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carly Dark Energy Columbia

Motivation: increase CMB-inferred Hg

How does this work”

By decreasing the physical size of the
sound horizon imprinted in the CMB

X = 1t*ic — T4z cs(z
A LCRS A LG

/

scale sound
factor speed

Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019)
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carly Dark Energy Columbia

Motivation: increase CMB-inferred Hg

How does this work”

By decreasing the physical size of the
sound horizon imprinted in the CMB

X = t*ic — R Cs (2
A LCRY A Lt

Z %

physical densities of

Relevant ingredients in ACDM: Wp, Wedm, Wy, Wy baryons, CDM,

neutrinos, photons

Angular sound horizon is (approx.) related to peak spacing:
0F = /AL > Drx=r;/0% » Ho

measured= S

Da ~ 1/Ho

Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019); Knox & Millea (2019)
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carly Dark Energy Columbia

Motivation: increase CMB-inferred Hg

How does this work”

By decreasing the physical size of the
sound horizon imprinted in the CMB

Lo dt > dz
ry = —— c4(t) = cq(2
|, a0 = | i 0
Relevant ingredients in EDE: wp, Wm, Wy, wy+ EDE parameters

Angular sound horizon is (approx.) related to peak spacing:
0F = /AL > Drx=r7/0% » Ho

Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019); Knox & Millea (2019)
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carly Dark Energy Columbia

New component: (pseudo)-scalar field ¢

Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019)
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carly Dark Energy Columbia

New component: (pseudo)-scalar field ¢

dea: field initially frozen on its potential due to
ubble friction — acts as dark energy (equation of
state w=-1)

H2 >> V' ~ mZ2

é+3Ho+V'(¢) =0 nitially

Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019)
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carly Dark Energy Columbia

New component: (pseudo)-scalar field ¢

When H ~ m (fie

and oscillates: effective w will depend on potentia

d mass), it rolls down its potentia

For EDE, this must
OCCUr near ~ZcuB

.

m ~ 1027 eV

e.g., ¢(t) = d;a=3/? cos(mt) if V(d) = m2ph2/2

Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019)
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carly Dark Energy Columbia

New component: (pseudo)-scalar field ¢

dea: field initially frozen on its potential due to
ubble friction — acts as dark energy (w=-1)

When H ~ m (field mass), it rolls down its potential
and oscillates: effective w will depend on potential

Important: need late-time w>0 so that EDE energy
density contribution decays faster than matter

Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019)
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carly Dark Energy Columbia

New component: (pseudo)-scalar field ¢

dea: field initially frozen on its potential due to
ubble friction — acts as dark energy (w=-1)

When H ~ m (field mass), it rolls down its potential
and oscillates: effective w will depend on potential

Important: need late-time w>0 so that EDE energy
density contribution decays faster than matter

Canonical ED
Potential:

V(¢) =m*f* (1 —cos(¢/f))"

m ~ 1027 eV

f ~ 1026-27 gV

n >= 2 (we fix
to 3 throughout)

n—1
n—+1

Near minimum, V ~ ¢2n > We =

Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019)
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carly Dark Energy Columbia

Parameterization

Fractional contribution of EDE

i to cosmic energy budget

0.12 F ﬁ
0.10 |

0.08 |

fEDE

0.06 |

0.04 F

0.02 |

104 10°

0.00 — ]
10! 102 103
Z

Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019); JCH+ (2020)
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Early Dark Energy Columbia
Parameterization

Fractional contribution of EDE
to cosmic energy budget

0.14 Maximal contribution:

0.12 } ﬂ fEDE(Zc) = (PEDE/SMEZHZ)‘ZC

ol which occurs at redshift zc

0.08 | Final parameter: 6i = ¢iff
8 (initial field displacement)

. * {feoe, Zc, 6

ol N.B.: highly non-linear

relation to physical scalar
e ETrea— - field parameters

Z
Poulin+ (2019); Agrawal+ (2019); Lin+ (2019); Smith+ (2019); JCH+ (2020)



Ho and EDE from the Atacama
- Cosmology Telescope

iola, ..., JCH, et al. (2020)
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The Atacama Cosmology Telescope

vvide-area ( half sky) multn‘requency CI\/IB survey
observations: 2008-2022 (with some gaps for upgrades)
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The Atacama Cosmology Telescope
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wide-area ( half-sky) multifrequency CI\/IB survey
observations: 2008-2022 (with some gaps for upgrades)
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he Atacama Cosmology Telescope

wide-area (~half-sky) multifrequency CMB survey
observations: 2008-2022 (with some gaps for upgrades
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ACT Data Release 4 covme

