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Minimal Light Dark World
Single Light Dark Matter (e.g. Axion)

Might need a coupling to Visible Sector for interesting signals

Gravity

VS DS
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Non-minimal but interesting Light Dark World
Multiple DM components (e.g. axion, dark proton)
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Cosmological Tensions
Hubble tension (~4-6 o)
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Estimate the size and age of universe
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Cosmological Tensions
Hubble tension (~4-6 o)

C/ (p late / P today) -

rec S 1/2
&/ Peaaty/ Prec)

Hy ~

To increase H,,

Increase energy density at early times (early-time solutions) P. Agrawal et al. [arXiv:1904.01016]

Early Dark Energy — V(¢h) = A%DE[I — cos(@/fepp) ", V(@) =

V. Poulin et al. [arXiv:1806.10608]
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Cosmological Tensions
Hubble tension (~4-6 o)

[2AN C/ (p late / P today) -
0"~
e e P
To increase H,, DP\J Y

Early Dark Energy

Increase energy density at early times (early-time solutions) /
s \

Dark Radiation — Massless states in Dark Sector
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Dark Radiation

A Class of Solutions to Hubble tension

Y
To increase H {2 )
: &
0 NN
Increase energy density at early times (early-time solutions) _1/
Fag & Hearly

Free-streaming (non-interacting) Dark Radiation (DR)

Silk damping (diffusion) + Drag effect
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Dark Radiation

A Class of Solutions to Hubble tension

To increase H),

Increase energy density at early times (early-time solutions)
Free-streaming (non-interacting) Dark Radiation (DR)

Silk damping (diffusion) + Drag effect

Good: Self-interacting DR N. Blinov et al. [arXiv:2003.08387] SIP I

Silk damping (diffusion)
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Dark Radiation

A Class of Solutions to Hubble tension

To increase H),

Increase energy density at early times (early-time solutions)
Free-streaming (non-interacting) Dark Radiation (DR)

Silk damping (diffusion) + Drag effect

Good: Self-interacting DR N. Blinov et al. [arXiv:2003.08387] SIP I

Silk damping (diffusion)

Better: need more (DAO)
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tepped 1ally tic Dark Matter
A Toy model for DAO + SIDR M. A. Buen-Abad, Z. Chacko, C. Kilic,

G. Marques-Tavares, TY [ 2208.05984]

Standard CDM

Interacting Dark Matter (iDM): »

X X
fCDM_l']}:l S P
U(l),
Self-interacting Dark Radiation: A p
1
Z 1
W w "
m, ~ eV

W
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tepped 1ally
A Toy model for DAO + SIDR

Standard CDM

Interacting Dark Matter (IDM): y
Joom +/, =1
Self-interacting Dark Radiation:

W,

m,, ~ eV

21

tic Dark Matter

M. A. Buen-Abad, Z. Chacko, C. Kilic,
G. Marques-Tavares, TY [ 2208.05984]
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SPartAcous

Details of Model
Standard CDM

Interacting Dark Matter (iIDM): ¥

£
Jeomt+/, =1 el
Self-interacting Dark Radiation:
WV,
Mass Threshold /4
m,, ~ eV

Turn off IDM-DR interaction to avoid
overly suppressed structure formation

22
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SPartAcous

IDM-DR interaction
[ x —Le M/l DR dof- Y4A

A, A a.
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SPartAcous

Stepped Dark Radiation
Entropy dump / Reheating in DS

Step increase in ANg¢

Different £ modes experience different Silk damping

D. Aloni et al. [arXiv:2111.00014]

A possible H, solution
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SPartAcous

Stepped Dark Radiation
Entropy dump / Reheating in DS

Step increase in ANg¢

Different £ modes experience different Silk damping

D. Aloni et al. [arXiv:2111.00014]

A possible H, solution

SPartAcous: DAO + SIDR w/ Step wy

25



SPartAcous

MCMC fit

Data:

Plank high £ TTTEEE, Planck low £ EE, Planck low £ TT, Plank
lensing, BAO BOSS DR12, BAO small z, PANTHEON, SHOES

