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T OPICS

* (Quick motivation

e The BAO principle
* The BBN principle
* Why do BAO+BBN combine so well?
* What aids this probe?

* What breaks this probe?
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1) BAO determines €2, and Hp r
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0.030

ing
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Yp

0.28

0.26

0.24

0.22

0.20

Early weak decay:

Sensitive to H(z), N g

Produces Hed4 = Y,

Late fusion reaction:

Sensitive to £2,h?

Produces H2 = Dy
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THE BBN PART

| | |
I7 —0.28 4
6
H0.26
[ H
= 3
4 F10.24
3
0.22 21
9 } } }
0.02 0.022 0.024
14 , ‘ — 0.20 Qb h2
0.015 0.020 0.025 0.030 '
QR F e
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T OPICS

* (Quick motivation

e The BAO principle
* The BBN principle
* Why do BAO+BBN combine so well?
* What aids this probe?

* What breaks this probe?
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BAO + BBN

(GENERAL IDEA:
1) BAO determines €2, and Hp r

2) BBN determines €, h?

ITo, Qbhzl

> cs(2)dz
H(z)/Ho

| Quy, Q2 Ho |
v

HOTS —

Zrec

85

Hy [km/s/Mpc]

65

0.05

0.04

H()"I“S/C

0.03

BAO
only

<

-

0.1 0.3 0.5 65 75 85
Q, Hy [km/s/Mpc]
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BAO + BBN

(GENERAL IDEA: s
= BAO
1) BAO determines (i and Ho s~ £ 7™ only
s

2) BBN determines €, h? ”

0.05
I To, 2 h? I

- &

Ho'T's/C

<

@)
cs(2)dz
H p. = 0.03
U0 ) H(2)/Ho Coa T T demed

[ 2y, @ 22.

Slide 75 /120



Nils Schonehery nils.science@gmail.com

BAO + BBN

(GENERAL IDEA: _®
. s BAO
1) BAO determines €2y, and Hy r " only
a1
2) BBN determines €, h? .
3) Their combination relates directly §OO4 //
0.1 gzi 05 65 i, [km7/55/|\/|pc] 85
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BAO + BBN

(ENERAL IDEA:

1) BAO determines €2y, and Hy r

2) BBN determines €, h?

3) Their combination relates directly
H() s — H()

85

Hy [km/s/Mpc]

65

0.05

0.04

H()' TS/C

0.03

BAO
+ BBN

_

rd

0.1 0.3 0.5 65 75 85

Qm

Hy [km/s/Mpc]
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BAO + BBN

(ENERAL IDEA:

1) BAO determines €2y, and Hy r

2) BBN determines €, h?

3) Their combination relates directly
H() s — H()

Different z — We measure Hy

85

Hy [km/s/Mpc]

65

0.05

0.04

H()' TS/C

0.03

BAO
+ BBN

0.1 0.3 0.5 65 75 85

Qm

Hy [km/s/Mpc]
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BAO + BBN

(ENERAL IDEA:
1) BAO determines €2y, and Hy r

2) BBN determines €, h?

H() I's — H()

3) Their combination relates directly §004 K
o

Different z — We measure Hy

0.03

BAO
+ BBN

rd

0.1 0.3 0.5 65 75 85

Qm

Hy [km/s/Mpc]
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BAO + BBN

|High z|-
OON

N

/ILOW z|

H [km\l/s/Mpc]

| Combined|

0.1 0.3 05
Q

(@)
o

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schéneberg, Julien Lesgourgues, Deanna C. Hooper
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|High zJ| |
OON

Hy [km\l/s/Mpc]

(@)
o

BAO + BBN

N SHOES

/

/ILOW z|

| Combinedl IPlanck I
0i1 Oi3 0i5

Oy

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schéneberg, Julien Lesgourgues, Deanna C. Hooper
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| High zJ' |
OO\

N

Hy [km\l/s/Mpc]

(@)
o

| |Combined|

SHOES

/

BAO + BBN

|

[Planck |

0.1 0.3 0.5
QO

arXiv:1907.11594 — JCAP

10 (2019) 029

/ILOW z|

BAO+BBN
(68.3 + 1.1) km/s/Mpc

Planck (2018):
(67.7 + 0.4) km/s/Mpc

SHOES (2022):
(73.2 + 1.0) km/s/Mpc

Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper
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Picture from late 2019

What changed?