Foreground-marginalized CMB power spectra

Angular scale
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Choi et al. (2020)



Choi et al. (2020)

ACT Data Release 4

Foreground-marginalized CMB power spectra
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Constraints on
carly Dark Energy

JCH, McDonough, Toomey, Alexander (2020, PRD Editors’ Suggestion)
lvanov, McDonough, JCH, Simonovic, Toomey, Alexander, Zaldarriaga (2020) g

JCH, Calabrese, et al. [ACT Collaboration] (2021)
La Posta, Louis, Garrido, JCH (2021)




ACT DR4 EDE Analysis  coumbs

The Atacama Cosmology Telescope: Constraints on Pre-Recombination Early Dark
Energy

JCH et al. (2021) arXiv:2109.04451
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ACT DR4 EDE Analysis  coumi

Motivation

 How robust are CMB-derived EDE constraints to the choice
of CMB data set”

 What do we find if we replace Planck with ACT or
ACT+WMAP?

« ACT and Planck are consistent at 2.50 in ACDM (with
consistent Ho~67-68 km/s/Mpc) — what about in EDE"”

 N.B. we do not try to assess global concordance of any

model w.r.t. all cosmological data in this analysis

* Data sets: ACT, WNIAP, Planck, BAO, Planck CMB lensing

Planck TT (ell < 650)

JCH et al. (2021)
See also Poulin etal. (2021)  Pipeline: CLASS-EDE (JCH+) + Cobaya (Torrado & Lewis)



S 0.80F

ACT DR4 EDE Results

BN ACT DR4 TT+TE+EE + 7 [EDE, n = 3]
BB Planck 2018 TT+TE+EE [EDE, n = 3|

ACT alone
Planck alone

SHOES

DES-Y3

01 02 03 04
fEDE

3.3 3.6 3.9
108;10(%)

06 12 1.8 24 66 72 78 84 90 0.640.720.800.880.96

0; Hy S8
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JCH et al. (2021)
JCH et al. (2020)



S 0.80F

ACT DR4 EDE Results  coums

B ACT DR4 TT+TE+EE + 7 [EDE, n = 3]
Bl ACT DR4 TT+TE+EE + Planck 2018 TT ({pax = 650) + 7 [EDE, n = 3]
B Planck 2018 TT4+TE+EE [EDE, n = 3]

ACT alone
ACT + Planck TT (ell<650) -
Planck alone

fepe = 0.12970:655 F0"076 To0sa (68%/95%/99.7% CL)

JCH et al. (2021)

01 02 03 04
fEDE

3.3 3.6 3.9
108;10(%)

06 12 1.8 24 66 72 78 84 90 0.640.720.800.880.96

0; Hy Ss JCH et al. (2020)



ACT DR4 EDE Results  coums

B ACT DR4 TTH+TE+EE + 7 [EDE, n =3
EEm ACT DR4 + Planck 2018 TT (fax — 650) + 7 [EDE, n = 3]
B Planck 2018 TT4+TE+EE [EDE, n = 3]
ACT DR4 + Planck 2018 TT ({yax = 650) + Lensing + BAO + 7 [EDE, n = 3]

ACT alone

ACT + Planck TT (ell<650)
Planck alone
ACT + P18TTImax650 + CMB Lensing + BAO

O 129+0.028 +0.099 4+0.14

—0.036 —0.056 —0.063

B« fEDE = 20.055 —0.076 —0.084 (0870/95%/99.7% CL)
| | fepg = 0.09170:020+0.069+0.11 (5307 /959 /99.7% CL)

Hy = 709130 km/s/Mpc

ACT drives preference

0.96

0.88F~

0.721
0.64}

for non-zero fepe

(>99.7% CL in joint

fits)

01 02 03 04
fEDE

3.3 3.6 3.
10g10<ZC>

06 12 1.8 24 66 72 78 84 90 0.640.720.800.880.96

0; Hy S8
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ACT DR4 EDE Results  coumbi

BN ACT DR4 TT+TE+EE + 7 [EDE, n = 3
B ACT DR4 TT+TE+EE + Planck 2018 TT ({ynax = 650) + 7 [EDE, n = 3]