Model:

~40% Step Size, IDM-DR interaction coupling a; = 107

3 Free Parameters: f,, AN, 2, =

1 40

M. A. Buen-Abad, Z. Chacko, C. Kilic,

G. Marques-Tavares,

[ 2306.01844]

Best fit
Model \Y'e AAIC Ty Hoy
LCDM - - - 68.64
SPartAcous -23.24 -17.24 0.1% 71.66
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SPartAcous

MCMC fit

Data:

Plank high £ TTTEEE, Planck low £ EE, Planck low £ TT, Plank
lensing, BAO BOSS DR12, BAO small z, PANTHEON, SHOES

Model:

~40% Step Size, iIDM-DR interaction coupling a; = 1072

3 Free Parameters: f,, AN, 2, =

1 40

Best fit
Model A y? AAIC [y Ho
LCDM - - - 68.64
SPartAcous | -23.24

-17.24 0.1% 7/1.66
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SPartAcous

MCMC fit

Data:

Plank high £ TTTEEE, Planck low £ EE, Planck low £ TT, Plank
lensing, BAO BOSS DR12, BAO small z, PANTHEON, SHOES

Model:

~40% Step Size, iIDM-DR interaction coupling a; = 1072

3 Free Parameters: f,, AN, Z, = T)( 1 Best fit
do
Model Dy~ AAIC T Hy
LCDM : : : 68.64

SPartAcous -23.24 -17.24 0.1% 71.66

Only stepped DR
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SPartAcous

MCMC fit

Data:

Plank high £ TTTEEE, Planck low £ EE, Planck low £ TT, Plank
lensing, BAO BOSS DR12, BAO small z, PANTHEON, SHOES

Model:

~40% Step Size, iIDM-DR interaction coupling a; = 1072

3 Free Parameters: f,, AN, Z, = T)( 1 Best fit
do
Model Dy~ AAIC T Hy
LCDM : : : 68.64

SPartAcous -23.24 -17.24 0.1% 71.66

No step needed!
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SPartAcous+

A Toy model for DAO + SIDR w/ small step M. A. Buen-Abad, Z. Chacko, C. Kilic,
G. Marques-Tavares, TY [ 2306.01844]

Standard CDM

Interacting Dark Matter (iDM): y 87
Jeomt+/, =1 U, | U,
Self-interacting Dark Radiation . 4 1 0
1 1
l//, /
| W 0 1
g s

0, 3 y/' flavors: ~40, 7% jump in AN ¢
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SPartAcous+

MCMC fit

Data:

Plank high £ TTTEEE, Planck low £ EE, Planck low £ TT, Plank
lensing, BAO BOSS DR12, BAO small z, PANTHEON, SHOES

Model:

~40% Step Size, iIDM-DR interaction coupling a; = 1072

3 Free Parameters: f,, AN, 2, =
1 40

M. A. Buen-Abad, Z. Chacko, C. Kilic,
G. Marques-Tavares, TY [ 2306.01844]

&
= 0.7031

cdm

5.03 1

0.207

0.0651

£ 0.0326

= ACDM
ms  SPartAcous
mms - SPartAcous+

o i
Y 4

@

Best fit log 10, Nir P
Model \}'s AAIC T
SPartAcous -23.24 -17.24 0.1% 71.66
SPartAcous+ -26.89 -20.89 3.2% 71.98
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SPartAcous+

MCMC fit

Data:

Plank high £ TTTEEE, Planck low £ EE, Planck low £ TT, Plank
lensing, BAO BOSS DR12, BAO small z, PANTHEON, SHOES

Model:

~40% Step Size, iIDM-DR interaction coupling a; = 1072

3 Free Parameters: f,, AN, 2, =
1 40

M. A. Buen-Abad, Z. Chacko, C. Kilic,
G. Marques-Tavares, TY [ 2306.01844]

5.03 1

&
= 0.7031

0.207

0.0651

£ 0.0326

= ACDM
ms  SPartAcous
mms - SPartAcous+

0.0326 0.0651

Best fit o
Model \}'s AAIC T
SPartAcous -23.24 -17.24 0.1% 71.66
SPartAcous+ -26.89 -20.89 3.2% 71.98
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vADM e e T e
Another Toy model for DAO + SIDR w/o any step
Standard CDM

