The History of the Universe
in 60 Minutes

Max Tegmark, MIT
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Cosmology timeline:

500 BC

2000 AD
Fig. 1. The “four elements” of modern cosmology (adapted
from a figure in a 1519 edition of Aristotle’s Libri de Caelo)

Overduin & Priester 2001, astro-ph/0101484
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Precision cosmology

Cosmology timeline:

<4—Einstein’s theory of gravity
<€—Expanding Universe theoretically possible (Friedmann)
Universe is expanding (Hubble)

2.
<%
<—Big Bang Nucleosynthesis (Gamow) E
<€4—Cosmic Microwave Background predicted (Alpher & Herman):
1st quasar discovered (Schmidt)

S
2
5
Cosmic Microwave Background detected (Penzias & Wilson) =
g
<
&

<€—Inflation invented (Guth, Linde, Albrecht & Steinhardt)
<4—CfA Galaxy Redshift Survey

<— CMB anisotropies detected (COBE)

<—Dark energy discovered with supernovag (2 teams), CMB peaks detected
Weak Iensmg detected (4 teams)

<—\WMAP CMB, SDSS galaxy clustering VQ 2dF galaxy clustering
Planck CMB satellite CMB polarization detected (DASI)

<4—CMBPOL satellite? JDEM? JWST? LSST? SKA?

Cosmic microwave backgroud anisotropies

Supernova cosmology

<
<

_ Weak gravitational lensing

<— Lyman a forest cosmology

21 cm cosmology
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Brief History of
the Universe
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What do we want
to measure?
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To Oth order:
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Fluctuation generator To 1st order:

Fluctuation amplifier

fraction
of a second

379,000 N
years e \ present
: | ‘ day

20 |
% ~200 million

" Q. :

13.7 billion
years

(Graphics from Gary Hinshaw/WMAP team)




70% DARK
B Ordinary Matter ENERGY,

EDark Energy

MATTER  wcosarmater

B Hot Dark Matter

BUDGET  wruotons

B Budget Deficit
5% ORDINARY 25% COLD
MATTER DARK MATTER
P Meaning Measured value
Qo1 | Spatial curvature 1.01 £+ 0.02
PA Dark energy density (9.3 & 2.5) X 10_]"2'1 m.i%,l
w Dark energy equation of state —1+0.1
Sy Scalar fluctuation amplitude Q) (2.0 +0.2) X% ]_.0_5
ng Scalar spectral index 0.98 + 0.02
¥ Running of spectral index dng/dlnk | cx | i 0.01
r Tensor-to-scalar ratio (55 /8y )2 i 0.36
¢ Tensor spectral index Unconstrained
&b Baryon mass per photon F’b/”")‘ = mpmn (0.60 4 0.03) eV
Ec CDM mass per photon pc/rn~ (3.3 +0.2) eV
Ev Neutrino mass per photon p,,/n»). = % > My, < 0.11 eV

INITIAL

CONDITIONS
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Measuring

expansion




Arthur Geoftrey
Walker 1909-?

(British; 1935 paper

Alexand'er with H P Robertson

Friedmann showed that F(L)RW
metric 1s only

1888-1925 homogeneous &

(Russian; 1922 George Lemaitre 1894-1936  1sotropic metric)

paper) (Belgian; indep. 1927 paper)
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The Universe
1s expanding:
*H>0 today

ov=~Hr for v«c







Edwin Hubble 1889-
(American; 1930 paper)

Camndgie | ute giVashifgton \
Mt. Wilson Observatory 1931
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How measure distance & redshift?
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Standardizable candles

(From Saul Perlmutter’s web site)




Using galaxy correlations as a standardizable ruler:
(Eisenstein, Hu & MT 1998; Eisenstein et al 2005; Cole et al 2005)

Primordial sound
wave, now 500
Million Light
Years across.

