
  Nils Schöneberg nils.science@gmail.com

BAO+BBN revisited

Tuesday 08.11.2022



2/120Slide   

  Nils Schöneberg nils.science@gmail.com

Topics
● Quick motivation
● The BAO principle
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The CMB
M. Bartelmann: Observing the Big Bang 
(lecture Notes, University of Heidelberg)
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The CMB
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The CMB
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The CMB
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The CMB

There is a difference between CMB and local 
distance ladder derived measurements

   Planck 2018
   ΛCDM prediction
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The CMB
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The CMB

95.4% (2σ) limits

68.3% (1σ) limits

     Planck 2018
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The Hubble Tension

     Planck 2018
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The Hubble Tension

     Planck 2018

     SH0ES 2020
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The Hubble Tension

4.4σ

     Planck 2018
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The Hubble Tension

4.4σ

1 in 100 000

     Planck 2018

     SH0ES 2020
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Alternative Probes of Hubble
● CMB similar

● Distance ladder 
consistent (up to 
CCHP TRGB)

● Other standard 
candles agree

● Strong lensing 
disputed, but points 
high

● GW not yet enough
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BAO and the sound horizon

General idea:
1) BAO determines Ωm and H0 rs

2) BBN determines Ωb h2

3) Their combination measures rs 
(and H0 rs)

→ We measure H0

Δθ

Δz
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BAO + BBN

General idea:
1) BAO determines Ωm and H0 rs

2) BBN determines Ωb h2

3) Their combination measures rs 
(and H0 rs)

→ We measure H0

High-z Low-z

Combined
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General idea:
1) BAO determines Ωm and H0 rs

2) BBN determines Ωb h2

3) Their combination measures rs 
(and H0 rs)

→ We measure H0

Remains 
undetermined

Well determined
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The BBN part
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The BBN part

n→p++ e–+ ν̅e  decay

H(z ) → Neff
Early weak decay:

Sensitive to H(z ), Neff

Larger H(z) → less time for same ΔT → less decay → less n for He → less Helium
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The BBN part

Proton → 
Deuterium

b-γ ratio → 
Ωbh2

 

Early weak decay:

Sensitive to H(z ), Neff

Late fusion reaction:

Sensitive to Ωbh2

More baryons → earlier decoupling → higher temperature → more deuterium burning → Less deuterium (+more Helium)
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The BBN part

Early weak decay:

Sensitive to H(z ), Neff

Late fusion reaction:

Sensitive to Ωbh2

Produces H2 = DH
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The BBN part

Early weak decay:

Sensitive to H(z ), Neff

Produces He4 = Yp

Late fusion reaction:

Sensitive to Ωbh2

Produces H2 = DH

All neutrons 
converted He4
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Early weak decay:

Sensitive to H(z ), Neff
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BAO + BBN

General idea:
1) BAO determines Ωm and H0 rs

2) BBN determines Ωb h2

3) Their combination measures rs 
(and H0 rs)

→ We measure H0

BAO
+ BBN only

T0
 , Ωb h2

Ωm
 , Ωr h2, H0
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BAO + BBN

General idea:
1) BAO determines Ωm and H0 rs

2) BBN determines Ωb h2

3) Their combination relates directly 
H0 rs → H0

→ We measure H0

BAO
+ BBN only
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BAO + BBN

BAO
+ BBN

General idea:
1) BAO determines Ωm and H0 rs

2) BBN determines Ωb h2

3) Their combination relates directly 
H0 rs → H0

Different z → We measure H0
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BAO
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General idea:
1) BAO determines Ωm and H0 rs
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BAO + BBN

Low z

Combined
arXiv:1907.11594 → JCAP 10 (2019) 029 

Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

High z
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BAO + BBN

SH0ES
Combined Planck

arXiv:1907.11594 → JCAP 10 (2019) 029 
Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

High z

Low z
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BAO + BBN

BAO+BBN(68.3 ± 1.1) km/s/MpcPlanck (2018):(67.7 ± 0.4) km/s/Mpc SH0ES (2022):(73.2 ± 1.0) km/s/Mpc