Atomic DM: y Uy, | U,
Dark Proton p ,, Dark Electron ¢, £ 1 0
Jeom tf, =1 v ° 1

Self-interacting Dark Radiation

Dark Photon A ;, Dark Neutrino v, U(1), gauge boson X

1 1 € _ . . . I _ o -
L D — ZF AT — ZX””XW - EF WX+ plid—my)p + e(id —my)e + vidv + eA (py¥p — eyFe) + gX vytv
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vADM

Atomic DM + Dark v
Standard CDM

Atomic DM: y

Dark Proton p , Dark Electron ¢
feom 1, =1

Self-interacting Dark Radiation

Dark Photon A ;, Dark Neutrino v, U(1), gauge boson X

| 1 €
< DOD——F F¥W——X X ——F XM+ p(id— m,)p + e(id —m,)e + vidv + eA, (py*p — eyFe) + gX vytv

4 4 * 2 M
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vADM

Dark Recombination

IDM-DR interaction is off by dark recombination
(no step reheating in DS)

Radiative recombination to the ground state, and
Its inverse photoionization

p+e— H(ls)+vy

Free photon falls into thermal bath quickly thanks =

to the self-interaction

10
— SM
Direct recombination to the ground state is 0 — §§§1§”§§ Nt
included (Case A recombination) = o o1 1) (U AN, Togiocs logiomem,)
o n—1 pT R T AT A R
ay= Y Y (olp+e— Hnl)+7) Z

n=1 [=0
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vADM

MCMC fit

Data:

Plank high £ TTTEEE, Planck low £ EE, Planck low £ TT, Plank
lensing, BAO eBOSS DR16, BAO small z, PANTHEON+, SHOES

Model:

m, = 1 GeV, iDM-DR interaction coupling a, = 1072, 1 v flavor

3 Free Parameters: f,, AN g, m,/m,,

>~
= 0.0161

m— ACDM
s yADM

= 0.769 1
<

0.234 1

0.0321 1

0.016 0.0321

Best fit : e g
Model Ay’ AAIC Iy Hy
LCDM _
M. A. Buen-Abad, Z. Chacko, l. Flood, C. Kilic, )
G. Marques-Tavares, TY [ 2409.XXXXX] vADM 29.65
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DAO at WOrk S. Ghosh, D. W. R. Ho, Y. Tsai [2405.080641]

0s vs fy (Planck + BAO)

|
In other literature 1055 -
B Planck EE, TT, TE, lensing, and BAO
Planck EE, TT, TE, lensing, BAO, and Pantheon+ 1.054 -
B Planck EE, TT, TE, lensing, BAO, and Pantheon+ with SHOES o
Qob
0.32 2 10547 ’
Shenlbl | Riay
G 030 -t., /
Bl DHS(r, — free) 1.052 -
B DHS 0.85
N 0.80 (.

Ix

1.051 = | |
0.00 0.02 0.04
-

A (OIS 0.2 ’(r,/

* 00 ¢ |
0.02 ‘ E
& o.oo—---{.&--- ’ \
-0.02 :
@ i 0.1C | ,"
] %o.oe 4 [~ 9
- Y i V4
0.02 /X'/ \‘\ \4‘
1 1.0 Z ke
Ny / !
ey | 02 4 l
0.72 0.780.81 0.4 1.0 004 35 45 0.4 1.0 R S &S & G I E S D
h S Npr Jidm loglo(zt) Tg Ho [km/S/MpC] Qn, Sg 607_ fadm fda,—k
N. Schoneberg et al. [2306.12469] K. Greene, F.-Y. Cyr-Racine [2403.05619]

37




COS Mo I Og ical Ten S i ons Snowmass [arXiv:2203.06142]