Easiest to understand in real space
(Bashinsky & Bertschinger, PRL, 87, 1301, 2001; PRD 123008, 2002)




(Eisenstein et al 2003, for the SDSS collaboration astro-ph/050112)
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Big Bang nucleosynthesis as a standardizable clock:

Fraction of critical density
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Measuring

clustering
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z = 1000
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Current power spectrum P(k) [{h-!' Mpc)3]
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Current power spectrum P(k) [{h-!' Mpc)3]
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Current power spectrum P(k) [{(h-! Mpc)3]
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(Figure from Wayne Hu)

(Figure from WMAP team)

Nucleo- Last Galaxy
Synthesis Scattering Formation
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Current power spectrum P(k) [{h-!' Mpc)3]
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Lyman Alpha Forest Simulation: Cen et al 2001
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e "GRAVITATIONAL LENSING:* .
A1689 ﬂnaged by HubblgACS*Broadhurst et al 2004




WHAT YOU SEE:
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(Based on compilation by Michael Vogeley)
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But the best
1S yet to

COINC...




Measuring

cosmological
parameters







How much dark matter 1s there?
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How much dark matter 1s there?
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a —0.0751 0037 0 0 0 0 0 0

Dot 10957 0as  LoeetiTos 0 0 0 0 0

O | 0STE  0ssSE 073l 0ssPSRY 03621 0267908 | osaetiES
Rom | 01287902 0as2t002 01231000 0144700 01437002 0.407002) [ 01531002
z 048407 0501312 0841212 0674t 0631014 0741918 | 0esetlOro
T p:33+9:17 0.2278:7% 0.1913-43 0.1670:22 019408 02110 |< 0.35 (95%)
20 25.91% 4 201152 17353 1551549 18.5+7-1 196775 | <25 (95%)
A 114108 oo7iE  o0s7i2i  0sitSE  00e'2i0 008193 | 0s0t33
Ay 0.1413-13 0 0.307D:42 0 0 0 0

3 No constraint  No constraint No constraint No constraint No constraint No constraint |No constraint
to[Gyr]|  16.5120 163123 1300104 13751038 13531052 13944041 | 13491029
o5 0.901 513 0871313, 08D 0ieail3  coostRlS 0091818 | 0400
H) 483 7.0+t4T 6.51%3 47795 7.0134 55117 5.6410:75
Ha 0idagtDialY  0iaReyTD-0080' g MRy FIONAE ipaog D0 0.4541FD.0088" 04543+ 1008 | 0: 45497 F0-F0SE
Hs 0.4241084% 045570033 045210038 044170033 04770038 0.474FD037 | 0.47510032
Apivar | 059510008 050010TE  0.584t00lG 0602100 063155 0.6247 000 | 065215050
M, [eV] 0 0 0 < 10.6 (95%) 0 0 0
x2/dof | 1426.1/1339  1428.4/1341 1430.9/1341 1431.8/1341 1431.8/1341 1431.5/1342 | 972.4/893




Using SDSS 4+ WMAP temperature and polarization information No pol. No WMAP
6par+£); +r+4+a Gpar42, 6par+r 6par+f, 6par+4w 6par 6par 6par

e 0.5310:22 0691035 0776l Gls 0776100, 0801018 0.78015()s |> 0.63 (95%)|> 0.71 (95%)
e, o.sor+3:a1o 0.60010-01%  0.598210-0083 0.594810C033 0.5954 100937 0596510 0oy [0.596871 00080 10,5977 H0-0043
Qp 0.6601 0157 0.65810:0%2 o.7a7td 04 06307007 070610032 p.ep0tD-04d | 0.esatCOL | 0lgg1 D08
h2Qy 0.103¥0-049 0.10310-008 0.119510-008%. ga35TODM  0i1247T012 (01929700080 |0:1254tD-008 | 012521 5-0098

2, | 0023810006 002821000 0.024270 00T 0.02341 5001 0.02327 5008 0.02321 5 00IR 10,0231 50, (0.0220 15 00IE
I 0 0 0 < 0.12 (95%) 0 0 0 0
N 097112 o98TDa L0IgIDNsE 0a7ZInD 0976 ohM  DATI oDae | 007aTRoN | Atistohas
ni+1 | noss2toi0 1 0:07B 00T 1 1 1 1 1
Ay 058410082 058410038  0.63570.92% 064570028 063770027 0.63370-02! | 06371002° | 0.588710-02
r < 0.50 (95%) 0 < 0.47 (95%) 0 0 0 0 0
b 090413127 103f3Y 006313 10611300  0986t30TE 006213013 | 100013095 | LoesSngs
w 1 1 1 1 1,055 013 1 1 1
a -0.07110047 0 0 0 0 0 0 0
Qi 10567 0% 1.05810-037 0 0 0 0 0 0
On | 040IZ0  0406TS0R  0miOE 05sgHONT  0704'0% 03017008 | 031673048 | 0300003
W0 | 01267901 01267001 01438TOTS 0.15870%E 01471002 0145415009 |0 14861000 [0 1481121
h 055104, 05507007 o7asTRON  oessTob 07087 0eostho | oesstats | 06030l
T 0,32tg:13 0181030 01271003  0.1271008%  0.11310-039  0.12410-03% |< 0.23 (95%)|< 0.17 (95%)
Zion LR iy 18+10 1410458 14.0134 13.6137 1441532 | <20 (95%) | < 18 (95%)
As 112104 086138 0821218 osstlls 0803l ositlls | 072033 | 0estd
Ay 0.1410-22 0 0:161 313 0 0 0 0 0