B Planck 2018 TT4+TE+EE [EDE, n = 3]
ACT DR4 + Planck 2018 TT+TE+EE (no low-¢ EE) + 7 [EDE, n = 3]

ACT alone

| ACT + Planck TT (ell<650)
N Planck alone _
| x\ Hy = 69.1719-53 km /s/Mpc

F ol - X fepe < 0.124 at 95% CL
ﬁ y\ EDE preference goes away
P when ACT is combined with

| 1n Planck (overall constraining

~ power still Planck-
=, = dominated)
0.96} - L [
TN Toaa  m—— ¢
¥y 0.8 ~—
e ey @ .
0.64} i il il |
01 02 03 04 33 36 309 0.6 1.2 1.8 24 66 72 78 84 90 0.640.720.800.830.96 JCH et al. (2021)

JEDE logyo(c) 0; H, S8 JCH et al. (2020)



Colin Hill

Origin of ACT EDE Hint Golurbic

JCH et al. (2021)



Origin of ACT EDE

LCDM
residuals

EDE
residuals

JCH et al. (2021)
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Hint

,/ \‘ ACT ACDM best fit
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Origin of ACT EDE Hint

LCDM
residuals

EDE
residuals

lowest el

bins In EE
drive the
preference

JCH et al. (2021)

ADEP [uK?]

ACT ACDM best fit
-- ACT EDE (n = 3) best fit
¢ ACT DR4
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A4 A hd
(best-fit EDE) - (best-fit ACDM)
o residuals to ACT EDE (n = 3) best fit
¢ residuals to ACT ACDM best fit

4000
o
e
=
H
HQN 2000 A
0_
80 1
&
he
= 0
=
EHs
S] —80 1
100 1
o
=
=
Hw
Q —100-
—200

———————

Colin Hill
Columbia

1T

TE

EE

overall
preference
~2.10

o (A2 = -8.7)



Origin of ACT EDE Hint

6000 -

ACT+PlanckTT650 ACDM best fit
--  ACT+PlanckTT650 EDE (n = 3) best fit
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1T

TE

EE

overall
preference
~3.20

4 (Ax2 = -15.4)
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Next: ACT DR6

(target: later this year)

30
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ACT DRo6 Forecasts v

ACT TT + TE + EE : precision cosmology beyond Planck

ACT DR4 + Planck +
ACT DR4 WMAP Planck ACT DR6

0.1

~2X increase in sensitivity to new light relic particles

Large improvements in beyond-ACDM parameters: T

PRELIMINARY FORECAST

Upcoming ACT DR6 precision cosmology constraints will
surpass those from Planck (Ho, Nett, Zmy, 08, + beyond-ACDM
models) — stay tuned!
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Discovering EDE in the CMB?  coumei

JCH et al. (2021)
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Discovering EDE N the CMB"?  coumbie

6000

—— Planck EDE (n = 3) best fit
TT ---- ACT EDE ( 3) best fit
& 0 ~--=  ACT+PlanckTT650 EDE (n = 3) best fit
= -~ ACT+PlanckTT650+Lens+BAO EDE (n = 3) best fit
B@T 2000 1 ---- ACT+Planck EDE (n = 3) best fit

ACT best-fit EDE - s
Planck EDE - e o~ —

— —— (ACT best-fit EDE) - (Planck best-fit EDE)
/ —— (ACT+PlanckTT650 best-fit EDE) - (Planck best-fit EDE)

ACT+P18TT1T650 EDE - /"“
Planck EDE ‘ e

Imminent potential = LA

discovery with upcoming  &.. = T oo

ACT DR6 (~2023): the . -
models shown g jﬁm
here can be oY

distinguished at ~200

AD}T

_9
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EFDE Puzzles & Problems  ©vmee

McDonough, Lin, JCH, Hu, Zhou (2021); Lin, McDonough, JCH, Hu (2022); JCH+ (2020); lvanov+ (2020)
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EFDE Puzzles & Problems  ©vmee

* Coincidence problem: why should these new dynamics appear
near Zeq? [—> V(0), V()]

* [nitial conditions: axion-like field must start near top of cosine to fit
Planck (e.g., Lin, Benevento, Hu, Raveri (2019)) [—>V"(®)]

e “Tension-trading”: Ho Is increased at the cost of adding
significantly more dark matter and increasing ns, hence raising Ss

