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‘ CMB (1978) DARK e ' Gravitational waves (2017)
75% ENgrGY 21% Jasr
‘ Theoretical cosmology (2019)

‘ Cosmic Acceleration (2011) ‘ Black holes (2020)
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The accelerating
Universe!

Saul Perimutter Brian P. Schmidt Adam G. Riess



The expansion of the Universe can accelerate i

ZAAN

In GR, to add new ‘repulsive matter’

b

To modify General

which contributes 70% total energy Relativity

Dark Energy Modified Gravity

~

G = 87GT,, G, = 87GT,,



The expansion of the Universe can accelerate i

ZAAN

In GR, to add new ‘repulsive matter’
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To modify General

which contributes 70% total energy Relativity

Dark Energy Modified Gravity

~

G = 87GT,, G, = 87GT,,

Galaxy surveys can break the dark degeneracy!
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What do redshift surveys measure?

?.

Northern Galactic Cap




What do redshift surveys measure?
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Large z-surveys: a key probe of the Universe
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Large z-surveys:a key probe of the Universe

Explaring the Invisible Force

Dark Energy Modified Gravity



Large z-surveys: a key probe of the Universe

Free-streaming
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Large z-surveys: a key probe of the Universe

Free-streaming
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New Mexico

2.5m

-

SDSS-IlI
Baryon Oscillation

>

Spectroscopic Survey

&

(BOSS) (z<0.6)
1.6M LRGs
The largest in the
past S years
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SDSS-IV
extended BOSS (eBOSS)
1M LRGs, ELGs and QSOs
(0.6<z<3.5)
Largest ongoing survey

N
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& DESI & PFS @
>30M LRGs, ELGs and QSOs
(0<z<3.5)

o

Largest in the next S years

4

PFS, 10m, (2021-2025)



Cosmic acceleration

Exploring the Invisible Force

Dark Energy
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BAO, RS
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SDSS-IV Catches the Rise
of Dark Energy

Time Since the Big Bang
(Billions of Years)

.'eBéSS-':(2014-2020) e T o =) Sy SDSS telescope @New Mexico -
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Latest result released on July 20, 2020 in 20+ papers

| s D s s Data  Surveys Instruments  Collaboration  Science

Search www

No need to Mind the Gap: Astrophysicists fill in

11 billion years of our universe’s expansion
history

@ July 19, 2020

The Sloan Digital Sky Survey (SDSS) released today a comprehensive analysis of the largest
three-dimensional map of the Universe ever created, filling in the most significant gaps in our
possible exploration of its history.

sdss.org
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eBOSS tracers

Lyman-a forest

Clustering quasars

Emission Line Galaxies (ELGS)
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* .. ELG (k-space): De Mattia et al, 2007.09008
* ELG¢s-space): Tamone ‘et al, 2007.09009

* ELG X LRG (k-space): G-B. Zhao et al, 2007.09011

* ELG x LRG (s-space): Y. Wang et al, 2007.09010

* QSO (k-space): Neveux et al, 2007.08999

* QSO (s-space): Hou et al, 2007.08998

* LyA BAO (s-space): du Mas des Bourboux et al, 2007.08995
*  Cosmological implications: Alam et al, 2007.08991

* * _Mocks, Catalog papers
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eBOSS footprint
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Bautista+, 2020; Gil-Marin+, 2020

eBOSS LRG 0.6 <z< 1 BAO feature

model
® data

&(s)s?[Mpc/h]?

Bautista et al. (2020)
plot by J. Hou and A. Ross
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Bautista et al. (2020)
(plot by Jiamin Hou, MPE)
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Bautista et al. (2020)
(plot by Jiamin Hou, MPE)
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(plot by Ashley Ru\\]
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B Fourier space (this work)
Il configuration space
Bl consensus

Dw/rdrag

sy[Mpc/h]

Dw/rdrag
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de Mattia+, 2020; Tamone+, 2020 Dty D

eBOSS ELG 0.6 <z< 1.1 BAO feature

—— model
; data ] de Mattia et al. (2020)

173,736 eBOSS ELGs, 0.6 < z < 1.1
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A

Clustering quasars (QSOs)
0.8<z2<2.2,744=148
~4700 deg?
~340 K spectra
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Hou+, 2020; Neveux+, 2020

eBOSS Quasars 0.8 <z< 2.2 BAO feature

343,708 eBOSS Quasars, 0.8 < z < 2.2
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Angular overlap

GBZ+, 2020



4 3¢ P 3 & /)

A
&) 4;?%@ La
. NATIONAL ASTRONOMICAL OBSERVATORIES, CHINESE ACADEMY OF SCIENCES

mr._|
|
Q
oF
=
(Ap]
=,
>
S
w
=
Q
o
—
3,
©
E
=
=
&0
8=
>
2
=
S
QO

Radial overlap

radial comoving distance [h ~* Gpc]
2.0 24 2.8 3.2 3.6

CMASS LRG

I” -1 eBOSS LRG

eBOSS ELG
eBOSS QSO

1.2 1.4 1.6 1.8 20 2.2
redshift




Why cross-correlation is cool?