B 0.633120%.  p.E8712-0%0 0.506T29%3 066470089 0533F00%F o.E87YO-058 | 0.52970:0%9 | 0.49310-080
ta[GyT] 15,8112 15.9%13 13371027 13651038 13.47iD40  13.p4tD3 | 18.5510-2% | 13.5110:3
O 0911010 0.8610:1) 0:010729°8 0823t 0°% 0.928TDONE  p.o17iOLRD | 087910085 | 0.84240-093
H, s.9t8 66157 58152 5.0410-31 4991038 6.06F045 | 5.461233 6813
Hy, | 04a1#9813  04577+00050 0453570005 0.45217050% 0454510057 0.455010.9%%3 |0.4540 100052 | 04751008
Hy | 04221097 0444t0020 04681001 04721002 046170915 04591001 | 0.4601991T | 04851502
Apiwor | 05STIOON 05821008 063270027 064813028 06397002 0635102 | 063910021 | 05861502
M, [eV] 0 0 0 < 1.74 (95%) 0 0 0 0
x2/dof | 1444.4/1356  1445.4/1359 1446.9/1359 1447.3/1359 1622.0/1530 1447.2/1359 | 987.8/911 134.6/163




9 parameters (7, Q. Q) wy.wp. A, ng, a,r) free

WMAP4SDSS. 6 vanilla parameters free

WMAP  4r=a=0  +SDSS 4+SN Ia +7 <03 tother CMB| +4n,=1 | 4V(¢) x 62
= | om2igil  Oeslolr  0e9rol  044Ton 0asIgTL | 0.780rgui 0s1STonel | o.ra0roeer [ osssroce
o, | 0602501 06031952 06001507 06061001 0.5071 0031 f0.50651 000! 0.595610,00%3 10,5970 10 902t |0 505310002
0 | o54f02 058?02 0es3fi2 07250903 06951503 [ 06091008 0601002 | 07071053 | 068519032
h20, | 010510028 01087052  0.103%301% 00901303  0.115%5512 0122243909 0.128115.097% 0.1233+9 9050 |0, 1233+ 0082
A0y, |0.023815.5032 0.0241 5005 002325553} 0,026 59542 0.0230* 51 f0.0232+ 39013 0.022852910 0.0238 59506 |0.0226 45,000
fv 0 0 0 0 0 0 0 0 0

n, 007 0S| cuoatPs  oestiRR.  1a0tRll  oemliitE liowwrionoRi 00661 g 1 0.96

ne+ 1 [0.984710-0007 1 1 1 1 1 1 1 0.993

Ap | 05031003 06021053 oseatli 0520908 0613t [ 06s3i002 06317002 | 0642502 | 06201933
r < 0.50 (95%) 0 0 0 0 0 0 0 0.15

b 1 1 1.03+9:12 0.031010. 0.90810 98 | 0.062+2.073 0.900109%0 | 0.01810.039 | 1.00670-0¢3
w ~1 =1 ~1 -1 ~1 —~1 1 1 -1

