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* Introduction to cosmology & Lyman-alpha forest
* P1D estimation

e Results from high-resolution spectra

* Results from DESI early data

* Metal properties through P1D

* Plans for Y1
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Introduction

Current standard model of cosmology is
based on:

* Dark energy: Accelerated expansion. What
is its place in particle physics?

* Dark matter: Most of the matter in the
universe. Not part of the standard model
of particle physics.

ACDM model is successful in explaining
observations

=»Beyond standard model physics
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* A quasar is a very bright, distant
and active supermassive black
hole.

* The neutral hydrogen scatters
the light emitted from quasars,
which forms absorption lines.

> 1216 A
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Distances in cosmology
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* Cosmic expansion Doppler shifts both emission and absorption lines.
Everything recedes, hence redshifts.

Aobs = (1+ Z)/ltrue

v .
2= 7 (Doppler shift) Important redshifts:

H,d (Hubble’s Law) " Now (Earth): z=0

°VD

= Galaxies: 7<2

Z cdz’ = Lya forest: 2<z2<4.4
d = = CMB: z=1100
0

H(z"
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Power spectrum
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Power spectrum quantifies the
amplitude of density fluctuations.

The model (black line) agrees with
the data, which spans ~10 Gyr in
time and 3 decades in scale.

e T_CMB: 370k years
* T Lya: 1.5--3 Gyr
T Galaxy: > 10 Gyr

Lya forest is sensitive to small
scales.



Warm dark matter

Villasenor et al. 2023

mwpwm > 3.1 keV
e 4.2< z< 5.2from 15 quasars

z=4.6

I mWDM:5.0keV
0.5F — mWDM:4.0keV
mwom = 3.0 keV
0.4F — mWDM:2.OkeV
B
k [s km™]
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P, (massive) / Pk (massless)

he sum of the neutrino masses

Palanque-Delabrouille et al. 2015

Ym, < 0.12eV (BOSS + CMB)
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Minimum mass
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Level from CMB

o
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----Xm,=05¢eV, z=4
—-Xm,=05¢eV, z=2
——Xm,=0.5¢eV,z=0
----Xm,=1.0¢eV, z=4

e
N

o
o

III]IIII[IIllllll][lll]lllIllllll TTTT

e
o

—-Xm,=10eV,z=2

~ Lyman-alpha

1 *Normal hierarchy: 0.057 eV
4 *Inverted hierarchy: 0.097 eV

DESI Forecast:
Oym, = 0.02 eV

04 -
—Xm,=1.0¢eV,z=0 .
0-104 T 102 ';'(')_, 1' Science, Targeting, and Survey Design:
k (h Mpc™) https://arxiv.org/abs/1611.00036 (2016)

9/8/23

Naim Karacayli 9


https://arxiv.org/abs/1611.00036

i i ' RK ENERGY
DESdmw is e the largest spectroscopic survey for dark energy. ~ [RKENERGY
Each spectrum measures a galaxy redshift. STRUMENT

jy Office of Science

DESI will explore a x30 larger map over a x10 larger volume than SDSS

2.4 million
Quasi Stellar Objects (QSO)

\f."l‘:.o 4
4 3 .\-. vy 2 '::\ ‘. ).. 3 A ‘ ‘.;:.t. 2

17 million ELGs Z=3
(Emission Line
Galaxies, z < 1.8)

r=3.0 Gpc/h

r=2.0 Gpc/h
4 million LRGs
z=0.7

(Luminous Red Galaxies, z < 1 (LRG) 2=0.5 & ;?-;:e,'i:' .;;.'é""r=1,o Gpc/h

- : . z=02"< - /=05 Gpc/h Credit: David Schlegel, Aug 2019
10 million brightest galaxies (z < 0.4) recit: avid schiegel, Aug
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DESI by the Numbers

e DESlis a Fiber-fed multi- Focal Plane
object spectrograph. It uses AssemPply w/5000
) o fiber positioners
robotic control to position
optical fibers onto the
) Instrument
location of a known galaxy | . crview:

* 5000 fiber positioner robots| 2205.10939
on the focal plane

 8sq.deg. FOV

* Ten 3-channel
spectrographs

INSTRUMENT

Silber et al. 2022
(2205.09014)

Fiber View

e Spectra of 35 million Camera

galaxies and quasars over
14,000 deg? in five years

Ten thermally-controlled
3-channel Spectrographs

360-980 nm
Credit: Mike Levi, Aug 2019

9/8/23 Naim Karacayli 11

1 DARK ENERGY
| SPECTROSCOPIC



DARK ENERGY
SPECTROSCOPIC
INSTRUMENT

IWadis NI

U.S. Department of Energy Office of Science

* DESI will have the statistical power to tightly constrain the sum of the
neutrino masses.

Oym, = 0.02 eV

* But we need to control the systematics on the measurement to
realize that goal.

