty)
— I.e. the time scales with the scale parameter
If the time intervals dt are interpreted as
oscillation periods, e.g. of a photon, then
dt, v, a(ty) 1
dt, v a(ty) 1+z
with z as the redshift between the two times
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Energy-Momentum Tensor

e The time (00) component of the Einstein

equations Is
a 4G ,

¢ As long as pressure and density are
positive the universe decelerates a < 0.

e Acceleration requires pc? + 3p < 0 or

1
w< —rT.
3
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Energy-Momentum Tensor

e A general form is an equation of state
p = wpc?. w is the equation of state
parameter.

® |nserting this into the conservation

equation gives ; = —3(1 + a))—

which integrates to
log(p) = —3(1 + w) log(a) + const.

e Exponentiating vields p o« g=3(1+®)
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Matter

e [he pressure iIn matter is negligible
compared to the mass content
(think mc?) and hence w = 0

® Thus py «x a™3

¢ |nserting this in the Friedmann equation
for a flat universe (k=0) provides the time
dependence of the scale factor

a(t) « t*/3
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Radiation

¢ Radiation decreases with the volume
(i.e. number of photons), but has one

additional factor due to the redshift w = g
and hence p, o« a™*

¢ [he time dependence here is now

a(t) o</t
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Vacuum energy

e A special case Is pp, = const.

¢ [n this case the density is associated to
the vacuum

e Now the scale factor grows exponentially
a(t) « eft
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With the equation of state parameter

General luminosity distance

1
: 2
(1 t2)c { j Q,(1+2z)%+ z Q1+ Z,)B(Hwiﬂ dz'}
J .

l

—with Q, =1 -3, 0, and w; = =

pic?
* oy = 0 (matter)
* o, = Y3 (radiation)
* op = —1(cosmological constant)
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SYNOPSIS
e Gravity - Einstein Equations

—'Contents’ = Energy-momentum tensor
¢ perfect fluid, density, pressure

e dependence on different contents
— matter, radiation, vacuum, curvature

— FRW metric (isotropy, homogeneity) =
different curvature models

e [ime evolution - Friedmann Equation
— Hubble constant

e Redshift = related to scale factor
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L ookback Time

Consider
po@_dal_ o a®) 1 1y 1 de
a dta tin a, / dt n(1+z>__1+zdt

Inserting into the Friedmann equation we
find the equation for the time interval

—dz
dt =

Ho(1 + Z)\/QM(l +2)% +Q,(1+2)* + Qp + (1 + 2)?
and integrating

. . 1] dz
o lt1 =
Ho J (1+z)\/QM(1+Z)3 +Q,(1+2)* + 0y + Q (1 + 2)?

Age in a matter dominated universe (¢, = 0,z = »)

1 (o dz 2 1
Hy fO (1+2)5/2  3H, and Loy = 2H,

tom =
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Cosmic Distances
We can now also express the luminosity
distance D; = ayx;(1 + z) In these terms
— from the metric for a light ray coming towards

us we have 2= = 1=¥** \vhich turns into
cdt a(t)
aO dx
— = = (1+ z)dt
— after mtegratlon we have (using dt from above)
Ao (X1 (% dz
f V1—kx2 0 HO\/Qmatter(1+z)3+de(1+z)4+QA+Qk(1+z)2
farcsir\l/(_xl\/E) k>0
— solutions of the left side are “x{x, k=0
arcsinh(x;vV-k) k<0
\ V—k
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Luminosity Distance

Putting this together with the appropriate
trigonometric functions gives

D, = gy (1+2) = (\/lﬂkf 4 )

\/.QM(1+Z’)3 +Q, (1+2")*+Qp +Qp (1+27)2

sin(y) k>0

with sg) ={y k=0
sinh(y) k<0

Luminosity distance as a function of today’s
measurements (H,, ’s) and the redshift z
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Luminosity Distance

— The rate of the photon arrivals is reduced by

a(ty) _ 1
a(t) 11z and the energy of the

photons (E = hv) is also reduced by a factor
(1 + z) (remember luminosity L is energy per
time)

a factor

L
 4mx?a?(ty) (1 + z)?