a 00757 D het 0 0 0 0 0 0 0 0

Dyt 1.095 10098 ggg 00T 1 org 0038 py FO.OIE ) )5 F0 0TS 0 0 0 0

0. | 057t0% 05?04 0406t} 03281355 08171395 [ 03014388  0.309139% | 0.203%35% | 0315293
A0, | 012870922 pga32t00al 02610018 0.117i00ad  p.13gTDON2 10145400091 0.14609+0-007F 102471+ 0050 1024507+ D.008S
h 0481977 0501018 058013092 050010000 0.660130%7 | 06957053 06ssth o2 | 07081557 | oes0tg oz
T 0334017 022133 0183 0413207 01437398 | 01247355  0.103129% | 0165135 | 0.0e2tg o3
Zion 25.973-4 201722 18534 2073 156730 1441352 12:.81743 17.0134 11.9%32-2
A, | 114198 0e7f273  0set3%8 13013  os2flld | 0s1f2ls  omr7li® | 0sestdlS! | 07899
A p:14+9:13 0 0 0 0 0 0 0 0118710007
8 0731028 072t029  0ssTIGNS 05TTIO0R  0.530t50%0 | 0587100 05347004 | 0553t00%t | 0.sast s
to[Gyr]| 165135 16.313-3 15.011-3 166113 1418 18.6410:23  13.6212-4 | 18.4010:33 | 18:6712:13
T8 0.901513 0.871D:33 0861013  0i9ast0RY ggaotD0M | 091710090  .89410-0%0 | 5.966710:030 | 0879l 00cl
H) 4 ghas 7.0rs% s55t0T gita1 soatddd | soetded 4estdN | gaatied | agafd¥
Ha 0.4413D01% 0458171 0-0083 0.457710 0083 0.45851 00008 0.456871 00082 10.45501 50082 0.45521 0000, [0.45431 00081 10.4556 1D Dos,
Hy | 04247038 04557058 0404300 045710020  0.449%0030 | 04500018 0.454P2018 | 04671001 | 04511001
Apivor | 05957035 0500700 05m2tI0M 056710058 061670038 | 06357002 06347002 | 06421505 | 0634102
M, [eV] 0 0 0 0 0 0 0 0 0

x?/dof | 1426.1/1339  1428.4/1341 1445.4/1359  1619.6/1530 1621.8/1530 | 1447.2/1360 1475.6/1395 | 1447.9/1359 | 1447.1/1395




Using SDSS 4+ WMAP temperature and polarization information No pol. No WMAP
6par+£); +r+4+a Gpar42, 6par+r 6par+f, 6par+4w 6par 6par 6par

e 0.5310:22 0691035 0776l Gls 0776100, 0801018 0.78015()s |> 0.63 (95%)|> 0.71 (95%)
e, o.sor+3:a1o 0.60010-01%  0.598210-0083 0.594810C033 0.5954 100937 0596510 0oy [0.596871 00080 10,5977 H0-0043
Qp 0.6601 0157 0.65810:0%2 o.7a7td 04 06307007 070610032 p.ep0tD-04d | 0.esatCOL | 0lgg1 D08
h2Qy 0.103¥0-049 0.10310-008 0.119510-008%. ga35TODM  0i1247T012 (01929700080 |0:1254tD-008 | 012521 5-0098

2, | 0023810006 002821000 0.024270 0008 0.02341 5001 0.02327 500 0.02321 5 0RIR 10,0231 50, (0.0220 15 00IE
I 0 0 0 < 0.12 (95%) 0 0 0 0

N 097112 o98TDa L0IgIDNsE 0a7ZInD 0976 ohM  DATI oDae | 007aTRoN | Atistohas
ni+1 | noss2toi0 1 0:07B 00T 1 1 1 1 1
Ay 058410082 058410038  0.63570.92% 064570028 063770027 0.63370-02! | 06371002° | 0.588710-02
r < 0.50 (95%) 0 < 0.47 (95%) 0 0 0 0 0
b 090413127 103f3Y 006313 10611300  0986t30TE 006213013 | 100013095 | LoesSngs
w 1 1 1 1 1,055 013 1 1 1
a -0.07110047 0 0 0 0 0 0 0
Qi 10567 0% 1.05810-037 0 0 0 0 0 0

On | 040IZ0  0406TS0R  0miOE 05sgHONT  0704'0% 03017008 | 031673048 | 0300003
W0 | 01267901 01267001 01438TOTS 0.15870%E 01471002 0145415009 |0 14861000 [0 1481121
h 055104, 05507007 o7asTRON  oessTob 07087 0eostho | oesstats | 06030l
T 0,32tg:13 0181030 01271003  0.1271008%  0.11310-039  0.12410-03% |< 0.23 (95%)|< 0.17 (95%)
Zion LR iy 18+10 1410458 14.0134 13.6137 1441532 | <20 (95%) | < 18 (95%)
As 112104 086138 0821218 osstlls 0803l ositlls | 072033 | 0estd
Ay 0.1410-22 0 0:161 313 0 0 0 0 0

