Mismatch between local and global HO

ion from dark matter decay
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What is the mismatch?

Planck fits ACDM to 3.80 tension SHOES directly,
constrain N » model-independently

H, = 66.93 + 0.62 | measures
km/s/Mpc H, =73.52 + 1.62

Cosmic microwave km/s/Mpc in the local

background ‘ universe
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Hubble tension
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Freedman [1706.02739]

» Universe now appears to be expanding ~9% (+/- 2.4%) faster
-than-expected based ACDM+Planck CMB This is surprising!

» |f not an error, could be a vital clue pertaining to the 95% of
the Universe (i.e., the dark sector) we don’t understand.



[et’s summarize

flat — ACDM

Planck collaboration 2018
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We have two choices !

Different DE from w=-1

New physics
@CMB epoch




Neutrinos

- relativistic at decoupling
Redshift 2
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How does CMB data measure HO?

Inference of H,, from the CMB 1s model dependent.
[t comes from the measurement of three angular scales 0s.04.0¢q.

Os sound horizon at last scattering ~1.0404
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Early Universe Modification

Precisely measured Matter
6. is an approximate Radiation
proxy for CMB peak . Cosmological
locations ~ L Constant
CMB spectra MB lensing BAO
Hz X Prot BBN ! SNe
x 1/

6, < H,

Effectively, keeping 6,
constant gives
X 1/H0

In support of an early universe
modification:

Planck [1807.06209]

Bernal et al [1607.05617]
Evslin et al [1711.01051]
Aylor et al [1811.00537]



How to modify the Baryon-Photon

» Can either change the sound speed,
or the Hubble rate at early times.

Can we change the
Hubble rate before
recombination without
ruining everything else?




Solh ing 1H(): a °°|):l(f|\g‘|'()l||l(|-|('\(‘|” cookbook

physical scales: pre-recombination physics; DO NOT depend on Ho, but on physical densities
Wp, Wr, Wedm, Wnu ... \

ry(2s)

dy(2+)

g

angular diameter distance: post-recombination physics, contains information on HO
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Approach: Discrepancy 1n the baryon
sound horizon

HOLICOW+SNe+BAO (ACDM)
Cepheids+SNe+BAO (ACDM)
Cepheids+SNe+BAO (Spline, Q,=0)

Planck
TT+lowE
TE+lowE
EE+IlowE
TT (£ <800)
TT (£ > 800)

WMAPS+SPT+ACT

SPT-SZ+r

SPTpol+r

ACTpol+r

BAO+BBN

Model: ACDM
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lLarly-Universe solution to HO

s does not reach 10Mpc before ~ 25000 in ACDM

ACDM prediction




[Larly-Universe solution to HO

rs does not reach 10Mpc before ~ 25000 in ACDM

|[insert new physics here]
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ACDM prediction
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Classical solution: N ¢

* The presence of extra relativistic species 1s a hallmark of
many extensions of the Standard Model (N-Naturalness,
Twin Higgs, etc.)




N.¢ alone doesn’t work...

[t can get you partially there, but at the price of degrading
high-/ CMB

Riess et al. (2018)

Planck Coll. (2018)




Why does the SIv work?

N.¢ Increases Hubble at early times, hence J§
reducing the sound horizon. |

The tightly-coupled neutrinos do not over
damp or phase shift the photon-baryon Ll o L
fluctuations. B o§ _,..' Nk

Changes in the primordial spectrum of
fluctuations (n,, A,) absorbs the remainder
of the changes.

Tooth fairy: need large coupling:

G.g ~ 101°G




Beyond Free-streaming Neutrinos

. 1 D I o3 , .
New Unknown Interaction: sy —=m4¢° + =(9, Vavsd +h.c.)

See e.g. Cherry, Friedland & Shoemaker (2014), p’ q ,
Ng & Beacom (2014), Blinov et al. (2019) (outgoing neutrino or lepton) (other outgoing particle]

[ e ]

s=‘p+q’22=29-q
t={p-p')"=-2p-p
u=(p-q'} =-2p-q’

-
(incoming neutrino) {other incoming particle)

4-Fermion Interaction stronger than Fermi constant

B C: > G




Reality check

Ne Worse None (?7)

Localized Worse Coincidence
energy Problem at eV
Injection scale, need
complex
potential

Interacting Better Need extremely
neutrinos strong

interaction




Solution from Local energy injection at epoch of

recombination:
Decaying dark matter.
K Pandey (llA), T Karwal ( JHU), SD 1902.10636
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Figure 1. Shown here are the effects of DDM on various observables. These plots were produced using a
modified version of CAMB, fixing all ACDM parameters, including {24, o and varying just a4,. The blue line
with oy, = 0 represents a ACDM cosmology. Top: effect of non-zero a4, on the CMB TT power spectrum;
left: effect on the matter power spectrum; right: the DDM expansion rate relative to ACDM.




B Decaying DM (DDM) model
B Standard ACDM model

(Planck+R18)

oo
2 2
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Figure 3. Comparison between the standard ACDM and the DDM models: Constraints on various cosmolog-

ical parameters along with their covariances when tested against the Planck+R18. The green bands represent
the constraints on H; and Sz coming from [8, R18] and [12, DES-YI, 2017].
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Challenges with solving H_0 with DM decay

 \Whole game of energy injection/ increasing H
IS between z=1073 to 1074

DM decay has to stop or ineffective after t~ Myr
servables




Important Take Home Messages

* As precision increases, cracks might be appearing
in the standard cosmological model.

* We have yet to identify a complete solution that 1s
palatable to both cosmologists and particle
physicists.

« Main message: It is possible to find radically
different cosmological model that nonetheless can
provide excellent fit to the data.