0.88 |- 1

¥ 0.84

0.80

68 70 2 74

7
Ho

McDonough, Lin, JCH, Hu, Zhou (2021); Lin, McDonough, JCH, Hu (2022); JCH+ (2020); lvanov+ (2020)
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Early Dark Sector

A Dark Matter Trigger for Early Dark Energy Coincidence
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2112.09128 w/ Evan McDonough, Meng-Xiang Lin, Wayne Hu, Shengjia Zhou
2212.08098 w/ Lin, McDonough, Hu
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Early Dark Sector Columbia

Goal: explain why EDE dynamics at zc are coincident with zeq by
coupling the EDE scalar ¢ to the dark matter, such that DM triggers
EDE evolution rather than the bare potential V(o)

e Field dependent dark matter mass: 4y, (@)

e Effective potential: Vg = Vi 4+ Mam(P)Nam

Lin, McDonough, JCH, Hu (2022)
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Early Dark Sector Columbia

Goal: explain why EDE dynamics at zc are coincident with zeq by
coupling the EDE scalar ¢ to the dark matter, such that DM triggers
EDE evolution rather than the bare potential V(o)

e Field dependent dark matter mass: Mgy, ()

e Effective potential: Vg = Vi 4+ Mam (@) nam
Generically this produces evolution in the DM mass

Problem for acceptable Ampw/mpm and generic initial conditions:
slope of bare potential in axion-like EDE is too high to “trigger” off
the EDE-DM coupling

Solution: flatten V(¢) into a plateau and choose clever EDE-DM
coupling m(¢), such that Ve($) ~ pom and ¢ is released from
Hubble friction near zeq

Lin, McDonough, JCH, Hu (2022)
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Early Dark Sector Columbia

Goal: explain why EDE dynamics at zc are coincident with zeq by
coupling the EDE scalar ¢ to the dark matter, such that DM triggers
EDE evolution rather than the bare potential V(o)

Solution: flatten V(o) into a plateau and choose clever EDE-DM
coupling m(®), such that Vei(®) ~ pom and ¢ is released from
Hubble friction near zeq

Lin, McDonough, JCH, Hu (2022)



Early Dark Sector

Solution

e Coincidence solved: field starts to roll because of equality

e Initial tuning solved: field will roll to edge of plateau from wide

range of initial field positions

e Late growth solved: m(¢) o< 1 + g¢* suppresses 5th force ¢ — 0

faster

N\ .
timed release

slower

Vert(9)

y

reduced coupling

lllllllllllll

Lin, McDonough, JCH, Hu (2022)
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Early Dark Sector Columbia

 §,=8,g=075 | | —

Basic validation: can successfully | o=o0- 0.68 |
- —— §;=4,9=0.56 !

lower rs, raise Ho ~ 71.2 km/s/Mpc '

4 EDE field
I evolution

¢/t

0.10F |
= |
o |
§ DM mass |
= ' |
3005k evolution i
S :
< :
0.00 I *: X
0.10F
EDE
" energy
o density
“~0.05[ fraction

evolution

0.00

Lin, McDonough, JCH, Hu (2022)



Colin Hill

Early Dark Sector Columbia

989 075|

Basic validation: can successfully | — o-eo-ose
: - —— 0,=4, =0.56:
lower rs, raise Ho ~ 71.2 km/s/Mpc T

¢/t

41 EDE field
I evolution

Best-fit parameters to

Planck+BAO+SNIa+SHOES  ——ll

+DES-YS:
Model EDE [tEDS(p=8) _0-10F §
fEDE 0.108 0.112 ED o .
loglo Zc 3.56 383 \2 evolumtﬁ)sns :
Hy 71.96 71.21 Eoo.os-
Ss 0.8236 0.8200 <
0.00 |

- Goodness-of-fit nearly identical to EDE 0.10k

- Coincidence problem resolved EDE
- Fine-tuning of initial conditions resolved & dorstty
“~0.05F fraction

- Sg problem partially ameliorated

evolution

0.00F—, . . L
Lin, McDonough, JCH, Hu (2022) 109102
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Early Dark Sector Columbia

However: excess field fluctuations induced by rolling in Vei(®)

