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The Trouble with Hubble
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The Trouble with Hubble

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 6749 + 0.5 - ==l
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 + 1.8 - 8
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60 - @
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54 - 2
Ade et al. (2016), Planck 2015, HO = 67.27 + 0.66 - TS|
CMB without Planck -
Dutcher et al. (2021), SPT: 688 + 1.5 - = —I _1
Aiola et al. (2020), ACT: 679+ 1.5 - [ e— ] Ho [km s Mpc ]
Aiola et al. (2020), WMAP9+ACT: 67.6 = 1.1 - e
Zhang, Huang (2019), WMAP9+BAO: 68.36+{)-33 | o
Henning et al. (2018), SPT: 71.3 £ 2.1 - i
Hinshaw et al. (2013), WMAP9: 70.0 + 2.2 - p—_—f

No CMB, with BBN

Zhang et al. (2021), BOSS correlation function+BAO+BBN: 68.1940.99 - ]

Chen et al. (2021), P+BAO+BBN: 69.23£0.77 - —e—i

Philcox et al. (2021, P+Bispectrum+BAO+BBN: 68311083 - —c—
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2 - —e ]
Colas et al. (2020), BOSS DR12+BBN: 68.7 + 1.5 - —ip—

Ivanov et al. (2020), BOSS+BBN: 67.9 = 1.1 - ]
——i

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 £ 0.97 -

CMB lensing -

Baxter et al. (2020): 73.5 £ 5.3 - © 41
Philcox et al, (2020), Py(k)+CMB lensing: 70.6*3:J + b © J
LSS t¢q standard rulﬁeé‘ .
Farren et al. (2021): 69.5334 - I & | o
Indirect

Ref: 2203.06142
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The Trouble with Hubble

SNla—Cepheid - Direct
Riess et al. (2022), R22: 73.04 + 1.04 - ——i
Camarena, Marra (2021): 7430 + 1.45 - b Pt
Riess et al. (2020), R20: 73.2 £ 1.3 - P ]
Breuval et al. (2020): 72.8 +2.7 - B A 4
Riess et al. (2019), R19: 74.03 + 1.42 - fre—p
Camarena, Marra (2019): 754 + 1.7 - Jeren ]
SNIa-TRGB -
Dhawan et al. (2022): 76.94 + 6.4 - | @ 4
Jones et al. (2022): 724 £3.3 - B - 4
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 £ 1.8 - f——————
Freedman (2021): 69.8 + 1.7 -+ f———]
Kim, Kang, Lee, Jang (2021): 69.5 +4.2 - [} B 4

Soltis, Casertano, Riess (2020): 72.1 £ 2.0 + p——
Freedman et al. (2020): 69.6 = 1.9 - p——
Reid, Pesce, Riess (2019), SHOES: 71.1 + 1.99 - —_—e—
Yuan etal. (2019): 72.4 £ 2.0 - —g——y

SNla—Miras

Huang et al. (2019): 73.3 £ 4.0 - 2 & 4
SBF -
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 £ 2.5 - F e G J
Khetan et al. (2020) w/ LMC DEB: 71.1 + 4.1 - f— &> 4
Cantiello et al. (2018): 71.9 £ 7.1 - E - |

SNII

de Jacger et al. (2022): 75.47 I
de Jacger et al. (2020): 75.8735 - E @
Masers -

®

Pesce et al. (2020): 73.9 3.0 - i = 4
Tully Fisher -
Kourkchi et al. (2020): 76.0 = 2.6 + = B 1
Schombert, McGaugh, Lelli (2020): 75.1 £ 2.8 - i S 1

Ref: 2203.06142
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H, Olympics 2021

Gaussian QDM AP

Model AN oran Mg , : Ax? AAIC Finalist
Tension  Tension
ACDM 0 ~19.416 +0.012 440 45¢ X | 000 000 X | X
ANy, 1 ~-19.395+0.019  3.60 380 X | —-610 -410 X | X
SIDR 1 -19.385+0.024  3.20 330 X | —-957 757 V v @
mixed DR 2 —-19.413+0.036  3.30 340 X | -88 48 X| X
DR-DM 2 ~-19.388+0.026  3.20 316 X| -892 -492 X| X
SIv+DR 3 —19.44013.937 3.80 39¢ X | —498 102 X | X
Majoron 3 —19.3807 202 3.00 290 v | -1549 949 v | v @
primordial B 1 —19.39010-03% 3.50 350 X |-1142 -942 v @
varying me 1 —19.391 +0.034 2.90 290 v | <1227 —=1027 v @
varying me+Q 2 —19.368 +£0.048  2.00 190 v | -1726 -13.26 V v @
EDE 3 —19.39010:028 3.60 160 v | -21.98 -1598 V v @
NEDE 3 —19.3801 0033 3.10 190 v |-1893 -1293 v | v @
EMG 3 —19.397+0-037 3.70 230 v |-1856 -12.56 v v @
CPL 2 ~19.400+£0.020  3.70 41¢ X | -494 —094 X | X
PEDE 0 ~-19.349+0.013 270 280 224 224 X| X
GPEDE 1 ~19.400+0.022  3.60 460 X | —045 155 X | X
DM — DR+WDM 2 ~19.420+0.012 450 45¢ X | —-019 381 X | X
DM — DR 2 ~-19.410+0.011 430 45¢ X | —-053 347 X | X
Ref: 2107.10291 5
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Goal of the Project

e Evaluate the potential of Cosmological models to solve the Hubble Tension.

