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ALargescale tensions in cosmology

AMy simulations
AO andny within a Local Hole

Al ocal bulk flows and bulk flow reversal



Largescale tensions in cosmoilc
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The Hubble Tension

Earlytime and latetime
measurements of pdisagree!
Relatedto the LocalHol€e?

CMB with Planck -

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 0.5 -
Pogosian et al. (2020), cBOSS+Planck mH2: 69.6 £ 1.8 +
Aghanim et al. (2020), Planck 2018: 67.27 £ 0.60 -

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54 «
Ade et al. (2016), Planck 2015, HO = 67.27 £ 0.66 -

Dutcher et al. (2021), SPT: 68.8 + 1.5

Aiolaetal. (2020, ACT: 679 £ 1.5

Adolactal. (2020), WMAP9$ACT: 676 ¢ 1.1
Zhang, Huang (2019), WMAP9+BAO: 683681
Henning et al. (2018), SPT: 71.3 £ 2.1

Hinshaw et al. (2013), WMAP: 70.0 £ 2.2

No CMB, with BBN -
Zhang etal. (2021), BOSS correlation function+BAO+BBN: 68.19£0.99 -
Chen et al. (2021), P+BAO+BBN: 69.2320.77
Philcox et al. (2021), P+Bispectrum+BAO-+BBN: 68.31 1§}
D' Amico et al. (2020), BOSS DRI2+BBN: 68.5+2.2 -
Colas et al. (2020), BOSS DR12+BBN: 68.7 1.5 -
Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1 +
Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97 +

CMB lensing -
Baxter etal. (2020): 735£ 53 -
Philcox et al. (2020), 7(k)+CMB lensing: 70.673{ +

LSS tq standard ruler -
Farren etal. (2021): 69.5734 -

Indirect
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SNIa—-Cepheid -

Riess et al. (2022), R22: 73.04 + 1.04 -

Camarena, Marra (2021): 74.30 + 1.45 -

Riess et al. (2020), R20: 73.2 1.3 -

Breuval etal, (2020): 728 2.7 -
Riess et al. (2019), R19: 74,03 + 1.42
Camarena, Marra (2019): 75.4 £ 1.7

SNIa-TRGB -

Dhawan et al. (2022): 76,94 £ 6.4 -

Jones etal. (2022): 724 £33 -

Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 % 1.8
Freedman (2021): 69.8 # 1.7 -

Kim, Kang, Lee, Jang (2021): 69.5 £ 4.2 -

Soltis, Casertano, Riess (2020): 72.1 £ 2.0 -
Freedman et al. (2020): 69.6 = 1.9 «

Reid, Pesce, Riess (2019), SHOES: 711 + 1.99
Yuan et al. (2019): 724 £ 2.0 +

SNIa—Miras -
Huang et al. (2019): 733 =40 -

SBF

Blakeslec et al. (2021) IR-SBF w/ HST: 73.3 £ 25 -
Khetan t al. (2020) w/ LMC DEB: 71.1 2 4.1
Canticllo et al. (2018): 71.9 + 7.1

SNIL -
de Jaeger et al, (2022): 75.473§ -
de Jueger et al. (2020): 75.87 3

Masers -
Pesce etal. (2020): 73.9 + 3.0 -

Tully Fisher -
Kourkehi et al. (2020): 76.0 £ 2.6 +
Schombert, McGaugh, Lelli (2020): 75.1 £ 2.8 +

HII galaxy -
Fernandez Arenas etal. (2018): 71.0 £ 3.5 «
Wang, Meng (2017): 76.12434] -

Lensing related,mass model dependent -
Denzel et al, (2021): 718734 «

Birrer et al. (2020), TDCOSMO: 74.57;

Birrer et al. (2020), TDCOSMO+SLACS: 674+
Yang, Birrer, Hu (2020); 73.65*4-47 +
Millon et al. (2020), TDCOSMO: 74.2 = \—él L
1

Liao et al, (2020): 72.8%
Liao etal. (2019); 72.2 + 2.

Qi et al, (2020); 73, 1.*l7

Shajib et al, (2019), STRIDES: 74.2%;
Wong et al. (2019), HOLICOW 2019 73.3%

Mukherjee etal. (2022), GW170817+GWTC-3: 67+ g

Abbott et al. (2021), GWTC-3: 6814

Palmese et al. (2021), GW170817; 72.77+ 4o

Gayathri et al. (2020), GW190521 +GW170817: 73.4%

Mukherjee et al. (2020), GW 1708174 ZTF: 67.62 1
Mukherjee etal. (2019), GW170817+VLBI 68,3
Hotokezaka et al, (2019); 70.37

Cosmic chronometers -
Moresco et al. (2022), flat ACDM with systematics: 66.5 = 5.4
Maresco et al. (2022), open wCDM with systematics: 67,857
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How to simulate enhancec
structure formation?



Simulating enhanced structure formation

4SS AMRBRAEAdY2ZRSE (2 aAaydzZlFasS S
(Angus 2009)

Seltconsistently produces 1008pc scalesupervoidgdAngus+ 2013

Not a perfect model!
Ae.g., does not reproduce observed cumulative halo mass funct



Componentsof | 5 a
TheAis the MOND interpolation functiomy):
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The HDM is Hot Dark Matter (11eV sterile neutrinos)

Assume FRLW background metric and use Planck 2018 param



Comparisons and vantage points

Useful to know how changing the model changes results, so run compar
simulations

Ar CDMc Newtonian gravity + Cold Dark Matter initial conditions
Ar HDM ¢ Newtonian gravity + Hot Dark Matter initial conditions
ANCDM¢ MONDiangravity + Cold Dark Matter initial conditions

Pal

'aS Gl yal3S LRAYyGag 02 LINRBOS 20
ASplit simulation box intg v smaller chunks

ASearch for a reference particle in each chunk to measure observables 1
AParticlesroughlycorrelate withwhere galaxies should be



Simulation parameters

CosmologicatollisionlesdN-0 2 R& aAYdz | A2y a dza Ay TeyssierK |

2002;Lughauser2014)
"Q
W

Initialised at z=199 and initial conditions produced with CAMB and MUSIC
(https://bitbucket.org/SrikanthTN/bonnpor/src/master/)

LFTT g

800cMpcdh box length and 258particles

For smaller scale hydrodynamical simulationsldbMseeWittenburg+ 2023
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Density maps

Projected through
whole box a1

Largescale structure
enhanced by HDM

All structure
enhanced by MOND
gravity
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