— Set D, = x;a(ty) (1 + z) and we recover the

L

4nD£

[

equation for the luminosity distance [ =
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Angular size distance

— A different method is to measure the angle

of a distant object of known size D, = é

(here [ is the size of the object; 8 the observed angle)
— Inspection of the metric (here we only need
the ggg part), which gives | = xya(t{)0
and inserting this in the equation above
a(ty) 1

a(ty) 1+z

vields D4, = x;a(t;) and with

we find 2% = (1 + 2)?
D4
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Distance Duality

This is quite remarkable for high redshifts

— the physical distances differ for the same
redshift!

— an object for which we could measure the
angular size distance and the Z Dy
luminosity distance would give

: 0.1 1.21
a different number of Mpc! T T

— a direct consequence of 0.2 1.44

general relativity 0.25 1.56
Dy, 0.3 1.69
— = (1 + z)?

D,y 0.35 1.82
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Distance Duality

e Now measured in several systems

— galaxy clusters
e Sunyaev-Zeldovich effect
e gravitational lenses

e Type Il Supernovae

— use two different methods to the same object
— Expanding Photosphere Method

e cquates luminosity distance with angular size
distance

— Standardizable Candle Method

e pure luminosity distance
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Expansion of the Universe

Luminosity distance in an isotropic,
homogeneous universe as a laylor
expansion

C 1
D, = H0{1+ (1—‘10)2_611_%_3% + jo =

C; ]ZZ + 0(23)}

0

Hubble’s Lawdeceleration

Hy = — gz, =%
0= Qo = a0 ]o—ao
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Local Universe (z « 1)

Hubble Law
(%
Y = H,
Luminosity distance
DL —
\

Distance modulus

Cz

" H
L
i

4

m— M = 5log(D;) — 5
Distance in units of pc
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Hubble Constant

¢ Measure cosmic expansion velocity per
unit scale length

Hy = DL (units: km s~ Mpc~1)

L
¢ |gnore higher-order cosmological effects

— de/acceleration
e Spectroscopy =2 redshift = velocity

 Photometry = brightness - distance

ESO Knowledge Exchange Series — 24 September 2018 Bruno Leibundgut



bty no Hydrogen | Hydrogen

o / SN Classification

ST SN II
S1/ gveak Si Nebular spectra
\ He dominant/H dominant
SN Ia| He poor/He rich
i GRBs!!
SN Ic SN Ib SN 11T SN II
19831 .
1983V / 10841 log7kc  L-ight Curve decay
/ after maximum:
Linear / Plateau
Core collapse.
Believed to originate Most (NOT all)

from deflagration or
detonation of an
accreting while dwarf.

H is removed during
the evolution

SN IIL || SN IIP

Core Collapse. k
: 1980K 1987A
Outer Layers stripped
: 1979C 1988A
by winds (Wolf-Rayet Stars) 1999em
or binary interactions SN 1In(1995G)
[b: H mantle removed!
Core Ceollapse of
Jc: H & Heremoved! . a massive progenitor
with plenty of H .
Bruno Leibundgut




Time Dilation in SNe la

Uniform light curve shapes in a given filter
-=> Distant supernovae should show a

‘slower’ light curve

l L I 1T |::| L ‘_,j_‘l T ’ T ‘—

template T SN 1990N -

\||1||\\I|I
IJII|IIII‘

IIIIII|I|||‘\I

SN 1992bc 7

IIIF||I\I|II
[lll‘rlll[

1 TS
840780 800 820 840

780 800 820
JD (2449000+)

Leibundgut et al. 1996
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magnitudes relative to maximum

Early

Spectra; 1o Hydrogen / Hydrogen

SNIL - SN IT
Si/ weak Si Nebular spectra
He dominant/H dominant

He poor/He rich

1985A
10858 ‘ GRBs!!
SN Ic SN 1Ib| SN I
19831 1983N 19937 3
1983V / 19840 lo7k  Light Curve decay
after maximum:
Linear / Plateau
Core collapse.
Believed to originate Most (NOT all)
from deflagration or His removed during
detonation of an the evolution

acereiing white dwarf.) \

1980K 1987A
1979C 1983A

SN IIn(1995G)!99%em

Core Collapse of
a massive progenitor
with plenty of H .
R e

B (z=0; 55 SNe)
r (z=0.5; 38 SNe)