* It can remove the cosmic variance, thus reduce the statistical

uncertainty!

1-tracer: dg = (bi+ fr®)d+er = £ (37 4 12) 6 + e

o2 3)2
C = 2<531> % _ (1;3)

32

2-tracers: dg1 =/ (87" +u)d+e dp=[f(aB " +p7) 5+ e

C = { <051> ’)qlf)q‘z] _ @ (‘3—1 _#2)2 (.3—1 +;19) (0‘13_1.;'_ #‘2) . l
~ [ (0g2051) (552) 2 [ (871 +p?) (af! + 12 (B~ +p%)” 2
g2 aft 4+ pu? . .
McDonald & Seljak 2008; Seljak 2009

51 B l+p?



Why cross-correlation is cool?

* It can remove the cosmic variance, thus reduce the statistical

uncertainty!

1-tracer: dg = (bi+ fr®)d+er = £ (37 4 12) 6 + e

2 a\2
C=2(62) Z- (1;;)

V)

2-tracers: g =[f (B +p%)d+e 2= f(aB " +p7) 5+ e

C— [ (\051\} :(55/1(.5.(1'_2.:"| _ @ (371 —;12)2 (B 4+ p?) (o~ + p?) ., l
[ (9g2041) ‘1‘4"33}‘ 2 | (B +p?) (aft +12) (B! +/12)2 2

b0 aft4+pu? . .

5 = McDonald & Seljak 2008; Seljak 2009
9 :

e It can reduce the systematics, as the photometry used for
observing different tracers are usually uncorrelated!



DEC (deg)
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Decent overlap between
_ eBOSS DR16
- LRGs and ELGs
= in AREA ~ 800 deg?

and in REDSHIFT [0.6,1.0]

> > - " Zhao, Wang et al, (6BOSS), 2007.09011 (k-space)
redsit 2 Wang, Zhao et al, (¢eBOSS), 2007.09010 (s-space)
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Modelling the general P(k) including the cross-correlation

bR Pos () + (165 + 5305 ) P 5 (k)
+ (b;*zb‘f + b}:zb‘f‘) Pys (k)
+ (6568 + BB, Proca (k)

A B . B 1A\ 2.1 pL
+ (565 + Bt ) 2 (P ()
+bAbBPb22(k) + bA bB Py 22(]() + NAB
PAB(k. = Dpoc (K, [PAB k 202 527527 °bs ’
2B (k, ) koG (k, 1) | PAB (k) 05)
| (6 + B%) Pao () + (65 + BE ) Proye()

+2f PRy (k) + £ 1 Pl (k) 1
» )
+

(bﬁz + b?z) Py (k)

+ (b + 5,) o2 (RPE(B)] (26)

+ARB () + BAP(k, o)

Pgoo(k) = Pgg(k), (27)

{1+ hun P 12) 28)

DFOG(k’ /J)

GBZ+, 2020
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DR16 LRGXELG NGC, 0.6<z<1.0 DR16 LRGXELG SGC, 0.6<z<1.0

I 4E+03

GBZ+, 2020
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DR16 LRGXELG (This work)

DR16 QSO
DR14 QSO 4-z
DR12 consensus
DR12 9-z
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GBZ+, 2020
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- - - BOSS gal.
—-—--BOSS gal.+ this work
Full BAO
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-—--BOSS gal.+this Work

110 detection of €, > 0 Zhao, Wang et al, (eBOSS), 2007.09011
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ALL16, AInE =0 a D,(z) favored by dynamical DE

in Wang+ 2018
% This work
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Wang+, 2020
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I H(z) favored by dynamical DE
in Wang+ 2018
% This work

- 40 bins
32 bins + 1decoupled wide bin

= = 32 bins + Ifixed wide bin
1
redshift z

redshift z+1

Wang+, 2018, ApJL Wang+, 2020
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N CMB T2P Determine the neutrino

BN CMB T&P+SN

BN CMB T&P+BAO mass hierarchy?
Not there yet!

) ~m,>0.0588eV  normal hierarchy,
Y m,>0.0995eV  inverted hierarchy.

Data T 95% upper mit [oV] |
Planck
Planck + BAO
Planck + BAO + RSD
Planck + SN
Planck + BAO + RSD + SN
Planck + BAO + RSD + SN + DES
Planck + BAO + RSD + SN (vwCDM)
Planck + BAO + RSD + SN 4 DES (vwCDM)



Measuring H, from BAO

BAO measures 8. (z) = Dy(2) /74,

and

2998 Mpc dz’

Bi(z) = /Oz /O

14+2)34+1—-Qp

B (z) = H(z)raq,

and

) (7,0, Q,}

B / ? 2998 Mpc dz’
0 Tqwil \/1—|—z )3 + h?/wpy, —
H
h=—, w,=Q, h?