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper
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Picture from late 2019

What changed?

— New BBN results from LUNA experiment

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper
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Picture from late 2019

What changed?

— New BBN results from LUNA experiment

— New BAO from DR16

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper
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Picture from late 2019
What changed?
— New BBN results from LUNA experiment

— New BAO from DR16

20% tighter constraints now!

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper
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BAO + BBN

| High zJ' |
OO\

N

Hy [km\l/s/Mpc]

(@)
o

| |Combined|

SHOES

/

/ILOW z|

DR12 4+ no LUNA

BAO+BBN
(68.3 + 1.1) km/s/Mpc

|Planck || Planck (2018):
: (67.7 + 0.4) km /s/Mpc

0.1 Oi3 0.5
SHOES (2022):
{ (73.2 + 1.0) km/s/Mpc

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper
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BAO + BBN

| High zJ| |
OO\

N

/ILOW z|

DR12 4+ no LUNA

BAO+BBN
(68.3 + 1.1) km/s/Mpc

Hy [km\l/s/l\/lpc]

(®))
o

_ |Combined| ] Planck (2018):
. (67.7 + 0.4) km/s/Mpc

01 03 05 SHOES (2022):
{ (73.2 4+ 1.0) km/s/Mpc

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper
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BAO + BBN
High z|- . | Ho = h - 100km/s/Mpc
0.5 _|Low z|
- 0.4 DR16 + LUNA
- 0.3 F BAO+BBN (new)
(67.6 + 1.0) km/s/Mpc
0.2 F

| Combined| Planck (2018):
| | I (677 - 04) km/S/MpC

0.6 0.7 0.8
SHOES (2022):
h (73.2 + 1.0) km/s/Mpc

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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0.5 F -
< T | DR16 + LUNA
S

0.3 | - BAO+BBN (new)
(67.6 + 1.0) km/s/Mpc

0.2 F _
Planck (2018):

I I 1 (677 + 04) km/S/MpC

0.6 0.7 0.8
SHOES (2022):
h (73.2 + 1.0) km/s/Mpc

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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POSSIBLE (QUESTIONS

BAO(DR12)+BBN(noLUNA)
B BAO+BBN(noLUNA)

¢ Why dld constraint BB BAO(DRI12)+BBN
o B BAO+BBN
increase?’ BBN or

BAO?

0.72r

0.70F

0.68F

0.667

0.35f

G 0.30F

0.25 |

0.022 0.023 0.65 0.70 025 030 0535
Qph? h 0.,

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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POSSIBLE (QUESTIONS

. . EEE BAO(QSO)+BBN
* Why did constraint BAO(QSO-+Lya)+BBN
. o B BAO(DR12 LRG+QSO)+BBN
increase’ BBN or BN BAO(LRG)+BBN
BAO? Bl BAO+BBN
* Why better 05 | :
agreement of oal [ _
contours? S Ll \ _
0.2 -

0.6 0.7 0.8

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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T OPICS

* (Quick motivation

e The BAO principle
* The BBN principle
* Why do BAO+BBN combine so well?
* What aids this probe?