-10 0

10

20 30 40 50

days past maximum (observer frame)
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Time dilation

Spectroscopic clock in

Rest Wavelength [A]

: : 3000 4000 5000 6000
the distant universe P e e
: 2007tg (z=0.502) -
40 A S o i At, =0d]
: 2007tg é 3 obs |
30 £ V(1+2z) = 0.666 E I i
Z - slope =0.687 £0.102 -~ : - )
CHN: 2 +9
S | W\/ :
S I 1
o | M—_
0:, 0——.11.1...11.“11...11.1“11..:

0 10 20 30 40 5000 6000 7000 8000 9000

Blondin et al. (2008)
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Time Dilation
‘Tired Light” can be excluded beyond doubt (Ax? = 120)

Z
0.67 0.43 0.25 0.11 0.00
| I I T
1.2 1/(1+2)
[ oss— U(.l_'_z)u,v_ﬁ:u.lu ¢
- ----- No time dilation
T el S iy
) i
I 081 [ 11 |l -
o i LLpe i
E:D 06 L__,.-J 005 0.04 _
14 12 )
04 1.0 _
i 0.8 :
B 0.6 - n
02 095 096 097 098 099 1.00 _
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0.6 0.7 0.8 0.9 0 Blondin et al. (2008
1/(1+2) ondin et al. ( )
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Distance to SN

(z = 0.335)

PS1-13bni

Use EPM and CSM to measure
distance to same supernova

Early
Spectra:

SNI
Si/ weak Si

He poor/He rich

1958 GRBs!!

19398
[SNIc] [SN Tb]

19831 1983N

1983V\/ 1984L

Core collapse.
Most (NOT all)

His

no Hydrogen / Hydrogen

removed during
olution

SN II
Nebular spectra
He dominant/H dominant

SN TTh| SN II

1993, Light Curve decay
/ after maximum:
Linear / Plateau

SN

1980K 1987A
1979C 1983A

SN IIn(1995G)!999em

r"
o * * o : .
SN Dilution Filter D, Averaged D, f * Average*d f fs Estlmqte
factor Mpc Mpc days days MID of o via e
B 1699451 73124 o :
HOI-HB vV 1538+1109 | 1772+538 ) 54483  81+59  56401.3+79 .
, [ 2078+1082 11.7£9.7
PSI-Ioni B 2019+54 86+136 EM .
DO5-HB V. 1823+1349 | 2110£658 | 66488  95+64  56400.0+8.6 2 E 4_T
[ 2488+1336 134£10.5 Gall et al. 2018
SN Estima_te té_) Vi, I3, U3 Estimate (_)f U D;
of ty via mjd mag mag kms™! velocity via mag Mpc
PS1-13bni EPM-HO1 564013+79  2339+026 23.18+0.20 5814+1175 Hp 40.65+0.76 1348 £470
EPM-D05 56400.0+£8.6  2339+026 23.19+020 5913+1237 40.68+£0.77 1368 +487
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Distance Duality

First attempts inconclusive

T

@ Fe 4@ HP

2000 T T x
Gall et al. 2017
1500 | N
/ARy
= 1000}
=
O A
@~
Q } +
\
500} < *.PS1-13bmf
[ T~ PSI-14vk
\
*LSQI13cuw
0 1 1 1 1 1
0 200 400 600 800 1000

Dg"™ [Mpc]
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log cz

log cz

log cz

4.5

4.0

35

3.0

2.5

4.5

4.0

35

3.0

25

4.5

4.0

3.5

3.0

25

% 16

Reindl et al. 20051

10 12 14 16 18 20

la Hupble diagram

Early

Spectra:  1© Hydrogen / Hydrogen

SNIL - SN IT
Si/ weak Si Nebular spectra
He dominant/H dominant

He poor/He rich

1985A

19398 ‘ GRBst!!
SNIc SN ITH SNII
19831 ;
1933\/\( ey 1993 Light Curve decay
after maximum:
Linear / Plateau
\  (Corecollapse.