Consider increase in initial field position (8i), hold zc and V(®) fixed

1.5 —— tEDS p = 8: best

1 — tEDSp=8:9,-+ \/\
— ref: LCDM \

t P18

s AT I,

>

S

= ob
G TN

<]

\
’ ‘ ’ L7 "\\
LTI
-l

-1.5 \ /|

500 1000 1500 2000 2500
/4

Result: data pick out specific 6; to achieve dynamical balance

L
\
P

Lin, McDonough, JCH, Hu (2022) Next: MCMC/further model improvements
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Challenge:
| yman-a rorest

Goldstein, JCH, Irsic, Sherwin (to appear) 44
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LyO. FO reSt Columbia

Absorption lines due to HI clouds along the LOS to a distant quasar

200 1050 < Agrr < 1093.3
1093.3 < Are < 1136.6

< 1

- 150

> 1136.6 < Arr < 1180

72

o0

5 >
~ 100/ -~

S Lya forest

=

o

2

R SOWM W

0 _
1000 1100 1200 1300 1400 1500 1600
Are[A] oixel flux
(1)
o) = / — -1
Cq(/l)F (ZLya)

Chabanier et al. (2019) quasar continuum mean trans. flux fraction



Lya Forest

Observable: 1D flux power spectrum

BOSS/eBOSS: ~44,000 quasar spectra (moderate S/N)

1 I LI I L I L l L I LI l L I | ] L I | L

5 B _
% o + i
) ]
X
N
D_ —
107 — —
@ z=22 z |
@ z=24 @~ z=36
z=3.8
@ z=26 —@- =40
10_2 @ z=28 a2 —
~®- z=3.0 @ 2-44 -
L z=3.2 @ z=46 :
PR TN N A TN TN T AN TN T N N SN SN N AT T M NN SO S I TS N R A N R
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.92
k (km/s)

Chabanier et al. (2019)

Colin Hill
Columbia

k~0.01 s/lkm «—— k~1 h/Mpc at z=3
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LyO. FO reSt Columbia

Observable: 1D flux power spectrum

XQ100: 100 quasar spectra (high-S/N)

—o— 2=3.0 —e— XQ-100 data
—o— 2=2306 . BOSS 2013

03l —o— 2=42 A HIRES2013@7z =42 Hﬂ Hl 7

+ MIKE/
HIRES

spectra at
7=42-54

0.04

0.02¢

0.01 . ' ' . '
0.001 0.003 0.006 0.01 0.03 0.06

k [km™!s]

Irsic et al. (2017); Viel et al. (2013)
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LyO. FO reSt Columbia

Information content fully contained in compressed 2D likelihood

amplitude A} = k*Pin(kp, 2)/(27%)  atk, = 0009 sk
slope  np =dln Bin(kp, 2p)/dInk and zp = 3

—-2.29 ,
)
< —2:30 ‘p
/,
008l | ~2.311 =
& 097f /‘\ - : . .
0.96 1 0.30 0.35 0.40
e . A?
0124} ! . '
3 o120} +
ever . T CMB only (validation
0.0225F e~ | B + Lya (direct) using sims
a —— + Lya (compressed)
3 00220} T here)
0.0215 } . B T
70 | ’ S
)
T - |
64 V -
o8} | | + | | | + | + o '~
-3 0_6 - e e - - -
McDonald et al. (2005); & o} " il ! ' 1 il X
Pedersen, Font-Ribera, LS/ 1 (\-’ [T . NV
. 22 23 096 098 0117 0.123 0.02 64 67 70 01 05 09
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Lya Forest

Colin Hill
Columbia

Inconsistent with prediction of EDE model fit to Planck CMB + BAO

0.5
—— Planck 2018+BAO EDE (Best-fit)
—— Planck 2018+BAO ACDM (Best-fit)
—— eBOSS Lya ACDM (Best-fit, C.18)
XQ-100 Lyae ACDM (Best-fit)
—~ 0.4- Pivot wavenumber (kp)
=
&
Py
- k (h/Mpc)
g 0.5 1.0 1.5
Q: 8 T
o = . .
<2 0.3 - < increasing
S 6 T fepe
3
Z=3 <
0.2 2
0.5 1.0 1.5
k (h/Mpc)

Goldstein, JCH, Irsic, & Sherwin (to appear)



