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Q Definitions
@ Dark Radiation
@ Neutrino Temperature
@ Effective Number of Neutrino Species

e Effects of Dark Radiation
@ Big Bang Nucleosynthesis
@ Cosmic Microwave Background
@ Impact on Hubble tension

© Model Building Aspects

Lecture notes: https://indico.kias.re.kr/event/110/



Dark Radiation

@ Radiation in cosmological context = relativistic particles (p = p/3)

@ Expansion ~~ redshift ~» radiation can become (non-relativistic)
matter (p = 0) eventually ~ equivalent to hot dark matter

@ BBN, CMB: T ~ 0.1 MeV..0.1 eV ~ radiation in SM: ~, v

@ Dark: not in SM
~ Dark Radiation (DR): relativistic particles # ~, SM v
@ Examples

e (Light) sterile neutrino (fermion)
e Dark photon (vector)
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* CMB Planck TT,TE,EE+lowE

- Aghanim et al. (2020d)

* CMB Planck TT,TE,EE+lowE+lensing % .Si - Aghanim et al. (2020d)
*CMB ACT+WMAP - Aiola et al. (2020)

Early Universe

Late Universe

0.759
* WL KiDS-1000 075 Asgari et al. (2021)
* WL KiDS+VIKING+DES-Y1 0762 - Asgari et al. (2020)
* WL KiDS+VIKING+DES-Y1 0716 - Joudaki et al. (2020)
* WL KiDS+VIKING-450 737 - Wright et al. (2020)
* WL KiDS+VIKING-450 0651 - Hildebrandt et al. (2020)
* WL KiDS—-450 0.745 Kohlinger et al. (2017)
* WL KiDS—-450 %250 - Hildebrandt et al. (2017)
* WL DES-Y3 780 - Amon et al. and Secco et al. (2021)
* WL DES-Y1 204 - Troxel et al. (2018)
* WL HSC-TPCF 078 - Hamana et al. (2020)
* WL HSC—pseudo—C; 074 Hikage et al. (2019)
* WL CFHTLenS —0—i - Joudaki et al. (2017)
0.795
* WL+GC HSC+BOSS 7780  Miyatake et al. (2022)
* WL+GC+CMBL KiDS+DES+eBOSS+Planck 0.7?6 - Garcia—Garcia et al. (2021)
* WL+GC KiDS-1000 3x2pt 074 “ Heymans et al. (2021)
* WL+GC KiDS-450 3x2pt 0776 - Joudaki et al. (2018)
* WL+GC DES-Y3 3x2pt 0'.'%'% - Abbott et al. (2021)
* WL+GC DES-Y1 3x2pt 0.728'-°_‘ - Abbott et al. (2018d)
* WL+GC KiDS+VIKING-450+BOSS —0— 08 - Troster et al. (2020)
* WL+GC KiDS+GAMA 3x2pt —0— - van Uitert et al. (2018)
0.751 )
* GC BOSS DR12 bispectrum 0"50—' - Philcox et al. (2021)
* GC BOSS+eBOSS '_873_6' - Ivanov et al. (2021)
* GC BOSS power spectra 'Tﬂ9_' - Chen et al. (2021)
* GC BOSS DR12 070 - Troster et al. (2020)
* GC BOSS galaxy power spectrum '—00—73| * Ivanov et al. (2020)
* GC+CMBL DELS+Planck '—0—'0'784 - White et al. (2022)
* GC+CMBL unWISE+Planck HOH - Krolewski et al. (2021)
0.78
* CC AMICO KiDS-DR3 0.65 —0—i - Lesci et al. (2021)
*CC DES-Y1 0.79 - Abbott et al. (2020d)
* CC SDSS—-DRS '—Oml - Costanzi et al. (2019)
* CC XMM-XXL W’—l - Pacaud et al. (2018)
* CC ROSAT (WtG) —0—i  Mantz et al. (2015)
0.749
*CCSPT tSZ 0785 - Bocquet et al. (2019)
* CC Planck tSZ W - Salvati et al. (2018)
* CC Planck tSZ —0— - Ade et al. (2016d)
*RSD '_067_0.'7 , - Benisty (2021)
* RSD —0— - Kazantzidis and Perivolaropoulos (2018)
0.2 0.4 0.6 0.8 1.0 1.2

SgEO'g\’ .Qm / 0.3

2203.06142



3. Model Building Aspects

Motivations for Dark Radiation
@ Tensions in ACDM (Hp, Sg, small scale structure, .. .)
@ Neutrino oscillation anomalies ~~ light sterile neutrinos?

@ Dark sectors for physics BSM, lack of evidence for new EW-scale
particles ~~ light new states?



Decaying Dark Matter

e DM — WDM + DR ~- velocity-kick for massive daughter ~» og |
@ CMB, LSS ~~ strong constraints ~~ Hj tension cannot be resolved
@ Sg tension can be resolved

@ Hy and Sg tensions cannot be resolved



Conclusions

@ Dark Radiation (= BSM relativistic species) influences expansion
history of the Universe

Energy density parametrized by A Ng¢
Big Bang Nucleosynthesis ~ ANy < 0.124 @ 95% C.L.

Cosmic Microwave Background ~~ ANg < 0.29 @ 95% C.L.
Constraints on specific scenarios
e BBN constraints on MeV-scale particles decaying into DR

o BBN, CMB ~~ lower bound on DM mass in thermal dark sector