Believed to originate )\  |Most (NOT all)

from deflagration or |\ |His removed during|

detonation of an \ the evolution
\

acereting white dwarf,

Core Collapse. =
Outer Layers stripped ey g2
by winds (Folf-Rayel Stars)

o binary SN IIn(1995G)!999%m
Ib: H mantle removed!
Ic: H & He removed!

Core Collapse of
a massive progenitor
with plenty of H .

L K

e Excellent distance indicators
o Experimentally verified

e \Vork of several decades

e Best determination of

the Hubble constant
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Hubble Constant

e SN Hubble diagram
m—M =5logv + 25 —5logH,

4'05 IR | | I I | L | | . " =
38 = .
a6 E- 3 Proves M is constant
T 3 Direct connection of M and
| — m_e -
B osp _, paEl — Ho
30 - == —
283_ . Leibundgut_f
L e
o O: iﬁm % i3 5d of ikt [ TR .!:" ﬁﬂ'{ E"I f f i -
— o e, e S T - i .
g [ t h%ﬁ?@ﬂ TP ]
3 - g i
SIS .
C 1 1 11 | | | | | L 111 | | | |
1000 20(;{0 5000 10000 20000 50000

recession velocity in the CMB frame
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Hubble Constant

Calibration of M(SN la @ max)

e Distance ladder

PAST DISTANCE LADDER (100 Mpc)

11% error

1% # Modern, distant SNe la

3% # Modern, local hosts

SN la hosts,
Metallicity change

long to short Period Cepheids

Ground to HST

Anchor: LMC
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Calibrator

Anchor:
NGC4258

Adam Riess
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Distance ladder

rare, luminous, far

Distance Laddering

Gravitational
Lens, At ~4%7?

THE HUBBLE FLOW

BAO z=0.1 all undiscovered
sky+CMB ~4% “Golden”

SN Ia

100 Mpc Tully—Fishy

10 Mpc _
Nearby Galaxies+

HST Cepheids \

DEB

SN 1987A

LMC Cepheids Light Echo

10 Kpc Red

Clump
Cluster Cepheids

Cepheid
1 Kpc o
Pleiades

100 pc 7t

Fstars Hyades

Local Group
RR Lvrae

RR Lyrae
Statistical TT

RR Lyrae  Globular Cluster
B-W Statistical T

JU Subdwarfs

Masers~3%7?

10/10% Hflslt/ems

according to Riess 2014

MW Cepheid
Parallax w/ HST
(GAIA)

SZ Effect, gravity waves, ?

common, faint, nearby
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Period-luminos

Cepheid Stars

ation

Magnitude (V, W, or F350LP)

ity rel

{ 25

1l . 1 . 1

40 60 80100 20 40 60

L L
]

P N e 1 25 P | 1 PR N .

40 608000150 4 6 40 60

Period [days]

Riess et al. 2011
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Hubble Constant s

Supernova la Hubble diagram T

— IS} =)
o S G

Cepheid: m-M (mag)

>

04F
02
0.0
-02F
-04E

Type Ia Supernovae — redshift(z)

38 -

36 -1

H (Z7H0:73 '2sq0=j0)

Cepheids — Type la Supernovae

= £ . +
o0 < f :
g 3 o ;L‘M ":‘wf |y
= o
g b
é °
Z
v 3of 3
Geometry — Cepheids »E g
' ' Na2s8, I I I I g 0.4
M31 3 t &
i P W #MH% 11400 £
3 1-0.4
L LMC i 29 30 31 32 33
Cepheid: m-M (mag)
_Milky Way ]
I j04 .
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Hubble Constant

Caveats

— local calibrators still uncertain
¢ | arge Magellanic Cloud
e Maser in NGC 4258
¢ in the future geometric distances (parallaxes) to
nearby Cepheids

— extinction
e absorption of light by dust in the Milky Way and
INn the host galaxy
e corrections not always certain

— peculiar velocities of galaxies
e typically around 300 km/s
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Current Status (N\R)