S¢ tension (~2-3 o)

og: amplitude of matter density fluctuations on the scale of 8 Mpc/h
(~ galaxy cluster scale)

Se = 6q(Q, /0.3)1%:

¢135dvo

. 10 20 30 40 50

X [Mpc/h]
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Cosmological Tensions

S¢ tension (~2-3 o)

Early Universe
CMB fit to ACDM

~(0.83 Planck 18 [arXiv:1807.06209]

Late Universe

L ocal measurements

~(0.76 DES ‘21 [arXiv:2105.13544, 2105.13543]
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Snowmass [arXiv:2203.06142]

* CMB Planck TT,TE,EE+lowE gﬁg’g  Aghanim et al. (2020d)
* CMB Planck TT,TE,EE+lowE+lensing ?g 4 - Aghanim et al. (2020d)
*CMB ACT+WMAP - Aiola et al. (2020)
Early Universe
Late Universe
0.759
0755 Asgari et al. (2021)
0%en Asgari et al. (2020)
0716 ¢ Joudaki et al. (2020)
0737 Wright et al. (2020)
0.651 : Hildebrandt et al. (2020)
: 0.745 Kohlinger et al. (2017)
0759 Hildebrandt et al. (2017)
070 Amon et al. and Secco et al. (2021)
0304 Troxel et al. (2018)
078" — Hamana et al. (2020)
074 ¢ Hikage et al. (2019)
: Joudaki et al. (2017)
0.795
07781 — Miyatake et al. (2022)
0.766 Garcia—Garcia et al. (2021)
0.749 Heymans et al. (2021)
Y0776 Joudaki et al. (2018)
03 Abbott et al. (2021)
0.728 Abbott et al. (2018d)
: 0.8 Troster et al. (2020)
—i van Uitert et al. (2018)
0.751
* GC BOSS DR12 bispectrum 07 " Philcox et al. (2021)
* GC BOSS+eBOSS 36  Ivanov et al. (2021)
* GC BOSS power spectra 0.3 * Chen et al. (2021)
* GC BOSS DR12 570 " Troster et al. (2020)
* GC BOSS galaxy power spectrum 0.73 - Ivanov et al. (2020)
* GC+CMBL DELS+Planck 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 '_0_'0.831 - Costanzi et al. (2019)
* CC XMM-XXL 7 O 1 - Pacaud et al. (2018)
* CC ROSAT (WtG) * Mantz et al. (2015)
0.749
* CC SPT tSZ 0785 " Bocquet et al. (2019)
* CC Planck tSZ '-Q-'O. 03 - Salvati et al. (2018)
* CC Planck tSZ —0— - Ade et al. (2016d)
0.7
* RSD 0747 " Benisty (2021)
*RSD —Q— - Kazantzidis and Perivolaropoulos (2018)
0.2 0.4 0.6 0.8 1.0 1.2

S3_=0'8\’ Qm/0.3




Cosmological Tensions

S¢ tension (~2-3 o)

More likely systematic errors

H. G. Escudero et al. [arXiv:2208.14435]
M. Tristram et al. [arXiv:2309.10034]

Early universe solutions worsen S¢ tension

with fixed 7

0 @ 1= Q1

Early-time solutions need to deal with S
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Snowmass [arXiv:2203.06142]

* CMB Planck TT,TE,EE+lowE gﬁg’g  Aghanim et al. (2020d)
* CMB Planck TT,TE,EE+lowE+lensing ?g 4 - Aghanim et al. (2020d)
*CMB ACT+WMAP - Aiola et al. (2020)
Early Universe
Late Universe
0.759
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* GC BOSS galaxy power spectrum 0.73 - Ivanov et al. (2020)
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* CC XMM-XXL 077 © i - Pacaud et al. (2018)
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*RSD —Q— - Kazantzidis and Perivolaropoulos (2018)
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Dark Matter interaction with DR

A Class of Solutions to §; tension

Dark Radiation worsens Sg tension

with fixed z.q, €2, T — £, 1
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Dark Matter interaction with DR