e Include primary CMB data from SPT-3G 2018, in combination with other data

sets.

e Compare to recent SHOES analysis:

H, = 73.29+0.90 km/s/Mpc (Murakami et al., 2023; 2306.00070).

e Study 5 classical ACDM extensions + 3 Elaborate Models (+extensions).

e Assess these models with new Tension metrics.

e Update H, Olympics paper (Schéneberg et al., 2021; 2107.1029).


https://arxiv.org/abs/2212.05642
https://arxiv.org/abs/2306.00070
https://arxiv.org/abs/2306.00070
https://arxiv.org/abs/2107.10291

How to Solve the Tension

e Solutions to the Hubble Tension include changing the Physics
pre-recombination or in the late universe
e Note: 100x0 = 1.04075 £ 0.00028 (Balkenhol et al.,2022; 2212.05642)

Sound Speed H(2)

X —1/2 ,//2
ploeig)] - mem] o
Ts 24
98 DA Zx —1/2
H_l sinK [/ (Z}LQZ(Z)) dZ]
/ 0 \

Flat, closed or open
H(z)/Ho
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Data Sets

CMB

SPT-3G 2018: TT TE EE

Planck PR3:_TT TE EE ®®

ACT DR4: TT TE EE




Data Sets

CMB
SPT-3G 2018: TT TE EE Planck PR3:TT TE EE ®® ACT DR4: TT TE EE
BAO
! '
6dFGS: z<0.1 SDSS DR7-16: z<2.2




Data Sets
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ACDM Extensions

Extending ACDM with 3 degenerate massive neutrinos (Zm ) and:

N

Small scale CMB+BAO

e Chevallier-Polarski-Linder (CPL) Dark Energy (w(a) = w,tw_(1-a)); a = scale factor

e Spatial Curvature (Q,)

e Free streaming Dark Radiation (N )

-1/2 -1/2
1+ Zgg)} [8“022;)2] dz

i
e Self Interacting Dark Radiation (N ) Py /Z

Dy L Zx —-1/2
HO SIN g EiQi(z) dz y
0




ACDM Extensions

Extending ACDM with 3 degenerate massive neutrinos (Zm ) and:

e Chevallier-Polarski-Linder (CPL) Dark Energy (w(a) = w,tw_(1-a)); a = scale factor

{}

Large scale CMB + SN Ia

e Spatial Curvature (Q,)

e Free streaming Dark Radiation (N )

-1/2 -1/2
1+ Zgg)} [8“022;)2] dz

i
e Self Interacting Dark Radiation (N ) Py /Z

Dy . Zx —-1/2
HO SIN g EiQi(z) dz 5
0




ACDM Extensions

Extending ACDM with 3 degenerate massive neutrinos (Zm ) and:

e Chevallier-Polarski-Linder (CPL) Dark Energy (w(a) = w,tw_(1-a)); a = scale factor

e Spatial Curvature (Q,) < CMB + BAO

e Free streaming Dark Radiation (N )

-1/2 -1/2
1+ Zgg)} [8“022;)2] dz

g
Self Interacting Dark Radiation (N ) g _ s /Z

Dy . Zx —-1/2
HO SIN g EiQi(z) dz 3
0




ACDM Extensions

Extending ACDM with 3 degenerate massive neutrinos (Zm ) and:

e Chevallier-Polarski-Linder (CPL) Dark Energy (w(a) = w,tw_(1-a)); a = scale factor

> ~1/2 ~1/2
()] [memel
Ts Zu

e Spatial Curvature (Q,)

03 — DA . A —1/2
Hj " sing il dz
) 0

. < Small scale CMB

e Free streaming Dark Radiation (N,

ff)

e Self Interacting Dark Radiation (N )
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ACDM Extensions

Extending ACDM with 3 degenerate massive neutrinos (Zm ) and:

e Chevallier-Polarski-Linder (CPL) Dark Energy (w(a) = w,tw_(1-a)); a = scale factor

e Spatial Curvature (Q,)

Model ANparam | Mpg Gaussian tension  Qpumap tension | Ax? AAIC | Finalist
SIDR 1 | —19.385 £+ 0.024 3.20 3.30 X ‘ —9.57 -757 v | @

e Self Interacting Dark Radiation (N )
(Schoneberg et al., 2021; 2107.1029)

15
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Elaborate Models

e Varying electron mass: (Hart & Chulba, 2017; 1705.03925)

o

Motivated by higher dimensional theories, e.g. string theory

O

Changes the time (redshift) of hydrogen recombination.