* What breaks this probe?
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COMBINING BAO-+BBN

0.35 | 4 I BAO+BBN
BAO+BBN+RSD
B BAO+BBN+SF
Bl BAO-+BBN+SF+RSD (no n, prior)
g 030F J Il BAO-+BBN+SF+RSD
G
0.25 -
1 1 1
1 1 1 1 1 1
1.3 + .
1.2} + .
S 11k 1 ]
1.0 F + .
0.9 F + .
1 1 1 1 1 1
0.66 0.68 0.70 0.26 0.30 0.34
h Qo

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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0.35

£ 0.30
G

0.25

1.3

1.2

1.0

0.9

nils.science@gmail.com

BAO-+BBN
BAO+BBN+RSD
BAO+BBN+SF

BAO+BBN+SF+RSD

0.66

Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden

0.68
h

0.70

0.26 0.30 0.34
Qm,

arXiv:2209.14330 — Accepted in JCAP

BAO+BBN+SF+RSD (no n prior)
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COMBINING BAO-+BBN

Pletlk)
Pref(k)

k [h/Mpc]

10-!

0.156
0.151
0.146
0.141
0.136
0.131
0.126

0.027
0.025
0.024
0.022
0.020
0.019
0.017

1.04
1.01
0.99
0.96
0.93
0.91
0.88

varying ns

varying wnm

varying wp

nils.science@gmail.com

Slope at k=0.03h/Mpc

Effects:
- Radiation-Matter equality
Quh’ = 24 = koq — P(k) turn

- Baryon suppression

Quh’/Q,h* — f,— P(k) dip

- Overall slope
n, — P(k) tilt

arXiv:2106.07641 — JCAP 12 (2021) 12, 054
Samuel Brieden, Héctor Gil-Marin, Licia Verde
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Pletlk)
Pref(k)

1.2 T

0.91 i
i
i
TN

k [h/Mpc]

10-!

arXiv:2106.07641 — JCAP 12 (2021) 12, 054
Samuel Brieden, Héctor Gil-Marin, Licia Verde

COMBINING BAO-+BBN

varying wp varying wnm

varying ns

Effects:
- Radiation-Matter equality
Quh’ = 24 = koq — P(k) turn

- Overall slope
n, — P(k) tilt

Slope at k=0.03h/Mpc

- Baryon suppression

DRE/Q,0° — f,— P(k) dip

Slide

nils.science@gmail.com
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COMBINING BAO-+BBN

12 T

il

L
R 5
XX . [®)]
%% 1.0 : £
e e >

0.0 i 5 Slope at k=0.03h/Mpc

: it

e

L

Effects:
- Radiation-Matter equality
Quh’ = 24 = koq — P(k) turn

varying wp

- Baryon suppression

DRE/Q,0° — f,— P(k) dip

- Overall slope

w — P(k) tilt

varying ns

10-!

k [h/Mpc]

arXiv:2106.07641 — JCAP 12 (2021) 12, 054
Samuel Brieden, Héctor Gil-Marin, Licia Verde
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COMBINING BAO-+BBN

1.2 T

ke i ] ShapeFit measures € h’
A —t 2

09—«“‘””“ 5 Slope at k=0.03h/Mpc

Effects:
- Radiation-Matter equality
@ Zoq — keq — P(k) turn

- Baryon_suppression
D@D fi— P(K) dip

- Overall slope

w — P(k) tilt

varying wp

varying ns

10-!

k [h/Mpc]

arXiv:2106.07641 — JCAP 12 (2021) 12, 054
Samuel Brieden, Héctor Gil-Marin, Licia Verde
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COMBINING BAO-+BBN

BAO+BBN

BAO+BBN+RSD

BAO+BBN+SF
BAO+BBN+SF+RSD (no n prior)
BAO+BBN+SF+RSD

T T T
0.35 .

£ 030}
G

Linear scales!
Not many assumptions!

0.25

1.3 F T

BAO+BBN (SF)

ey T 1 (68.3 + 0.7) km/s/Mpc
S 11k + .