A Class of Solutions to §; tension

Dark Radiation worsens Sg tension

with fixed Z

eq’ger_)gzmT

Solution: Dark Matter interaction with Dark Radiation
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A Class of Solutions to §; tension

Dark Radiation worsens Sg tension

with fixed Zeq, QV T —> Qm T weak
- 0.10 -+
Solution: Dark Matter interaction with Dark Radiation £ 005 -
Weak interaction + entire dark matter interacting 0.00 7
M. Joseph et al. [arXiv:2207.03500] 107 - strong
E 104_
Strong interaction + partial dark matter interacting o
M. A. Buen-Abad, Z. Chacko, C. Kilic, .| & 3 "
G. Marques-Tavares, 107 1075 1074 1073 1072

[arXiv:2208.05984, 2306.01844]
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Dark Matter interaction with DR

a

N. Schoneberg et al. [arXiv:2306.12469]




A Class of Solutions to §; tension

Dark Radiation worsens Sg tension

with fixed Zeq, QV T —> Qm T weak
- 0.10 -+
Solution: Dark Matter interaction with Dark Radiation £ 005 -
Weak interaction + entire dark matter interacting 0.00 7
M. Joseph et al. [arXiv:2207.03500] 107 - strong
E 104_
Strong interaction + partial dark matter interacting o
M. A. Buen-Abad, Z. Chacko, C. Kilic, .| & 3 "
G. Marques-Tavares, 107 1075 1074 1073 1072

[arXiv:2208.05984, 2306.01844]
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Dark Matter interaction with DR

a

N. Schoneberg et al. [arXiv:2306.12469]




Dark Matter interaction with DR

Impacts on Matter / CMB Power Spectrum

Weak Strong

weak

strong

Aidm—dec

I’

102 +———rrr——————e b —
1076 107° 10~ 1073 1072
a

Massive A Massive ys N. Schéneberg et al. [arXiv:2306.12469]

w, A € Self-interacting DR

45



Dark Matter interaction with DR

Impacts on Matter / CMB Power Spectrum

DR

’9"%\ = SL@M '\'_gl-bw CDM

Dark Acoustic Oscillations

Weak: Only slowing down growth w03 102 10 10

— the longer inside the horizon, I [ h Mp C—1]

the larger suppression Large suppression at high &

Strong: No structure growth until N. Schoneberg et al. [arXiv:2306.12469]

decoupling, all modes grows by
the same amount
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Markov Chain Monte Carlo (MCMC)

Results Data:

Plank high £ TTTEEE, Planck low ¢ EE, Planck low £ TT, Plank
lensing, BAO eBOSS DR16, BAO small z, PANTHEON+, SHOES,
KIDS-1000x, DES-Y3

Weak Strong
(with step) (SPartAcous+)
. ‘ Model \}y'e AAIC Ho Ss
n .80 0.8 v '
| | LCDM - - 68.94 0.7972
0.75 0.76 1 | |
| | v - y Weak -25.78 -19.78 71.84 0.792
N. Schoneberg et al. [arXiv:2306.12469] HO
s SPartAcous Strong -24.56 -18.56 (2.26 0.8036
D m— \ACDM
N DM
B DS

Bl DHS
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Markov Chain Monte Carlo (MCMC)

Results Data:

Plank high £ TTTEEE, Planck low ¢ EE, Planck low £ TT, Plank
lensing, BAO eBOSS DR16, BAO small z, PANTHEON+, SHOES,
KIDS-1000x, DES-Y3

Weak Strong
(with step) (SPartAcous+)
. ‘ Model \}y'e AAIC Ho Ss
n .80 0.8 A
| LCDM - - 68.94 0.7972
0.75 0.76 4 | |
| | P = = Weak -25.78 -19.78 71.84 0.792
N. Schoneberg et al. [arXiv:2306.12469] HO
s SPartAcous Strong -24.56 -18.56 (2.26 0.8036
D m— A CDM
B DH _
Bl DS DAO alone takes of both tensions

Bl DHS
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Conclusions

sﬂ ?oc'\:q\s f)( \I
Summary and Outlook pei e
Non-trivial DS with LDF is highly motivated NS DS

