


Intfro to Cosmology

The Universe is expanding
We call its expansion rate H,,
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How do we know thate

ULBW-IID "H HIP31D

« Knowing intrinsic brightness of
object, we know its distance by

measuring its apparent - We know the physical size of a
orightness known feature

* Redshiff tells us how fast it moves . Explained in further detail in
away from us following slides

« =>0Obtain expansion rate of
(loccl) Unlverse Benedict BAHR-KALUS « P2



Standard rulers?e
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We can weigh Universe

With this so-called

Alcock-Paczynski effect

E(z,Q) —» Q
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Standard rulers?e

If L is not known, we can
establish the following

A (O, 7,0) Aer cdz lati
535 = — relartion,
. 0 HEZ, Q) !
" 4 d ’ Z d ’
-Ae LzAgjc—/Z= gJ‘C—Z/
.. 0 H(z',Q) 0 HyE(z', Q)
L 4
*oed?
HoL = A0 ————
0 E(Z,Q)

Having established
measurement of

E(z, Q) on previous
slide, we can infer
expansion rate, but it is
degenerate with length
of standard ruler L
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Gold standard ruler:
BAO

BAO not visible with the naked eye. In practice, we measure it statistically through the 2-point

correlation function &(r) or its Fourier counterpart, the power spectrum P(k):
1. We need to assume a fiducial value for Qufid for tfransforming z into d
2. We also need to assume a template/fiducial cosmology (whose r4fid) for a reference

true

rue ”’J‘ 0DS.
All scales (including BAO) along/across the LOS are N = DY rn,bl
“oed? cAz
D = A0 ~D 7 o~ ~

We measure the relative displacement .1 of the scales with respect to a template,

* caused by inaccurate choice of Qufid
e caused by the inaccurate choice of r4fid

[Dy(@)rg1™ = @ - [Dy /7,1 (D@11 = a, - [Dy 7,17

é:Obs(r”, ry) = éﬁd(a”””, ar) PObs(k”, k)= Pﬁd(k”/a”, kilo))
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Hubble tension

H, from standard candles (blue) discrepant with CMB/LSS constraints (magenta)

WhOT mlghT be gO|ng One Cepheid+SN [Murakami+23]: ——
° 1 Cepheid+SN [Riess+22] - —_—
SYSTemOTICS TRGB+SN [Freedman+20] ———
. TRGB+SN [Scolnic+23] A —_—
¢ ACDM IS WrOﬂg Megamasers [Graziani+19]§ *®
« If 50, is our BAO standard  paeens a2y =%
ruler reO”y 147 MpC BAO+BBN [Schoneberg+22] { —e—
Ion 2 BAO+ShapefFit [Brieden+22] A —o—
g : LSS Full Shape [Zhang+22]{ —e—
 Is there an alternative 8 70 T2 74

Hp [km/s/Mpc]

standard rulere
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Radiation- vs Matter Domination

The effect of sub-horizon radictic /v
T

In (61)

k = 0.5keq
1.0 ° °
0.8 o
Pristine relativistic era fluctuations ¢
0.6
Py [ ]
=
&~
0.4
Suppressed dep on how much time spent w/in
0.2 - horizon during relativistic epoch
aleq 00 T T T T T T T T
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
a/eq k/k
eq
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Model-independent approach

Alternative to full-shape
modelling: Localising
Turnover scale similar to
what we do with BAO

Parameterisation following
[Poole et al. 2011]:

two slopes (m, n)

One amplitude Prq =
One turn-over scale 2
kto z
kto.fq = 16.6h/Gpc A 10

_ 0194 6685-0.12110g,0(,)
TO ™ 0321 7¢d
[Prodo+]bl]
Probability of m > 0 gives

turn-over detection
probability

kTO ~ keq

P(k) = PIo™%  P(k) = PIg™

log (k Mpc/h)

BAO (here
a systematic)

/

—1

X =
log (kTO Mpc/h)

T
102

k in h/Mpc

T
10—t
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Model-independent approach

Analogous to BAO measurements:
P%(k) = P(k/orpp)
[Dy(2)/ry]"™™ = ag - [Dy /1"
o ~ aé)(.l685—0.12110g10(a)b,ﬁd)
No model assumptions needed to measure aq
Need model to interpret apg-measurement cosmologically:
“ da
o a’H(a)

2.Scale factor at equality: aeq = €2,/Q,,

1. Horizon size at equality: ry = c[

. . c [*d7
3. Angular diameter distance: D4(z) = /
(I+2)Jy HE)

C
4. 3D dilation measure: Dy(z) = 3/ (1 + Z)2D§X(Z)—Z
H(2)

Only need to model H(a) during relativistic epoch, H(z) since redshift of tracers,
(and probably €2,)
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Model-independent approach
Deprojecting modelling systematics

4-parameter power spectrum good

approximation around furnover, koY = (15.0114) x 1073

but fails at smaller scales

Scale cuts remove important
broad-band information

Increase covariance matrix
C = C + lim rfBAOFBAOT 1,

expec’red moccurccy ofzmodel
fEAO — Pﬁd(k) Pl NggpX

eq,BF

Method does not bias kTO .
-measurement Fro M

00
Q
Q
Q
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eBOSS

Largest stage-3 spectroscopic data volume: eBOSS QSO

343 708 Quasars, 0.8 < z < 2.2, 4699deg?
Comes with Rezaie et al. (2021)’s systematic weights

optimised for eBOSS DR16 fy measurement [Mueller et
al. 2021]
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eBOSS ultra-large-scale
systematic treatment

100000 - —— linear treatment
—— mean mocks
75000 1 —+— neural network
= 500001
= 25000
= 01
o
25000 1
50000 1 NGC
10~3 1072 10~!
k [h/Mpc]

eBOSS QSO DR16 [Mueller et al. 2021]