O

Previously found to be an excellent reducer of the tension.

o

Must include BAO with large-scale CMB data.

o0

~1/2 ~1/2
[3(1 + 3"")] ISWGZ,L/)Z] dz
s

0, = = Yz P

Da N~ L Zx -1/2
HO SIN i EzQz(Z) dz
0

16



https://arxiv.org/abs/1705.03925

Elaborate Models

e Varying electron mass: (Hart & Chulba, 2017; 1705.03925)

o Motivated by higher dimensional theories, e.g. string theory
o Changes the time (redshift) of hydrogen recombination.
o Previously found to be an excellent reducer of the tension.

o Mustinclude BAO with large-scale CMB data.

Model ANparam | Mg Gaussian tension  Qppap tension | Ax? AAIC | Finalist

varying m, 1 |—19.39u:0.034 290 290 v | ~1227  —-1027 /| @

(Schoneberg et al., 2021; 2107.1029)

17
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Elaborate Models

e Varying electron mass: (Hart & Chulba, 2017; 1705.03925)

= +ZmV: First to constrain this combination.

18
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Elaborate Models

e Varying electron mass: (Hart & Chulba, 2017; 1705.03925)

m +2Mm

v

[ | +QK

e Changing z, changes D,. Need to compensate with late universe parameter.

e Intermediate scale polarization data from SPT-3G was crucial.



https://arxiv.org/abs/1705.03925

Elaborate Models

e Varying electron mass: (Hart & Chulba, 2017; 1705.03925)

m +2Mm

v

[ | +QK

e Intermediate scale polarization data from SPT-3G was crucial.

e Even More promising than its ancestor.

Model ANparam | Mg Gaussian tension  Qppap tension | Ax? AAIC | Finalist

varying m,+2, 2 |—19.368i0.048 2.00 1.90 v | =196 4398 «|

(Schoneberg et al., 2021; 2107.1029)

20
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Elaborate Models

e Varying electron mass: (Hart & Chulba, 2017; 1705.03925)

m +2M
v

[ | +QK

n +va +Q,

21
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Elaborate Models

e Varying electron mass: (Hart & Chulba, 2017; 1705.03925)
m +2m

v

m +QK
n +va +Q
e Early Dark Energy: (Poulin et al., 2023; 2302.09032)

o Motivated by higher dimensional theories.

o Scalar field reduces sound horizon around Matter-radiation equality)
z

= =12 —-1/2
p(ei)] [

s DA . Zx —1/2
HO SIN g EZQz(Z) dz
0 22

s
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Model

Elaborate Models

Varying electron mass: (Hart & Chulba, 2017; 1705.03925)
m +2m

v

= +QK

= +ZMm +Q,
Early Dark Energy: (Poulin et al., 2023; 2302.09032)

o Motivated by higher dimensional theories.

o Scalar field reduces sound horizon around Matter-radiation equality.

ANparam | Mg Gaussian tension  Qpyap tension | Ax? AAIC | Finalist

EDE

3 | —19.39010018 3.60 1.60 ¥ ‘ -21.98 —15.98 /| /@

(Schoneberg et al., 2021; 2107.1029)

23
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Elaborate Models

e Varying electron mass: (Hart & Chulba, 2017; 1705.03925)

n +va
n +QK
= +va +Q

e Early Dark Energy: (Poulin et al., 2023; 2302.09032)
e The Majoron: (Escudero & Witte, 2021; 2103.03249)

o Breaking symmetry in the early Universe produces interacting Dark Radiation.

oo

=178 =i1.78
[3(1 + %)] [%Emi] dz
Ts Zs

03 — DA L VA —1/2
HO SIN g ZZQl(z) dz
0 24



https://arxiv.org/abs/1705.03925
https://arxiv.org/abs/2302.09032
https://arxiv.org/abs/2103.03249

Elaborate Models

e Varying electron mass: (Hart & Chulba, 2017; 1705.03925)
m 2m,
m +Q
m +Zm +Q,
e Early Dark Energy: (Poulin et al., 2023; 2302.09032)
e The Majoron: (Escudero & Witte, 2021; 2103.03249)
o Breaking symmetry in the early Universe produces interacting Dark Radiation.
Model ANparam | Ms Gaussian tension  Qpmap tension | ax2 A | Finalist
Majoron* 3| -19.38019% 3.00 2.90 /] -1099 499 X | @

(Schoneberg et al., 2021; 2107.1029)
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Tension Metrics

e Marginalised Posterior Compatibility Level (Q,,oc.):
o Generalises Gaussian Tension metric to non-Gaussian posteriors of H . = T2 — X1
a 2 2
o Bayesian. \/011 ol Oz,

e Difference of the Maximum A Posteriofi (Qg,,p)-

o  Comparison of best-fit x2 for a model and data set, w/ and w/o SHOES.