Origin of EDE Changes to P(k)coun

Why? Parameter shifts necessary to compensate
enhanced early ISW effect in EDE cosmologies

Smith+ (2019); JCH+ (2020); Vagnozzi (2021)



Or|g|n of EDE Changes to P(k)

ACDM
EDE

/M

Colin Hill
Columbia

Why? Parameter shifts necessary to compensate
enhanced early ISW effect in EDE cosmologies

<——large increase in Wedm
needed to compensate for suppression

of perturbation growth by EDE (“early ISW”)

| '/ l«——and increase in ns

2

fits to Planck + BAO + RSD +
SNla + SHOES

»w
| // \

Hy

Wedm

10— wb

68 71 74 0114 0126 0138 222 227 232 21 22 23 096 098 100 0.04 008 0.12
10~ As Ng Treio

Smith+ (2019); JCH+ (2020); Vagnozzi (2021)
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Lya Forest: EDE Constraints coumi
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Colin Hill

Lya Forest: EDE Constraints coumes

Taken at face value, Lya forest excludes EDE resolution of Ho tension

Base
Base
Base

ine (CMB+BAQO): Ho = 69.0 +0.6 -1.0 (best-fit = 70.1) km/s/Mpc
ine + eBOSS: Ho = 67.9 +/- 0.4 (best-fit = 67.9) km/s/Mpc
ine + XQ-100: Ho = 68.2 +0.5 -0.6 (best-fit = 68.2) km/s/Mpc

Goldstein, JCH, Irsic, & Sherwin (to appear)



Colin Hill

Lya Forest: EDE Constraints coumes

Taken at face value, Lya forest excludes EDE resolution of Ho tension

Base
Base
Base

ine (CMB+BAQO): Ho = 69.0 +0.6 -1.0 (best-fit = 70.1) km/s/Mpc
ine + eBOSS: Ho = 67.9 +/- 0.4 (best-fit = 67.9) km/s/Mpc
ine + XQ-100: Ho = 68.2 +0.5 -0.6 (best-fit = 68.2) km/s/Mpc

Even direct inclusion of SHOES (Ho = 73.04 +/- 1.04 km/s/Mpc) hardly

moves the Lya EDE posteriors

Note that the hydro simulations used to construct Lya likelihoods do

include P(k) that well-represent EDE models

Are the BOSS/eBOSS/XQ100/MIKE/HIRES Lya data fully secure? There is
already some tension w.r.t. Planck even in ACDM. Our results motivate

close scrutiny!

Goldstein, JCH, Irsic, & Sherwin (to appear)
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Generalized Dark
Matter —> Dark
Radiation Conversion

See
https://arxiv.org/abs/2210.14339

F. McCarthy & JCH (2022) S
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Einstein-Boltzmann
Emulators
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Bli Surio Mancini, JCH, Madhavacheril, et al. (to appear)




CosmoPower

Colin Hill
Columbia

Cosmological observables are smooth functions of the input parameters:
easy to emulate at high accuracy with modern neural networks

Cosmological parameters,

Spurio Mancini et al. (2022)

AR >=

27 N\ NS

&/ ) 7/ /

Y@‘(‘Q&&"Z’:Ak\‘m

\

( 7
47

NV 7
X LA %
RN
Y/

hidden layers

Y
\
0

\

N
% Wi

7

Y,
w
; A\\./ 4

%

2N\ AN TR




Colin Hill

Th 10, ret| Ca‘ ACC L raCyCqumbia/CCA

Are the default accuracy settings in CAMB/CLASS OK for ACT/SO?
Almost, but not quite! Higher accuracy needed in lensing calc.

JCH et al. (2021): arXiv: 2109.04451 ; McCarthy, JCH, Madhavacheril (2021): arXiv:2103.05582



Colin Hill

Th 10, retICa‘ ACC L raCyCqumbia/CCA

Are the default accuracy settings in CAMB/CLASS OK for ACT/SO?
Almost, but not quite! Higher accuracy needed in lensing calc.

30 { — higher accuracy (CAMB)
— - higher accuracy (CLASS)
25 - /
1077 1
1 ~
s 107
= ]
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O
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a0 : Iy
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1079 1 | i |
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JCH et al. (2021); McCarthy, JCH, Madhavacheril (2021) 500 1000 1500 2000 2500 3000 3500 4000 4500



Colin Hill

Th 10, ret'Ca‘ ACC L raCyCqumbia/CCA

For ACT DR4, this correction shifts some parameters by ~0.2-0.30

porimary parameters affected are
(Qch2 and ns

but this propagates to Ho and os

Ho=67.9+1.5 km/s/Mpc ACT (original)
Ho=68.4%+1.5 km/s/Mpc ACT (high-acc.)