SH0ES
Combined Planck

arXiv:1907.11594 → JCAP 10 (2019) 029 
Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

0.5σ

3.3σ

Low z

High z



83/120Slide   

  Nils Schöneberg nils.science@gmail.com

BAO + BBN

BAO+BBN(68.3 ± 1.1) km/s/MpcPlanck (2018):(67.7 ± 0.4) km/s/Mpc SH0ES (2019):(74.0 ± 1.4) km/s/Mpc

SH0ES
Combined Planck

arXiv:1907.11594 → JCAP 10 (2019) 029 
Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

0.5σ

3.2σ

Low z

High zPicture from late 2019

What changed?



84/120Slide   

  Nils Schöneberg nils.science@gmail.com

BAO + BBN

BAO+BBN(68.3 ± 1.1) km/s/MpcPlanck (2018):(67.7 ± 0.4) km/s/Mpc SH0ES (2019):(74.0 ± 1.4) km/s/Mpc

SH0ES
Combined Planck

arXiv:1907.11594 → JCAP 10 (2019) 029 
Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

0.5σ

3.2σ

Low z

High zPicture from late 2019

What changed?

→ New BBN results from LUNA experiment



85/120Slide   

  Nils Schöneberg nils.science@gmail.com

BAO + BBN

BAO+BBN(68.3 ± 1.1) km/s/MpcPlanck (2018):(67.7 ± 0.4) km/s/Mpc SH0ES (2019):(74.0 ± 1.4) km/s/Mpc

SH0ES
Combined Planck

arXiv:1907.11594 → JCAP 10 (2019) 029 
Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

0.5σ

3.2σ

Low z

High zPicture from late 2019

What changed?

→ New BBN results from LUNA experiment

→ New BAO from DR16



86/120Slide   

  Nils Schöneberg nils.science@gmail.com

BAO + BBN

BAO+BBN(68.3 ± 1.1) km/s/MpcPlanck (2018):(67.7 ± 0.4) km/s/Mpc SH0ES (2019):(74.0 ± 1.4) km/s/Mpc
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0.5σ

3.2σ

Low z

High zPicture from late 2019

What changed?

→ New BBN results from LUNA experiment

→ New BAO from DR16

         20% tighter constraints now!
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BAO + BBN

SH0ES
Combined Planck

arXiv:1907.11594 → JCAP 10 (2019) 029 
Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

Low z

High z

DR12 + no LUNABAO+BBN(68.3 ± 1.1) km/s/MpcPlanck (2018):(67.7 ± 0.4) km/s/Mpc SH0ES (2022):(73.2 ± 1.0) km/s/Mpc0.5σ

3.3σ
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BAO + BBN

Low z

Combined
arXiv:1907.11594 → JCAP 10 (2019) 029 

Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

High z

BAO+BBN(68.3 ± 1.1) km/s/MpcPlanck (2018):(67.7 ± 0.4) km/s/Mpc SH0ES (2022):(73.2 ± 1.0) km/s/Mpc0.5σ

3.3σ

DR12 + no LUNA
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BAO + BBN

Low z

Combined
arXiv:2209.14330 → Accepted in JCAP

Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden

High z

DR16 +     LUNA

0.1σ

4.1σ

BAO+BBN (new)(67.6 ± 1.0) km/s/MpcPlanck (2018):(67.7 ± 0.4) km/s/Mpc SH0ES (2022):(73.2 ± 1.0) km/s/Mpc
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BAO + BBN

0.1σ

4.1σ

DR16 +     LUNABAO+BBN (new)(67.6 ± 1.0) km/s/MpcPlanck (2018):(67.7 ± 0.4) km/s/Mpc SH0ES (2022):(73.2 ± 1.0) km/s/Mpc
arXiv:2209.14330 → Accepted in JCAP

Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden
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Possible Questions

● Why did constraint 
increase? BBN or 
BAO?