. L o 2 2
o Frequentist. QDMAP, model = \/Xmin, model, D+SHOES ~— Xmin, model, D

e Akaike Information Criterion (AAIC):

o Comparison of best-fit x2 for a model, given a data set that includes SHOES, with that of ACDM

. o, . 2 2
o Penalty for models with additional parameters. AAICwmodel = Xjmin, model, D+SHOES — Ximin, ACDM.D+SHOES

e AAIC without SHOES +2(Nmodel = Nacom) -

26
s



Numerical Tools
Theory Codes: CLASS, AxiCLASS and CAMB

Monte Carlo Sampler: COBAYA

Minimizing x2: Py-BOBYQA

New cosmological emulator (Gunther, 2023; 2307.01138)

Our reference data set: SPT+Planck+BAO+Pantheon (SPBP)

27
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Main Results

Planck SHOES
ACDM A =

+ Xm, - None of the models completely

solve the tension.
Only m_+Q,, m_+Q,+Zm and EDE
reduce it below 30.

+ ¥m, + CPL - =

+ Emu+Neﬂ' 7

+ Xm, + Nsipr
mMe T —

o—
-—
————
—_—
+ Xm, + Qk —=r=—
——
———
L

QmpoL
QpMmAP

Me + XMy,

me + Q.

me + Qi + Xm,, - L 4

EDE A ——

Majoron 1 —— Data: SPT+Planck+BAO+Pantheon

i

68 70 72 74
Hy [kms~! Mpc™!]

o
QC.O
ot
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Main Results

w/o SHOES w/ SHOES
Models Ax? AAIC | A2 AAIC .
Without SHOES, the
ACDM 0 0 0 0
models are not
e | | performing appreciably
+2my+CPL — | —  — |better than ACDM.
+5my+ Neg o - —
+Em,, - QK — — — —
+%m,4+ Nspr | 01 39 |-171 -13.1
m, 0.0 2.0 -18.0 -16.0
Me+2My, -0.9 3.1 -21.6 -17.6
Mme + Qx A0 50 |94 205
me + Qg + Xm, | -0.9 5.1 -25.8 -19.8
EDE -4.6 1.4 -31.1 -25.1
Majoron — — sy — 59




Summary

e Update previous constraints on Hubble Tension solutions with:
SPT-3G 2018, SHOES and SDSS DR16.

e Introduced new tension metrics that improve the assessment.

e We used a Boltzmann code emulator, making the computations faster.

e SIDR, varying m_and the Majoron models are no longer possible solutions to
the Hubble Tension.

e None of the studied models actually solve the tension. 20
s



Future Plans

Further investigation of the still viable models is needed.

Revisit these models, along with others, with upcoming SPT-3G 2019/2020 and

ACT DR6 data.
Incorporate improved numerical techniques.

Perform forecasts for SO, CMB-S4 and future SPT surveys

31



Thank you!

Questions? Comments?
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Back Up
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The Trouble with Hubble

CMB with Planck

CMB without Planck

no CMB, with BBN

P,(k) + CMB lensing
Cepheids — SNla

indirect
S direct

TRGB — SNla

Miras — SNla
masers
Tully—Fisher relation

surface brightness flucts. —1
SNII
HIl galaxies

lensing related

late-time averages

GW related

T T T T U T A T T I B T o O B T

T T T T
65 70 75 80

Hy [km s~ Mpc—1]

Ref: In the Realm of the Hubble Tension (2103.01183) 34
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Elaborate Models

e Varying electron mass:

Compactification in higher dimensional theories results in scalar fields
that alter the effective mass of elementary particles, specifically electrons.

Recombination rate is affected - Recombination time changes

Additional parameter: me,early/me,late

More details: Hart & Chulba, 2018(1705.03925); Planck 2015(1406.7482)

= =12 ~1/2
plei)]  [eme] e

o, = 1= — =)

T DA o . Zx —1/2
Hj sing Xk ki) dz
. 35
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Elaborate Models

e Varying electron mass (m,,, . /m, ..)

o +me: Study interplay between masses of the two species

36



Elaborate Models

e Varying electron mass (m,,, . /m, ..)

o) +:m

v
o +QK: Changing the time of recombination changes the distance

o0

~1/2 —1/2
p(r2)] o] e
9, = 2 — Yl

D4 Zx —1/2
0_1 SinK [ (ZZQZ(Z)) dz]
0

More details: Sekigushi & Takahashi (2020) (2007.03381)
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Early Dark Energy

016
—— Radiation
10124 — Matter 55
—_ —— Cosmological constant 5 —-1/2 o —-1/2
o o | — Total density [3 (1 + ﬁ)] l”TEipi] dz
9] 10°1 — Early dark energy "
2 10%- * T Dy . 2 —1/2
-Zc HO SIN K EiQi(z) dz
’9: 10° 4 0
m
%)
= 107
(e 0]
N
108 / /
1816 1
| &
]S 0.05 CMB
Qi
0'00 T T T T T T T
107! 10° 10! 102 103 104 10° 106 107

Z
Kamionkowski & Riess,2022 (2211.04492)
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Early Dark Energy

Also motivated by higher dimensional theories.