Dark Acoustic Oscillation leave unigue signatures on
cosmological observables

DAO toy models with different IDM-DR interaction switch

SPartAcous (Decay / Annihilation)

VADM (recombination)

DAOQO as Possible solutions to Hubble / S, tensions in ACDM

Now fitting EFTofLSS to vADM (entire scale of MPS)

DAO will be probed in the future experiments!
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Conclusions

Summary and Outlook

IAU Symposium 376

Go to www.menti.com and use the code 7226 8602

The most likely cause of the Hubble
tension is:

A. Riess and L. Breuval [arXiv:2308.10954]

Thank You for Listening!
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Supplements




SPartAcous

Parameter Space

7
’
fr=3% e
_ ’
L — A — y heat rate //’
— Vanishing chemical potential ///
’
——— — y heat rate .
=== A — A scattering
_3 i *
*
_7 |
4 2 0 2 4
10 10 10 10 10
m, [GeV]
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Atomic DM + SIDR

Impact on the CMB

ATk, n)
I'cvmB SW

=Trec

AW /W],

free oscillations

~ [(Kk) e Kk J _cos

multipole /¢

103

kn

2k

NG

104

NG

0.00 -

—_— weak

strong

10Y
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.

ASW terms

¥=(@+w/2
rn) = nly/3

potential

driving
! kln—nl
dn™¥ (k, n)sin
V3
multipole ¢
10° 10*
® weak
0.015 - ® strong
0.010 A - driving
potentials

0.005 -
0000 t—======z_ || || [ M0rrmere=e
SN Tl £=2=""
—0.005 - \ S
\ /
/
—0.010 - N
102 10~ 107
k [hMpc™!]

N. Schoneberg et al. [arXiv:2306.12469]

+ ¢k, 1) p +wi(k,n)

gravitational redshift

C =~ kn,




ACTT /CPT

multipole /¢
10°

10*

0.00
—0.02 1

= —0.04 1

~—

=4

<

—0.06 -
— weak
strong
—0.08 — -
1072 1071 109
k [hMpc™]

0.044 weak full
driving
potentials

0.02 A

0.00

—0.02 1
—0.04

500 1000

15IOO
multipole /¢

2000

2500

3000

ASW terms
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multipole ¢

10° 10
0015 ® weak
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0.010 - ——— driving

potentials

0.005 1
0.000 ——======__  \/ || |/ [}0tr=——
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\ /
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_0010 ] \\ /l
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N. Schoneberg et al. [arXiv:2306.12469]
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0.000 A

—0.005 A
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TT WZDR residuals w.r.t SIDR
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500
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Atomic DM + Dark v

Requirements

A in equilibrium with v (DR is self-interacting) \@\

22 I- I ~13
Iyoy~ea;T>H~ — = ea, 2 [— ~ 10
M,

Mpl Vd V4
€ e
e - v not efficient (DM-DR stops after recombination) f_
T? T? m
Fe—v ~ Gzaeag_ <H~—>= ezaeag < —Z ~ 10_16
mp Mpl Mpl Vd Vd

1 1 € _ . . . I _ o
L D — ZF AT — ZZWZW — EF WL+ plid — my)p + e(id — m e + vidv + eA, (py'p — eyre) + §Z,Uy"v
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SPartAcous

Boltzmann equations

3
. . g —gr [ ANei \
Oidm = — Gigm + 3¢ s gR | A NUY

éidm = — H Oy + kK + al' (0,4, — O.g)

Og. = — (1 + W)@y, — 3¢p) — 3 (c? — W)y,

Oy = — [(1 = 3W)Z A

| + W pdr(l +W)

9) Cs2 Pidm
Oy + k Ogr T ¥ al (6,4, — 04
1 +w

4 T2 m m
[=—a’log( % )—Le ™/ |2 4 L <2 + —"’>

B 3_71' m)( Td Td
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SPartAcous

Dark Acoustic Oscillations

DM perturbations (k=0.5 h/Mpc)