Lol 1 | SHOES (2022):

ol 1 | (73.2 4+ 1.0) km/s/Mpc

1 1 1 1 1 1
0.66 0.68 0.70 0.26 0.30 0.34
h Q

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden

Slide 100 /120



Nils Schoneherg nils.science@gmail.com

COMBINING BAO-+BBN

I BAO+BBN
Il BAO+BBN+Pantheon
0.70 | Il BAO+BBN-+PantheonPLUS
= 0.68
Uncalibrated supernovae
o Measure
0.35 F ' ' 1 ' ; ] HODL(z) _ (1 N Z) /Z dx
— Q.
C:EO.?,O
A BAO+BBN (Pantheon)
L (67.8 + 0.7) km/s/Mpc
0.622 0.623 O.I66 O.I68 O.I7O
Quh? h SHOES (2022):

(73.2 £+ 1.0) km/s/Mpc

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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COMBINING BAO-+BBN

I BAO+BBN
Il BAO+BBN+Pantheon
0.70 | Il BAO+BBN-+PantheonPLUS
= 0.68
Uncalibrated supernovae
o Measure
0.35 F ' ' 1 ' ; ] HODL(z) _ (1 N Z) /Z dx
— Q.
C:EO.?,O
A BAO+BBN (PantheonPLUS)
L (68.3 + 0.9) km/s/Mpc
O.OIQQ 0.623 0.I66 O.I68 O.I7O
Quh? h SHOES (2022):

(73.2 £+ 1.0) km/s/Mpc

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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COMBINING BAO-+BBN

BAO+BBN
B BAO+BBN+CC
Bl BAO-+BBN+SF+RSD
B BAO+BBN-+SF+RSD+CC

0.35

£ 0.30F

/

0.25 -

0.66  0.68  0.70
h

BAO+BBN
I BAO+BBN+PantheonPLUS+CC
Il BAO-+BBN+SF+RSD
Bl BAO+BBN+SF+RSD+PantheonPLUS+CC

0.35

Cosmic Chronometers

Measure H(z) — Q,,, h

g 0.30 - 1
o 0.30
Weak measurement
0.25 { Only when no SF we
066 068 0.70 gain constraining power
h

arXiv:2209.14330 — Accepted in JCAP

Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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COMBINING BAO-+BBN

0.35

£ 0.30

0.25

- BAO+BBN
B BAO+BBN+6,
Bl BAO+BBN+SF+RSD

® Bl BAO-+BBN4+SF+RSD+6,

- BAO+BBN (9,)
0.66  0.68  0.70 (68.2 + 0.5) km/s/Mpc
h SHOES (2022):

(73.2 £+ 1.0) km/s/Mpc

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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COMBINING BAO-+BBN

0.35

£ 0.30

0.25

- - BAO+BBN
B BAO+BBN+46,
B BAO+BBN+SF+RSD
® Bl BAO-+BBN+SF+RSD46,
Same as CMB-+BAO

with much less input

- \ BAO+BBN (0,)

0.66  0.68  0.70 4 (68.2 + 0.5) km/s/Mpc
h SHOES (2022):

(73.2 £+ 1.0) km/s/Mpc

arXiv:2209.14330 — Accepted in JCAP
Nils Schoneberg, Licia Verde, Hector Gil-Marin, Samuel Brieden
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T OPICS

* (Quick motivation

e The BAO principle
* The BBN principle
* Why do BAO+BBN combine so well?
* What aids this probe?

* What breaks this probe?
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BAO + BBN

O
o

Hy [km\l/s/l\/lpc]

)
+DR
60 |
0.1 0.3 0.5
Qn ?
H() s — H()

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schoneberg, Julien Lesgourgues, Deanna C. Hooper
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BAO + BBN

90 {

O
o

Hy [km\l/s/l\/lpc]

\/
Hy [kmés/Mpc]

(@)

o
(@)
o

0.1 0.3 0.5 0.1 0.3 0.5
O O

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schéneberg, Julien Lesgourgues, Deanna C. Hooper
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BAO + BBN

90 {

O
o

Hy [km/s/Mpc]
o
_l_
O
=

\J
H [kmés/Mpc]