A scalar field contributes briefly to the expansion rate around matter-radiation
equality.

Decrease in sound horizon, compensated by increase in H,,.

References: Poulin et al., 2018 (1811.04083), Smith & Poulin, 2023 (2309.03265)

39
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Elaborate Models

e Varying electronmass(m__ /m

eearly ""e, /ate)

o +2Mm
v

+
o +Q

o +va +QK
e Early Dark Energy:

o G)i: Initial value of the scalar field

o Z_:(Critical redshift, i.e. the field becomes dynamical

©  Jepe “Pepe/ Pt 20



Elaborate Models

e Varying electron mass (m,,, /m, )

o +2m
v

o +QK

o +2Mm +Q
v K

e Early Dark Energy (6, z, f;;)

e The Majoron:
Breaking lepton number symmetry produces a pseudo-scalar (¢) that gives neutrinos
their mass (like the Higgs). A particle Physics motivated SIDR.
Free parameters: m, and N,

More details: Escudero & Witte, 2020 (1909.04044); Escudero & Witte, 2021 (2103.03249)

41
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Tension Metrics

e Marginalised Posterior Compatibility Level (MPCL):
What's the probability of getting 0 in the distribution of the difference
between SHOES and a model's H, posteriors?

P(6) =N | dHo Pumodei(Ho) Psnors(Ho — 8) ~ N’ Zwi Psnoes (Ho,i — 0)

Normalisation

Normalisation Weights from chains

42




Tension Metrics

e Marginalised Posterior Compatibility Level (MPCL):
What's the probability of getting 0 in the distribution of the difference
between SHOES and a model's H, posteriors?

P(d) = N/dHo Prmodel(Ho) Psuoes(Ho — 0) ~ N'sz- Psnoes (Ho,i — 0)

5’ . . .
- Probability of finding & in [0,8'], such that
— ddP(0) .
4 /o (9) P(&") = P(0)
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Tension Metrics

e Marginalised Posterior Compatibility Level (MPCL):
What's the probability of getting 0 in the distribution of the difference
between SHOES and a model's H, posteriors?

P(d) = N/dHo Prmodel(Ho) Psuoes(Ho — 0) ~ N'sz- Psnoes (Ho,i — 0)

5’ . . .
- Probability of finding & in [0,8'], such that
— ddP(0) .
4 /o (9) P(&") = P(0)

n=v2erf(q) Tension in units of o, denoted by @mpcL

44



Tension Metrics

e Marginalised Posterior Compatibility Level (MPCL):
What's the probability of getting 0 in the distribution of the difference
between SHOES and a model's H, posteriors?

P(d) = N/ dHo Prmodel(Ho) Psuors(Ho — 8) ~ N’ Z w; Psuors(Ho,i — 0)

5 " N .
- Probability of finding & in [0,8'], such that
= ddP(d) .

o= |, PO P(S) = P(0)

Assuming Gaussian posteriors Ty — T

n=vV2ei )  m——— "= 77 1ol
ri xTr2
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Tension Metrics

e Marginalised Posterior Compatibility Level (MPCL):
What's the probability of getting 0 in the distribution of the difference
between SHOES and a model's H, posteriors?

P(d) = N/ dHo Prmodel(Ho) Psuors(Ho — 8) ~ N’ Z w; Psuors(Ho,i — 0)

6!
- Probability of finding & in [0,8'], such that
= ddP(d) .
o= |, PO P(S) = P(0)
Assuming Gaussian posteriors Ty — T

n=vV2ei )  m——— "= 77 1ol
ri xTr2

Ref: Doux & Raveri,2021 (2105.03324); Leizerovich, Landau & Scdccola, 2023 (2312.08542)
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Tension Metrics

e Marginalised Posterior Compatibility Level (MPCL):

n=+v2erf '(q) Tension in units of o, denoted by - QupcL

e Difference of the Maximum A Posteriori (DMAP):

- 2 2 i
QDMAP, model = \/Xmin, model, D+SHOES — Xmin, model, D - X2 = —-2In L : D = data set



Tension Metrics

e Marginalised Posterior Compatibility Level (MPCL):

n=+v2erf '(q) Tension in units of o, denoted by - Qupcr

e Difference of the Maximum A Posteriori (DMAP):

. 2 e i _
QDMAP, model = \/Xmin, model, D+SHOES ~ Xmin, model, D X" =-2InL; p =dataset

e Akaike Information Criterion (AlIC):