1042 —— ACDM
.1 — CbM
10° - |
B 1DM _
2] /z’ o
10" 3 _” LDM
101? _/’,/ )
o I\/Q/ = iDM does not clump DK
0 b AV
10 _ “‘»\ {
10 3 '1
» 1 £,=10%
10 > 3 XNIR=O.OS — SPartAcous _ CDV\
10 : = - PAcDM L oM T -SLCDM-\—&'»DM
1 3 dt dde
0° 10° 10 10° 10° 10 10

1 .
0L qurk = = 7 Vi V" + WiD—my )y + | Dy |” = m | |
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SPartAcous

Dark Acoustic Oscillations

DM perturbations (k=0.5 h/Mpc)

1042 —— ACDM
.1 — CbM
10° - |
B 1DM _
2] /z’ o
10" 3 _” LDM
101? _/’,/ )
o I\/Q/ = iDM does not clump DK
0 b AV
10 _ “‘»\ {
10 3 '1
» 1 £,=10%
10 > 3 XNIR=O.OS — SPartAcous _ CDV\
10 : R S (| — PAcDM L oM T -SLCDM-\—&'»DM
1 3 dt dde
0° 10° 10 10° 10° 10 10

1 .
0L qurc = = 7 Vi V" + D=y + | Dy |” = m | ¢ |
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SPartAcous

Dark Acoustic Oscillations

DM perturbations (k=0.5 h/Mpc)

1042 —— ACDM
.1 — CbM
10° - |
B 1DM _
2] /z’ o
10" 3 _” LDM
101? _/’,/ )
o I\/Q/ = iDM does not clump DK
0 b AV
10 _ “‘»\ {
10 3 '1
» 1 £,=10%
10 > 3 XNIR=O.OS — SPartAcous _ CDV\
10 : = - PAcDM L oM T -SLCDM-\—&'»DM
1 3 dt dde
0° 10° 10 10° 10° 10 10

1 .
0L qurk = = 7 Vi V" + WiD—my )y + | Dy |” = m | |
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P(k) / P(k)\PM

SPartAcous

Dark Acoustic Oscillations

Power spectrum suppression: varying f,

1.0 ===
10g10 = 3.8
O 9 ANg{Rf — O 05
08 4 —— SPartAcous
----- PAcDM
0.7 -
— ,=1%
10 ° 10 10 10

k [h/Mpc]
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P(k) / P(k)NPM
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SPartAcous+3

Best-fit

TT SPartAcous+3 residuals w.r.t ACDM (Planck) 03 EE SPartAcous+3 residuals w.r.t ACDM (Planck)
0.30 .
0.25 -
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0.20 -
0.1 - | 48
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= | o T i
O 0.10 [ Q 0.0 ‘ ).
|:§z ) ] wN . \/\ ‘ W
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0.05 ~ g

—01 . 1)
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SPartAcous+3

Best-fit

2 Matter Power Spectrum w.r.t ACDM (Planck) L 20 Matter Power Spectrum w.r.t ACDM (DHS)
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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 0s64.0c¢q.

O; sound horizon at last scattering ~1.0404

1 ' ! 1

[
(=)
o
|
1

- 4—P» from pcak spacing

LL+1)C,/(2m)uK?

102
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plots by L. Knox multipole moment, ¢
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V. Poulin - LUPM & JHU KITP, Santa Barbara -07/15/19




How does CMB data measure HO?

[nference of H,, from the CMB is model dependent.

It comes from the measurement of three angular scales 0s04.0e¢q.

B4 photon diffusion length at last scattering ~ 0.1609

[
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L]
1

no photon diffusion |

| “Silk Damping”
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How does CMB data measure HO?

[nference of H,, from the CMB is model dependent.

It comes from the measurement of three angular scales 0s04.0e¢q.

Beq horizon size at matter-radiation equality ~ 0.81
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1

potential envelope |
+ phase shift

L +1)C,/(27)uK?

gravitational “boost”
1 .of oscillations , |
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plots by L. Knox multipole moment /¢
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