Train neural network on 60% of the sky,
validate on 20%, test on remaining 20%
(SYSNet [Rezaie et al. 2021])

Great flexibility for response shape
(though overfitting is a problem)

Allows to include cross-correlations
between foregrounds

Shown to work great for eBOSS QSO

Two-point estimates may be biased
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| Ezmocks [
eBOSS Quasar Results
NS
At largest scales: Gaussian Ganssian
assumption on power et
spectrum likelihood breaks
down 3
Windowed P(k) hYpO' £ :: eBOSS Data
exponentially distriouted = .
[Peacock&Nicholson?1] 2
Well-approximated by N
Gamma-distribution =]
[Wang+19] 2]
Gaussianisation through &
Box-Cox transformation - % @
Z = |P(k)]

P(keq)

keq m n
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300 |

1 EZmocks

eBOSS Quasar Results

100 A

I Mgl

T T T T T T
0.010 0.012 0.014 0.016 0.018 0.020

Fiducial value: o .
kTO,ﬁd = 166h/GpC Gaussianised T
With Gaussianised I

Ejﬁllsggk])g]fed P(k) [WGﬂg ef gf eBOSS Data

kro = (17.6113) h/Gpc

Biased result with Gaussian

9,050, 0,0, 0y G, G, 7, 7, 7
1 1 1 1 1 1 1 1 1 1 1

O

likelihood :

No evidence form > 0 :.

However, we do find

inflection point at the

expected scale |

2

T T T T T T T T
QIR IO, S NG S S SN S S SR A RPN RN
R A M L P A N T EF O

P(keq)

keq m n
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eBOSS Quasar Results

Assume inflexion point is turnover
Define rdﬁidndependen’r standard ruler

Dy~ ry
%4 =Dy Hid
Ao = 1.O7J_r0:%
cf. o, = 1.025 £ 0.020 [Neveux et all.
2020] = ]
87G 40T v =
r = 3H8 C3 (1 + 02271Neff) g (f’.) N
Assuming 3 standard neutrino species, =
direc;r meosurerr(;%?lf of S S
_ +0.
Q, h? = 0.159+0941 N
In combination with Qm from BAO or SNe, > : : : : .
we get Hy = (74.7 + 9.6) km/s/Mpc S W
(with Pantheon) and 0

Hy = (72.9%4%°) km/s/Mpc (with eBOSS

LRG and Lya BAO) without any sound
horizon information
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eBOSS Quasar Results

Cepheid+SN [Murakami+23]
Cepheid+SN [Riess+22] E
TRGB+SN [Freedman+20]
TRGB+SN [Scolnic+23] ]
Megamasers [Graziani+19] ]
CMB [Planck+20]
BAO+CMB [Alam+21] i
BAO+BBN [Schoneberg+22] ]
BAO+ShapefFit [Brieden+22] -
LSS Full Shape [Zhang+22] ]
BAO+TO [Bahr-Kalus+23] ]

SN+TO [Bahr-Kalus+23]
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DESI forecasts

DESI QSO similarly deep as
eBOSS QSO sample -> no
access to new scales, but 3
times the area

V. ~ 8 times larger (at TO
scale)

P(m>0)=0.97

Aoq = 1.018¥)055

H, = (66.37]7) km/s/Mpc

Blinded preliminary YT QSO
results indicate we are on a
good way

P(k) [(Mpe/h)’|

10 A

Zide

—— Gaussianised I
+  mock data (North)
X  mock data (South)

102 101

k [h/Mpc]
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Radial integral constraint

Radial selection function of
random catalogue
calibrated on radial
distribution of data

Nulling of radial modes [de
Mattia&Ruhlmann-Kleider1?]2

Radial integral constraint ¥
crucial for DESI LRG ultra- &
large-scale measurements

Preserves position of DESI
LRG furnover

pc h™1)3]

led

no window

---- with window
T with global IC
—-—- with radial IC

Prag
-

””””

__uu'“ﬁ ____
0 T 7 =

—2

1073 1072 10-1
k [h Mpc™1]

[de Mattia&Ruhlmann-Kleider19]
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Euclid forecasts
Euclid Large Mocks from Pinocchio lightcones (credit: Pigi Monaco)

Simulations performed with PINOCCHIO v4.1.3 and (mostly) v5:
«  ACDM cosmology similar to Flagship 1
M.=1.5-100 M./h, smallest halo has 10 particles
outputs at z=1, 0 + lightcone + histories
periodic boxes available on request

CREDITS:

computing time provided by INFN, CINECA (ISCRA-B),
INAF (Pleiadi)

post-processing time provided by SGS
storage provided by SGS and INAF |IA2 archives
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Euclid forecasts

Constraints on mock mean

« Measurement in 3 lowest
redshift bins

- Allow for different P(k)
amplitude

«  Ofther 3 parameters kept
equal at all redshifts

. apg = 0.9811)0°8 errors 4

times smaller as eBOSS errors
- Detection probability
(m > 0): 85%

Lightcone vs box size

3500

3000 +

2500

2000 A

Mpec/h

1500 H

1000 ~

500 1

—— Small box

Large box

0

0 500 1000 1500 2000 2500 3000 3500
Mpc/h

Credits: J. Salvalaggio
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Conclusions

Power spectrum turnover provides alternative standard
ruler independent of BAO

eBOSS QSO power spectrum not precise enough to
determine gradient on scales larger than the turnover

Scale of turnover in agreement expectation

Euclid Y1 will establish evidence for the turnover at 85 per
cent confidence level

97 per cent with full DESI QSO sample
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