2 2 DN =
AAICmodel = Ximin, model, D+SHOES — Xanin, ACDM,D1sH0Es » N = # Of parameters
+ 2(Nmodel — NacDM) -
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Tension Metrics

e Marginalised Posterior Compatibility Level (MPCL):

n=+v2erf '(q) Tension in units of o, denoted by - Qupcr

e Difference of the Maximum A Posteriori (DMAP):

- 2 2 e I [ =
QDMAP’ model = \/Xmin, model, D+SHOES ~ Xmin, model, D X 2InL; D =data set

e Akaike Information Criterion (AlIC):

2 9 DN —
AAICmodel = Xmin, model, D+SHOES — Xmin, ACDM.D4+sHoEs N = # of parameters

+ 2(Nmodel — NacDMm) -
e AIC without SHOES
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Results

Further Results




Main Results

w/o SHOES | w/ SHOES
Models Hy(km/s/Mpc)  Qumpcr(o) Qomar(o) | Ax? AAIC | Ax?  AAIC
ACDM 67.56(67.58) 1038 6.0 5.8 0 0 0 0
+¥m, 67.60(67.01) 013 5.9 - - — — -
+¥m,+CPL 67.94(67.89)+9-78 4.5 — — — - —
+Xmy+ Neg 68.25(67.45) 1062 4.2 — — a - —
+Xm, + Q 67.67(66.88) 1052 5.1 — — = - —
+Ym,+ Nsipr | 68.53(69.06)" 05 3.8 4.0 91 39 |ama -a8d
m, 68.00(68.03) {08 3.8 3.9 0.0 20 |-180 -16.0
me+Em, 68.22(67.70) 109 3.5 3.6 09 31 |[-216 -176
me + Qx 68.20(67.42) 1183 2.9 3.1 1.0 30 |-247 -207
me + Qx + Em,, | 69.75(67.75)138° 1.5 3.0 09 51 |-258 -19.8
EDE 68.18(68.55) F0-42 3.8 207 46 14 |31 251
Majoron 68.55(68.08) 1015 4.3 — — — o — 51




Compare with Olympics Paper

Gaussian

Qpmap

Model ANparam Mp ] ; Ax?2 AAIC Finalist
Tension  Tension
ACDM 0 —19.416 £ 0.012  4.4c 450 X 0.00 0.00 X X
BN 1 —19.395 £ 0.019 __ 3.60 380 X | —6.10 —410 X X
SIDR 1 —19.385+0.024  3.20 33¢c X | —957 757 v @
mixed DR 2 -19.413+0.036  3.30 340 X | —883 —483 X X
DR-DM 2 —19.388 +0.026  3.20 310 X | —-892 —492 X X
SIv+DR 3 —19.44019:937 3.80 390 X | —4.98 1.02 X X
Majoron 3 —19.38010:057 3.00 290 v | -1549 949 v v @
primordial B 1 —19.39010-008 3.50 350 X |-1142 —942 v @
varying me 1 —-19.391+0.034 290 290 ¥ |=1297 —1027 ¥ v @
varying me+Q 2 —19.368 + 0.048 2.00 1.90 v | -1726 -13.26 V v @
EDE 3 —19.39013-018 3.60 160 v | —21.98 —1598 v v @
NEDE 3 —19.3807 002 31c 190 v | —1893 —1293 v v @
EMG 3 —19.397+0.017 3.70 230 v | —1856 —12.56 v v @
CPL 2 —19.400 +£0.020  3.7¢ 416 X | -494 —094 X X
PEDE 0 —19.349+0.013  2.70 280 2.24 o904 X X
GPEDE 1 —19.400 £0.022  3.60 460 X | —045 155 X X
DM — DR+WDM 2 —19.420+0.012 450 450 X | —0.19 ag X x
DM — DR 2 -19.410+0.011  4.30 450 X | —0.53 347 X X
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The Power of an Emulator

2 S 3 days of running time
] [ SPT+Planck+BAO
B SPT-+Planck+BAO using emulator

10 hrs of running time

N WA T B | IACoArs) e ek A |

60 70 0.80 0.85 0.95 1.05 0

Hy O3 Mg eraly / Me late Qg




0, for Each Model and Data-set

Q‘o &)‘3 Q‘o

ACDM |[2.To | 6.00 | 540 | 590 | 630 | 6.00 | 630 | 6.10

+¥m, | 340 | 540 | 560 | 570 | 6.00 | 590 | 590 | 590

+¥m,+CPL |0.50|0.00( 330 | 310 | 320 | 450 | 410 | 450

+¥m,+ Ny |1.40| 400 |1.30| 400 | 430 | 420 | 500 | 510

+Xm, + Qk 400 | 520 | 520 | 520 | 5.10 | 530 | 530

+¥Xm,+Nspr |1.70|3.00|1.80 | 370 | 390 | 380 | 480 | 470

me |-0.10(1.40 | 330 | 380 | 390 | 380 | 380 | 3.8¢

me+Xm, |0.00|1.90|0.40 | 350 | 340 | 350 | 370 | 370

me +Qk [-0.70(1.80 | 330 |1.90(2.80|2.90|2.80 |2.80

me + Qg +Xm, 1.20|1.00|1.30 140|140 |140

EDE |1.50 | 420 [2.20| 380 | 370 | 370 | 310 | 3.10

Majoron |-0.1c| 370 |1.40 | 400 | 420 | 430 | 400 | 440
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I Planck+BAO