B 0.633120%.  p.E8712-0%0 0.506T29%3 066470089 0533F00%F o.E87YO-058 | 0.52970:0%9 | 0.49310-080
ta[GyT] 15,8112 15.9%13 13371027 13651038 13.47iD40  13.p4tD3 | 18.5510-2% | 13.5110:3
O 0911010 0.8610:1) 0:010729°8 0823t 0°% 0.928TDONE  p.o17iOLRD | 087910085 | 0.84240-093
H, s.9t8 66157 58152 5.0410-31 4991038 6.06F045 | 5.461233 6813
Hy, | 04a1%9813  04577+00050 0453570005 0.45217050% 0454510097 0.455010.9%%3 |0.4540 100552 | 04751008
Hy | 04221097 0444t0020 04681001 04721002 046170915 04591001 | 0.4601991T | 04851502
Apiwor | 05STIOON 05821008 063270027 064813028 06397002 0635102 | 063910021 | 05861502
M, [eV] 0 0 0 < 1.74 (95%) 0 0 0 0
x2/dof | 1444.4/1356  1445.4/1359 1446.9/1359 1447.3/1359 1622.0/1530 1447.2/1359 | 987.8/911 134.6/163




Dark Energy
72%

B Ordinary Matter
EDark Energy

MATTER  wcosarmater

B Hot Dark Matter

BUDGET  wruotons

B Budget Deficit
Ordinary Matter Cold Dark Matter

5% 23%
P Meaning Measured value
Qo1 | Spatial curvature 1.01 £+ 0.02
PA Dark energy density (9.3 & 2.5) X 10_]"2'1 m.i%,l
w Dark energy equation of state —1+0.1
Sy Scalar fluctuation amplitude Q) (2.0 +0.2) X% ]_.0_5
ng Scalar spectral index 0.98 + 0.02
¥ Running of spectral index dng/dlnk | cx | i 0.01
r Tensor-to-scalar ratio (55 /8y )2 i 0.36
¢ Tensor spectral index Unconstrained
&b Baryon mass per photon F’b/”")‘ = mpmn (0.60 4 0.03) eV
Ec CDM mass per photon pc/rn~ (3.3 +0.2) eV
Ev Neutrino mass per photon p,,/n»). = % > My, < 0.11 eV

INITIAL

CONDITIONS




Cosmological
data

70% DARK
ENERGY,

Cosmological
Parameters

25% COLD
Q, Qp, A, 7, h| 5% ORPINARY  DARK MATTER

n, ny, Q, T/8




Cosmological
data

70% DARK
ENERGY,

Cosmological
Parameters

25% COLD
Q, Qp, A, 7, h| 5% ORPINARY  DARK MATTER

n, ny, Q, T/8

ARE WE
DONE?




Cosmological
data

70% DARK
ENERGY,

Cosmological
Parameters

25% COLD
Q, Qp, A, 7, h| 5% ORPINARY  DARK MATTER

n, ny, Q, T/8 l

Why these particular values?

Nature of dark matter?

Nature of dark energy?

V /
Fundamental > <
theory <

Nature of early Universe?




Dark Energy
72%

B Ordinary Matter
EDark Energy

MATTER  wcosarmater

B Hot Dark Matter

BUDGET  wruotons

B Budget Deficit
Ordinary Matter Cold Dark Matter

5% 23%
P Meaning Measured value
Qo1 | Spatial curvature 1.01 £+ 0.02
PA Dark energy density (9.3 & 2.5) X 10_]"2'1 m.i%,l
w Dark energy equation of state —1+0.1
Sy Scalar fluctuation amplitude Q) (2.0 +0.2) X% ]_.0_5
ng Scalar spectral index 0.98 + 0.02
¥ Running of spectral index dng/dlnk | cx | i 0.01
r Tensor-to-scalar ratio (55 /8y )2 i 0.36
¢ Tensor spectral index Unconstrained
&b Baryon mass per photon F’b/”")‘ = mpmn (0.60 4 0.03) eV
Ec CDM mass per photon pc/rn~ (3.3 +0.2) eV
Ev Neutrino mass per photon p,,/n»). = % > My, < 0.11 eV

INITIAL

CONDITIONS




Inflation! =§» <

o

Baryogenesis =l
SUSY Y
V-phySiCS sl

P Meaning Measured value
Q4ot | Spatial curvature 1.01 £+ 0.02

PA Dark energy density (9.3.42.8) X 10— 124 772,-1131
w Dark energy equation of state —14+0.1

Sy Scalar fluctuation amplitude Q) (2.0 +0.2) X% 10—°
T s Scalar spectral index 0.98 4+ 0.02 .