(@)

o
(@)
o

0.1 0.3 0.5 0.1 0.3 0.5

o J 0

H() s — H()

arXiv:1907.11594 — JCAP 10 (2019) 029
Nils Schéneberg, Julien Lesgourgues, Deanna C. Hooper
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BAO + BBN

©
o

Hy [km\l/s/l\/lpc]

)
—+ Zrec
shift
60 -
0.1 0.3 05
Q ?
H() s — H()
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BAO + BBN

90 {

O
o

—+ Zrec
shift

Hy [km\l/s/Mpc]

\/
Hy [km/s/Mpc]

(®))

o
)]
-

0.1 0.3 0.5 0.1 0.3 0.5

Qm X ﬂru

H() s — H()
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BAO-+BBN

N BAO w/ me
0.701 4 —— BAO+BBN
BN BAO+SF+RSD w/ me.
o7af B BAO w/ Nun 0.68} 1 —— BAO+BBN+SF+RSD
- Bl BAO+BBN w/ Neg = 0.66F T
0.66 0.62
0.62
0.34
4.5
4.0 0.32
%35 :
= 357 0.30
3.0F =

0.26 0.30 0.34 0.022  0.024 0.65 0.70 0.20F
Q,, Qbh2 h

0.95 1.00 1.05 0.62 0.66 0.70
Me h
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0.74r

0.70t

0.66

0.621

BAO-+BBN

BN BAO w/ Neg
BN BAO-+BBN w/ Neg
—— BAO+BBN

0.022 0.024 0.65 0.70
Qph> h

<

S
S

0.70
0.68
0.66
0.64
0.62

0.34
0.32
0.30
0.28

0.26

,

nils.science@gmail.com

I BAO+BBN w/ me.
4 I BAO+BBN+SF+4RSD w/ me.

¢

0.95 1.00 1.05
Me

0.62

0.66  0.70
h
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100 - 64

1.08

1.06

1.04

1.02

1.00

0.74

0.70

0.66

0.62

BAO-+BBN

BAO+BBN w/ Neg

BAO+BBN

BAO+BBN+RSD+SF w/ Neg
BAO+BBN+RSD+SF
BAO+BBN+60s w/ Neg

0.30

0.70
0.68
= 0.66
0.64
0.62

0.34
0.32

3
o 0.30
0.28

0.26

nils.science@gmail.com

BAO+BBN w/ me.
{1 B BAO+BBN+SF+RSD w/ me

T

T

T

T

)

1

0.95 1.00 1.05
Me

0.62 0.70

0.66
h
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CONCLUSIONS

* BAO-+BBN most precise non-CMB probe
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CONCLUSIONS

* BAO-+BBN most precise non-CMB probe
« BBN calibrates 1y and thus disentangles H, 7
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CONCLUSIONS

* BAO-+BBN most precise non-CMB probe
« BBN calibrates 1y and thus disentangles H, 7

« Updated data (LUNA, DR16) gives tighter H,
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CONCLUSIONS

* BAO-+BBN most precise non-

CMB probe

« BBN calibrates 7y and thus disentangles H, ry

« Updated data (LUNA, DR16)

gives tighter H,

e Combination with SF — 68.3-

0. (km/s/Mpc (400)
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CONCLUSIONS

* BAO-+BBN most precise non-CMB probe
« BBN calibrates 7y and thus disentangles H, ry

« Updated data (LUNA, DR16) gives tighter H,
e Combination with SF — 68.340.7km/s/Mpc (4.00)

e Combination with 6, — 68.24

—0.5km /s/Mpc (450)
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CONCLUSIONS

* BAO-+BBN most precise non-CMB probe
« BBN calibrates 1y and thus disentangles H, 7

« Updated data (LUNA, DR16) gives tighter H,
» Combination with SF — 68.340.7km/s/Mpc (4.00)

* Combination with 05 — 68.2+0.5km/s/Mpc (4.50)
 Model dependence if r; modified without BBN
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