100’

—) {Td, h, (Um}

A prior on w,, 1s needed to get h!



0.36 - W BAO 78 I BAO
’ BAO+SN BAO+SN
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Pogosian, GB, Jedamzik, 2009.08455



sl Lo BAO+SN+DES 1.00 1
A BAO-+SN+DES+SL
75.0 Planck ACDM — 0.751
f‘j ........ BAO
= 725 & 0.501 — BAO+Q,,h2 = 0.143 4+ 0.0011
[oN
= —.— BAO+Q,,h? = 0.145 + 0.0014
-70.0 0.25
E ---- BAO+SN+DES+PL+OHD
. 0.00 ; : e
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T 650 rah [Mpc]
62.5 -
60.0 1
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Td [MPC]
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BAO+SN+OHD | : : : : , : Sy
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o
=
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o
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7a [Mpd SL: SPTpol lensing
PL.: Planck ]ensing Pogosian, GB, Jedamzik, 2009.08455



Can the H,, tension be solved by reducing r4?

- BA0(15), 0,k = 0.143

\ . BAO
I Planck ACDM

M. Q,,h2 = 0.143
0% Quh? = 0.154
6 Q,,h? = 0.167 |
ﬁmmmﬁmm=am3\

\
[y

135 140 145 150
rq [Mpc]

re [, cs(2)dz/H(z)

"= D) T [Feds/H()

Ta f: ¢s(z)dz/H (z)

D(zops)  [Jo*cdz/H(z) ’

9BAO ( zobs) -~

Jedamzik, Pogosian, GB, 2010.04158



Can the H, tension be solved by reducing r;? NO!!

0.95 1 DES
I Planck ACDM
1 Model 2

0.901 Model 3

0851
o5
0.801 Sg = Ug(Qm/0.3)0'5
0.751
0.15 0.20 0.25 0.30 0.35 0.40 0.45

Oy

Jedamzik, Pogosian, GB, 2010.04158



H, [km/s/Mpc]

r dh [Mpc]

o
0.85| -
e T
2 ex
- X+ . ]
0.80_— < PY — DES
7 DES+
2 / KV450
0.75 ; } ¢ { 4
75 s
. | SHOES
N a O v |
70 - < ® * g T
’)K
i
65 - } }
106 - ° i
104 - < .
L +
°
102 + »* o =
! ° - ]
100 + + 1 BAO
98 - : '
0.13 0.14 0.15 0.16

XX+ 00 %0V A 4

ooOomnm

1902.00534 (Kreisch et al 2019; moderately interacting)

1902.00534 (Kreisch et al 2019; strongly interacting)

1811.04083 (Poulin et al 2018; EDE model 1)

1811.04083 (Poulin et al 2018; EDE model 2)

1904.01016 (Agrawal et al 2019A)

1902.10636 (Pandey et al 2019; decaying DM; PLC+R18)

1902.10636 (Pandey et al 2019; decaying DM; Planck+JLA+BAO+R18)

1904.01016 (Agrawal et al 2019A; Neff)

2006.13959 (Gonzalez et al 2020; ultralight scalar decay)

1811.03624 (Chiang et al 2018; non-standard recombination 1)

1811.03624 (Chiang et al 2018; non-standard recombination 2)

2004.09487 (Jedamzik & Pogosian 2020; PMF model 1)

2004.09487 (Jedamzik & Pogosian 2020; PMF model 2)

1906.08261 (Agrawal et al 2019B; swampland & fading dark matter)

2007.03381 (Sekiguchi et al 2020; early recombination)

ACDM

1507.04351 (Lesgourgues et al 2015; DM-dark interaction)

1909.04044 (Escudero & Witte 2019; Neutrino sector - extra radiation)

2009.00006 (Niedermann & Sloth 2020; new EDE)

1803.10229 (Kumar et al 2018; dark-matter photon interactions;
massive neutrinos, Neff > 3.04)

Jedamzik, Pogosian, GB, 2010.04158
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Stage IlI — =

Stage 11l w/o SDSS —— |  —o—

Stage Il + SDSS

Stage |l . ] I _._ _'_._
0.285 0.300 0.315 0.68 0.70 0.0 0.008 0.016

o
o

Qy
-
h
* —

0.72 0.80 67.5 69.0 705 —-108 -1.02 -0.96 0.0 0.5 1.0
(oF: Ho wo Zm,, [eV]

Alam+, 2020
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Summary

* ¢BOSS completed successfully with ~1M spectra covering 0.6<z<3;

* A multi-tracer analysis was performed for LRGs and ELGs, and a RSD
signal 1s detected at 4 o 1n the cross-power spectrum;

A standard ACDM model seems fine with data, but extended models
(dynamical DE, modified gravity, neutrinos, etc) are worth exploring in

more depth.