¥ Running of spectral index dng/dlnk | cx | f, 0.01

T Tensor-to-scalar ratio (SE /5H )2 f, 0.36

¢ Tensor spectral index Unconstrained

b Baryon mass per photon py /1~ = mpn (0.60 4 0.03) eV
Ec CDM mass per photon pc/n~ (3.3 £ 0.2) eV

Ev Neutrino mass per photon p,,/n.»). = % > my < 0.11 eV

WHY?©




Standard model
parameters:

Why these values?

Parameter|Meaning Definition Measured value

a Weak coupling constant D.6425

&1y Weinberg angle 0.400&8

[ Strong coupling constant 1.2

u Quadratic Higgs coefficient V(D) = u2?|T)? + A|D|* ~» —10738

A Quartic Higgs coefficient ~ 17

Ge Electron Yukawa coupling 204 x 10~6

Gu NMuon Yukawa coupling 0.000607

[ Tauon Yukawa coupling 0.0102156233

My Up quark Yukawa coupling 0.000016 £ 0.000007
mgd Down quark Yukawa coupling D.00003 £ D0.00002
Mea Charm quark Yukawa coupling D.0072 £ 0.0006
M, Strange quark Yukawa coupling 0.0006 £ D.ODD2
My Top quark Yukawa coupling 1002 £ 0029

Mg EBottom quark Yukawa coupling D0.026 £ 0.002
sinéf) » Quark CKM matrix angle 0.2242 £ 0.00156
sinfas Quark CKNL matrix angle 0.0413 = 0.0015
sind) 3 Quark CKL matrix angle D.DD37 = D.0DDS
d13 Quark CKN matrix phase 105+0.24

Bqed CP-viclating QCD vacuum phase <109




Cosmological
data

Cosmological
functions

H(z), P(k,z), C,T,CX,CE,CB,...

—»

Pa(2), G(z,k), P(k), P (k)

All vanilla?




Cosmological
data

Cosmological
functions

=
l

. ,

H(z), P(k,z), C,T,CX,CE,CB,...

—>

Pa(2), G(z,k), P(k), P (k)

< All vanilla?

;

Clues about

 Dark matter <

* Dark energy

e Inflation

Non-vanilla clustering?
Make at LHC?
Detect directly? Indirectly?

Non-constant density?
Clustering?

( Non-scale invariance?

Gravitational waves?
< Non-Gaussianity?
Isocurvature modes?
_ Non-flatness?




Cosmological

data ‘VZ."" | 5 ) '; ) H(Z)9 P(k,z), CT 5 CIX ) CIE > CIB ge e
Cosmological .
s =B py(2), G2k, P(K), P() |4 All vanilla?
Non-vanilla clustering?
Make at LHC?

Detect directly? Indirectly?

: L4 <[Non-cons‘[ant density?

Clustering?
1 HATE THE FRENCH

VANILLA

& (N le invariance?
100 PERCENT ALL-AMERICAN VANILLA ICE CREAM - : 4 On_sca e 1nvarlance .
QGravitational waves?

A — 4
STXR SPANGLED . .
‘-‘ * ICE CREAM * e NOH-GauSSIanltY?

TTTTTTTT

Isocurvature modes?
, i 9
EC, Or Q & L Non-flatness?




DARK ENERGY::

*w(z) =-1, w=w’=...=0

* No dark energy clustering

Dark energy density

0 1
Redshift z




DARK MATTER:

“ ¢ No direct detection

* No indirect detection

* No accelerator detection

* No astrophysically observed departures from vanilla CDM

Growth factor (obs/theo)

0 1 2
Redshift z




INFLATION:

* No departures from scale invariance detected (n=1, dn/dInk=0, etc)
* No gravity waves detected

* No non-Gaussianity detected

* No 1socurvature detected

Primordial power spectrum P*(k)/k

Wavenumber & [1/Mpc]

@