● Why better 
agreement of 
contours?

arXiv:2209.14330 → Accepted in JCAP
Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden
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Topics
● Quick motivation
● 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

arXiv:2209.14330 → Accepted in JCAP
Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden
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Combining BAO+BBN

ShapeFit!

arXiv:2209.14330 → Accepted in JCAP
Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden
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Combining BAO+BBN
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Slope at k=0.03h/Mpc

Effects:
 - Radiation-Matter equality
  Ωmh2 → zeq → keq → P(k) turn

 - Baryon suppression
  Ωbh

2/Ωmh2 → fb → P(k) dip

 - Overall slope
 ns → P(k) tilt
      

arXiv:2106.07641 → JCAP 12 (2021) 12, 054
Samuel Brieden, Héctor Gil-Marín, Licia Verde
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Combining BAO+BBN
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Effects:
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Combining BAO+BBN
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Slope at k=0.03h/Mpc

Effects:
 - Radiation-Matter equality
  Ωmh2 → zeq → keq → P(k) turn

 - Baryon suppression
  Ωbh

2/Ωmh2 → fb → P(k) dip

 - Overall slope
 ns → P(k) tilt
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Combining BAO+BBN
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Slope at k=0.03h/Mpc

Effects:
 - Radiation-Matter equality
  Ωmh2 → zeq → keq → P(k) turn

 - Baryon suppression
  Ωbh

2/Ωmh2 → fb → P(k) dip

 - Overall slope
 ns → P(k) tilt
      

ShapeFit measures Ωmh2 
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Combining BAO+BBN

ShapeFit!

arXiv:2209.14330 → Accepted in JCAP
Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden

Linear scales!
Not many assumptions!BAO+BBN (SF)(68.3 ± 0.7) km/s/MpcSH0ES (2022):(73.2 ± 1.0) km/s/Mpc4.0σ
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Combining BAO+BBN

arXiv:2209.14330 → Accepted in JCAP
Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden

Uncalibrated supernovae
Measure 

→ Ωm BAO+BBN (Pantheon)(67.8 ± 0.7) km/s/MpcSH0ES (2022):(73.2 ± 1.0) km/s/Mpc4.4σ
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Combining BAO+BBN

arXiv:2209.14330 → Accepted in JCAP
Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden

Uncalibrated supernovae
Measure 

→ Ωm BAO+BBN (PantheonPLUS)(68.3 ± 0.9) km/s/MpcSH0ES (2022):(73.2 ± 1.0) km/s/Mpc3.6σ
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Combining BAO+BBN

arXiv:2209.14330 → Accepted in JCAP
Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden

Cosmic Chronometers

Measure H(z ) → Ωm , h

Weak measurement

Only when no SF we 
gain constraining power
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Combining BAO+BBN

arXiv:2209.14330 → Accepted in JCAP
Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden

BAO+BBN (𝜃s)(68.2 ± 0.5) km/s/MpcSH0ES (2022):(73.2 ± 1.0) km/s/Mpc4.5σ
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Combining BAO+BBN

arXiv:2209.14330 → Accepted in JCAP
Nils Schöneberg, Licia Verde, Hector Gil-Marín, Samuel Brieden

BAO+BBN (𝜃s)(68.2 ± 0.5) km/s/MpcSH0ES (2022):(73.2 ± 1.0) km/s/Mpc4.5σ

Same as CMB+BAO
with much less input
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Topics
● Quick motivation
● 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

+DR

arXiv:1907.11594 → JCAP 10 (2019) 029 
Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

H0 rs → H0
?
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BAO + BBN

+DR

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

+DR

arXiv:1907.11594 → JCAP 10 (2019) 029 
Nils Schöneberg, Julien Lesgourgues, Deanna C. Hooper

H0 rs → H0
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BAO + BBN

+ zrec 
shift

H0 rs → H0
?
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BAO + BBN

H0 rs → H0

+ zrec 
shift
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BAO+BBN

Neff me
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BAO+BBN

Neff me
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Conclusions

● BAO+BBN most precise non-CMB probe
● BBN calibrates rs and thus disentangles H0 rs

● Updated data (LUNA, DR16) gives tighter H0

● Model dependence if rs modified without BBN

● Combination with SF → 68.3±0.7km/s/Mpc (4.0σ)

● Combination with 𝜃s → 68.2±0.5km/s/Mpc (4.5σ)
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