ACDM Extensions

® Q,pc. 23.T0 for all models with at least Planck+BAO. e (e e

----- SPT+Planck+ACT+BAO+Pantheon

e SPT & ACT marginally increase the tension compared to

0.86

Planck+BAO. 084
4 0.82F
e Expected degeneracies. 080}

e ACT is slightly less compatible with larger N ..

Ymy (eV)

Nsipr

02 04 06

Nsipr
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Varying Electron Mass

. sPT
n —— Planck

-- SPT+Planck

1.2}

1.0

Sg

0.8
0.6

0.4r

14l | 1

12} 1

1.0

0.8} / 1 ] \

0.6} 1 ] k

0 100 200 050 075 1.00 125 06 1.0 1.4
Hy Sg Me carly /Me late

Me early / Me Jate

No longer a potential solution to the tension.
Planck is still more constraining than SPT.

CMB alone cannot constrain this model.
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Varying Electron Mass

Sg

me,early/ Me Jate

1.2

1.0

0.8

0.6

04r

1.4

1.2

1.0

0.8

0.6

100
Hy

200

050 075 1.00 125
Sg

N SPT
—— Planck
===-- SPT+Planck
0.6 1.0 1.4
me,early/ Me Jate

0.86 -

0.84 -

Sg

0.82

0.80 -

oy

S

¥
T

Me early / Me Jate
8

0.98 -

I Planck+BAO
—— SPT+Planck+BAO
SPT+Planck+ACT+BAO

SPT+Planck+ACT+BAO+Pantheon

—_

=3

=
T

o

)

°
T

66

68
Hy

70

0.80

0.82

Sg

0.84

0.86

0.98

1.00

me,early / Mg Jate

1.02
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Varying Electron Mass+2m

TT,TE,EE+lowE+lensing
+BAO ----
+Nesr ----

Planck 2018 (Aghanim et al.)

e Allowing Zm to vary doesn't help.

64
62 1 e Degeneracy direction in the Zm -H, flips.
NH {NH or IH
60 T T T .
0.0 0.1 0.2 0.3 0.4
m, [eV]

I Planck+BAO
~———  SPT+Planck+BAO

> 0.4 1 ---- SPT+Planck+BAO+Pantheon

\q._)/ ------ SPT+Planck+ACT+BAO+Pantheon
£ 02

[N

66 68 70 72
Hy, 58



https://arxiv.org/abs/1807.06209

Varying Electron Mass+2m +Q

B Planck+BAO
——— SPT+Planck+BAO

== SPT+Planck+BAO+Pantheon
Sy SPT+Planck+ACT+BAO+Pantheon

e Polarization data from SPT is particularly useful.

e The model that reduces the tension the most.

e The model with the largest error bars.

e Degeneracy direction also flips in the Q,-H, plane.

N #

i

N

FaoN

Y s L h L
70 80 075 080 0.85 1.0 1.1 1.2 -0.02  0.00 0.5 1.0 1.5

Hy Sg Me carly /Me late Qx Zmy(eV)




Varying Electron Mass+2m +Q

0.85
00.80

0.75

Me early / Me Jate
B

I Planck+BAO
— SPT+Planck+BAO

=== SPT+Planck+BAO+Panthe:
+Pantheon

------ SPT+Planck+ACT+B

[§}
T

Sg

0.85

- g 7 1 1 S h
1.0 Il 12 —0.02 0.0 0.5

me,early/ Me Jate

1.0

15

0.00

0.02

B Planck TT,TE EE+lowE+lensing+BAO
B Planck TT,TE,EE+lowE+lensing
T ™. Planck TT,TE EE+lowE




Early Dark Energy

B Planck+BAO
~— SPT+Planck+BAO
= SPT+Planck+BAO+Pantheon
------ SPT+Planck+ACT+BAO+Pantheon
e Best constrained by CMB.

0.86
A 083} | — : —

A ® Q. pc =370 while Q,,,,,=2.70 for SPBP.
ois) e e e Best-fit x> compared to all models, w/ and w/o SHOES.
S o0} <5 fo N -

2 oo0st e Difficult to constrain, with some bimodality.

45F ¢ . . . .