207 —
19l callbrators + 27 Hubble flow SNe O |
18 | .
g 17t l
[
16 | () i
15k Dhawan et al. 2018 4
Hy = (72.8 + 1.6(stat) + 2.7 (syst)) km s Mpc~?!
0.4 '_ | 1 1 1 1 ! ! 1 ! | |
' +
0.2 Py i
S O
G 00k o0 l i
I o, ; O +
o ¢ °
_02 = .
[
| 0.01 0.02 0.03 0.04 0.05 0.08 0.1

redshift
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Foundation Survey

(O8]
o0
I T

B

£ °|  Foleyetal. 2018
2 180 local SNe la
= 361

o)

o L

=

9 341

=N

A b

Residual (mag)
o
o
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Hubble Constant(s)

Planck satellite (CMB; 2016)

measurement at z = 1000

Hy = (67.8+0.9) km s *Mpc~?
Riess et al. (local; 2016)
Hy, = (73.24 + 1.74) km s~ Mpc™1

Dhawan et al. (local; NIR; 2018)

same zero-point as Riess et al. (2016)

Hy = (72.8 + 1.6(stat) + 2.7 (syst)) km s~ Mpc™!

Riess et al. (local; 2018)
Hy = (73.53 + 1.62) km s~ Mpc™1
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Hubble Constant

L atest values

I A:iwg=-0.1 Riess et al. 2016 }
[ Alw=—1 ]
- AEN =41 -
I eff > .
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[ P\onckW5E+ACD5M -
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Gaia and H,

e Calibrate Cepheid distances with
parallaxes

— long-period Cepheids so far not accessible
e Single step to the SNe la

¢ Helps to bypass intermediate steps and
calibrators

— reduced uncertainty on Hg
e Goal: uncertainty less than 1%
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et volla ...

10 years of progress

SCP

-1+ @)
o
Goobar & Leitlaundgut 2011 |
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Constant w firmly established

Nsn Qu(flat) w (constant, flat) Light curve Reference
fitter
115 |0.263%5:92319932 | —1.023%9:333+5:024 SALT Astier et al. 2006
162 +0.028 _ +0.091 +0.13 MLCSQKQ
62 10.26724015 1.069 0,083 ~013 Wood-Vasey et al. 2007

178 |0.28873:922 —0.95819-088+0.13 SALT?2
288 +0.019+0.023 —0. +0.07 +0.11 MLCSQKQ

0'307—0.019—0.023 0 76—0.07 —-0.11 Kessler et al 2009
288 | 0265153160033 | —0.9628:06 %615 SALT2
557 |0.279%3:317 —0.9971 00201 0:053 SALT2 Amanullah et al. 2010
472 —0.917328 %015 SIFTO/SALT2 | Conley et al. 2011
472 10.269 + 0.015 —1.06119:562 SALT2 Sullivan et al. 2011
580 |0.271+0.014 —1.013%9872 SALT2 Suzuki et al. 2011

—1.018+0.057 CMB

740 .295+0.034 — SALT2 Betoule et al. 2014

0 - —1.027+0.055 CMB+BAO
313 [0.277%391% —1.186%7 92 SALT2 Rest et al. 2014
1049 | 0.306 + 0.012 —1.031 £ 0.040 SALT2 Scolnic et al. 2018
1369 | 0.324 + 0.042 —0.986 + 0.058 SALT2 Jones et al. 2018
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What next?

Already in hand
—>1000 SNe la for cosmology
— constant w determined to 5%
— accuracy dominated by systematic effects
Missing
— good data at z>1
® light curves and spectra

— good infrared data at z>0.5

e cover the restframe B and V filters
e move towards longer wavelengths to reduce
absorption effects
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Cosmo\ogy more?

-1.1 -1 -0.9 -0.8 0

Wo  Goobar & Leibundgut 2011

(courtesy E. Linder and J. Johansson)
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Multi-parameter problem

Flat Universe ) Flat Universe
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Speculations 1, 816

Einstein’s cosmologal constant
No explanation in particle physics theories
Quintessence

Quantum mechanical particle field releasing energy into
the universe

Signatures of high dimensions
Gravity is best described in theories with more than four
dimensions

Phantom Energy

Dark Energy dominates and eventually the universe end
in a (Big Rip)
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