Ho=67.6x1.1 km/s/Mpc ACT+WMAP (original)
Ho=67.9+1.1 km/s/Mpc ACT+WMAP (high-acc.)

JCH et al. (2021)
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Colin Hill

COsmOPOW6r+ - Columbia

Goal: build emulators using very high-precision CLASS calculations
— these require 1 minute per evaluation (much slower than default!)

- CMB TT/TE/EE power spectra accurate to < 0.5% at all multipoles < 104
- Linear P(k) accurate to < 0.5% at all k < 50 h/Mpc

- Distance-redshift relation; H(z)

- BAO observables

- Derived parameters (os, Bs, etc.)

- Factor of 100-1000x speedup per Boltzmann call in MCMC
- NNs are tully differentiable (can be used in gradient-based inference)
- Can be run on GPUs for further acceleration

Models run thus far (128,000 parameter sets each):
ACDM, +Negfr, +My, +W

Bolliet, Spurio Mancini, JCH, Madhavacheril, et al. (to appear)



Colin Hill

COsmOPOW6r+ - Columbia

It works :-)
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Bolliet, Spurio Mancini, JCH, Madhavacheril, et al. (to appear)



Colin Hill

Validation on Test Set Columba

Assess accuracy in terms of forecast CMB-5S4 error bars: < 0.070!

TT power spectrum
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Bolliet, Spurio Mancini, JCH, Madhavacheril, et al. (to appear)



Colin Hill

ACT DR4 Reproduction oo

~few minutes on laptop vs. ~few days on CCA cluster (!)



Colin Hill

ACT DR4 Reproduction oo

~few minutes on laptop vs. ~few days on CCA cluster (!)

B actpollite/class
— actpollite/cosmopower

[ )
T T
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1 1

3, Similar validation performed

on Planck CMB, CMB lensing,
BOSS BAO+RSD
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Trained networks will be
released via GitHub when
paper is submitted!
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Take-Home Messages

1) ACT and Planck preter somewhat different EDE model
parameters, with ACT yielding higher fepe and Ho

2) Early dark sector may help w/ coincidence, ICs, Ss of EDE

3) Challenge: Lya forest severely constrains canonical EDE

4)

CosmoPower: never wait for MCMCs ever again
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Bonus



Colin Hill

Lya EDE Validation e

—2.28

Inflate error bars
significantly
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Colin Hill

Lya EDE Validation  coume

B Baseline: Planck 2018+BAO
Bl Base+ns prior (0.96540.01)
B Base+ng prior (0.96540.005)
<. :/& Not (solely) driven by
= 2R 2 low eBOSS values: a
N tight external
= T0F + _— '
| m— constraint on ns at
P NS Planck ACDM value
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Goldstein, JCH, Irsic, & Sherwin (to appear)
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Lya EDE Validation

Do the hydro sim grids used in the Lya likelihood construction cover

Best-fit baseline
EDE P(k) at z=3
can be very
accurately
mimicked by
ACDM P(k) with
slightly tweaked
parameters

relevant Pin(k) for EDE analysis? Yes
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Goldstein, JCH, Irsic, & Sherwin (to appear)



Colin Hill

Lya EDE Validation  coums

Do the priors used in the Lya likelihood construction have any impact on
the compressed parameter likelihoods used in EDE analysis”? No

—2.25
Recomputation of
baseline EDE
g —9.30 - constraints with Ho
iIncreased by 10%
for each sample in
the chain
- Planck 2018+BAO
—— Planck 2018+BAO (110% Hy)
—2.35 | |
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Al

Goldstein, JCH, Irsic, & Sherwin (to appear)
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Lya EDE Validation e

Origin of the ns - fepe anti correlation for the baseline+eBOSS analysis

1.00 T
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Thus Bs/84 increases; but Bsis fixed by observations, so 64 decreases, i.e.,
ellqg Increases. Hence less damping at a given ell, so ns decreases to
compensate.

Goldstein, JCH, Irsic, & Sherwin (to appear)