3 vl e ACT DR4 is compatible with higher f___.
55 3.5¢ ': AUEY

30f W
L 4
& |

1t l

67.5 70.0 080  0.85 0.05 015 3 4 1 2
Hy Sg fede(ac) logzc 0;




Early Dark Energy: SPT vs ACT

B Planck+BAO
~———  ACT+Planck+BAO
== SPT+Planck+BAO

Hy Sg fede(ac) log;zc 6;




The Majoron

I Planck+BAO

;{:;‘CEBAE BAO — SPT+Planck+BAO
- SPT:P]aan:BAow the === SPT+Planck+BAO+Pantheon
o 0 Y A N St SPT+Planck+ACT+BAO+Pantheon

------ SPT+Planck+ACT+BAO+Pantheon

e e No longer a solution

0.85F

e Strong bimodality &

Sg

0.80 . R

IOg (Feff )

log(my /eV)

NaDR

o= ]

02 05 08 0.2 0.4

log(l"eff) log(m¢ /CV) NADR
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The Power of an Emulator

e Boltzmann codes are the tightest bottleneck of Bayesian analysis.

e To speed up the process, use neural-networks based emulators of
Boltzmann codes.

e C(Classical emulators build on previously trained samples.

e The emulator we use builts its training data while running, i.e. online

e Stable results for minimizations

e Refs: arXiv:2307.01138

https://github.com/svenguenther/cobaya
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H0 for Each Model and Data-set
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Models =
S D
ACDM . Dgp
68.511°2 +0.49 Dps D
R, 15 sr.a0tN  ereotlEd ensEtil SPB Dipnp D
60.0120 66.8114 s 67.57T0h  67.5270% +0 seaB__ Dseasp
+%m,,+CP 8 eemild +0. 03, ezseigae Bra9t)d
+¥m,+ " 8377 65.1+1-7 0055y 67. 6o+8 49 oo 5058 —-0.37
vt Nefr 64.6762  66.1119 i 65-61-2'4 65.6116 - 500 44 67.5910-53
5% -7.0 6-1_1‘6 70.5'*'1.8 ) V24 67. 94+g .78 66 +1.3 —-0.42
ki —  pratht s 6820557 6816755 75 665577 67.9270%
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i Y - ; +3.3 00 1 =
me + 74+16 5 +2(1) 728237 68.01-1.2 68.0+11 -11 67. 7+1 8 67. 9+1 2
. 4G . 93753 645119 : ~-13 68.2%3:2 68.0+1
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Models Additional Parameters

ACDM —

+Xm, ¥m, < 0.16 eV (95%)

+Ym,+CPL Ym, < 0.29 eV (95%), wo = —0.97 + 0.08, w, = —0.29 + 0.39
+Xm,+ Neg Ymy, < 0.15 eV (95%) , Neg < 0.17 (95%)

+Xm,+ Nsipr
+¥Xm, + Qg

Me

Me+Xmy

me + Qg

me + Qg + Xm,
EDE

Majoron

¥m, < 0.15 éV(95%), Nsipr < 0.16 (95%)

Ym, < 0.17 eV (95%), Qk = —0.0005 % 0.0020

Me early /Me late = 1.003 = 0.006

Mg carly /Me Jate = 1.0057 % 0.0090, £m,, < 0.29 eV (95%)

M early /Me late = 1.0035 £ 0.0164, Qg = —0.0005 + 0.0048

Me early/Me late = 1.03 £ 0.03, Qx = —0.004 £ 0.006, Zm,, < 0.48 eV (95%)

6; = 1.8 + 0.9, log(ac.) = —3.8 £ 0.4, fepr(ac) < 0.06 (95%)

log(me/eV) = 0.2950 £ 0.6598, log(Tefr) = 0.0556 + 0.8846, ANapr < 0.15 (95%)
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Me+Mnu: Rgsults

I Planck+BAO

~—— SPT+Planck+BAO

===+ SPT+Planck+BAO+Pantheon

""" SPT+Planck+ACT+BAO+Pantheon
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Grey Band: Planck 2018 LCDM
Purple Band: SHOES
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I Planck+BAO

——— SPT+Planck+BAO

=== SPT+Planck+BAO+Pantheon
------ SPT+Planck+ACT+BAO+Pantheon
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ACDM+Zmy

I SPT3G
/ Bm SPT3G+BAO
I BAO+Planck
B SPT3G+BAO+Planck
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' eter
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Ho 67.00+£0.82
Os 0.803+0.019
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ACNNMLSYS w ol ..

. SPT3G

B SPT3G+BAO

B BAO+Planck

Bl SPT3G+BAO+Planck
B SPT3G+BAO+Planck+ACT

Ptaram SPT+ ACT+ Planck+ BAO
eter

Ho 67.10+0.85

Os 0.812+0.009
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BN SPT3G

N SPT3G+BAO
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o8t
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SLIDES FOR A GENERAL AUDIENCE TALK
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— SPT+Planck+BAO

------- SPT+Planck+ACT+BAO
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V($) = Acge [1 — cos(¢/ feae)]”  Kamionkowski & Riess(2022)
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