* Noise calibration errors, resolution correction errors...
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1216 A

Image credits: NASA, ESA and J. Olmsted (STScl)
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= Continuum fitting a 151\
» Masking bad/unwanted pixels m i\ =
= Power spectrum estimation — DRSS R ‘AJ \ 7T ‘\
" Methods: FFT, optimal quadratic = el 0 '. M‘-‘H P | \
estimator o \ "MM
= Noise subtraction 1.4_: e
= Resolution correction |

. . 36I00 36I50 37I00 3750 38100 3850 3900
" Deconvolving the spectrograph window Wavelength

function. | £ = CAOF (D)
= Metal power subtraction

9/8/23 Naim Karacayli 16
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Pr(k) = (|82 (0)|)

1. Raw power spectrum estimation

* Methods: FFT, optimal quadratic estimator Praw (k)
Noise subtraction Poaw (k) — Py (k)
R?)solutloln.co;r)ectlorjc _— Peow (k) — Py (k)
¢* peconvoliving € Spectrograpn window 2 .
function. W2(k; R, Av)
4. Metal power subtraction _ Praw(k) — Pn(k)
p PLya(k) WQ(]C; R, AU) Pmetal(k)

9/8/23 Naim Karacayli 17



Quadratic (maximum likelihood)

estimator

Theoretically optimal.
Robust against Lya specific
challenges: gaps, continuum
errors, non-uniform noise
Computationally expensive*
Occasional convergence
problems.

* 0.5 Node hours for EDR
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|Likelihood: 2L = &% €18, +IndetC |
0L =
Note C = C(P(k)). Solve for ar, (P) = 0.

Newton-Raphson iterative solution:

-
~(i+1 (i -1 = (i
Pk( ) = Pk() _Z<L,kk’> L (PY)
p@®
\. k' )
Stack all spectra into one vector: 51
F
op =
o

Naim Karacayli 18
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A detour to high-resolution
spectra

9/8/23 Naim Karacayli 19
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DESI vs KODIAQ

144 DESI (39628096390827710)
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DESI: 12-
* Low - Medium 101

resolution o8
e 450,000 quasars N
(Y1 Lya sample) 02-

141  KODIAQ (J234628+124859)

KODIAQ;
e 15 x DESI resolution
* 300 quasars

e Continuum is easier
to fit

3800 3820 3840 3860 3880
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DESI vs KODIAQ

DESI:
e Low - Medium
resolution

* 450,000 quasars
(Y1 Lya sample)

KODIAQ;
e 15 x DESI resolution
* 300 quasars

e Continuum is easier
to fit
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141 DESI (39633073037378643)

KODIAQ (J160413+395121)

Naim Karacayli

4500 4520 4540

4560 4580 4600
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* KODIAQ/HIRES x10° | | | | |

* 300 quasars with R > 36,000 1.75H RN

 SQUAD/UVES 1.507 n —— XQ-100 T

e 467 quasars with R > 40,000 _ 1.25_4|—"|—,—L_'—\__ ]

< 1.00} | -

* XQ-100/X-shooter A el =N ]
e 100 quasars with R ~ 6,000 050L
(DESI R ~ 3,000) 0.25-

0.00 ' '

Total of 538 unigue quasars.

Karacaylh et al. 2022, MNRAS, 509, 2842
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Results
Limited by
EI /Ix I U III”I(c)::r:fidence
: 1 I ;I;stematics
1 f// including
10 = I;/ metals.
10~2¢ é
14
105 e o
k [skm™1]

Karacaylh et al. 2022, MNRAS, 509, 2842
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——7=1.8
——2=2.0
—— 2=2.2
——2z=2.4
—e— 2=2.6
2=2.8
z=3.0
2=3.2
z=3.4
2=3.6
z=3.8
—e— 2=4.0
—e— 2=42
—e—2z=44
—e— 72=4.0
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Power increases with
redshift because more
HI at higher z.
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107'F |
] Limited by | * Error bars are from
[ our 25,000 bootstrap
confidence | realizations.
in
systematics | ®* They needed to be

= s asine | regularized or
= Chabanier et al. (2019) metals. numerical stability.

—— Lyaraw

. —4+— SB 1 subtracted
contlnuum I 1 1 1 | IIIII 1 L 1 1 IIIII

errors. 103 102 101

Karacaylh et al. 2022, MNRAS, 509, 2842
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* A crude Fisher forecast analysis for warm dark matter mass using transfer
function in Bode et al. (2001) assuming m,=4 keV.

1.00 Om, [keV]
This work (stat. only) 0.36
This work (stat. + syst.) | 0.38
Q 0.95+- Walther et al. (2017) 1.08
& Chabanier et al. (2019) | 1.44
28 == Irsic et al. (2017¢) 2.07
Q. 0.90F
—— my =2 keV 1 0% L
— me=3kev| T g P,meFP,mx, A factor of
0.85+F— my =4 keV Mx X >2
16—3 — 'ilol—z — ‘ilol—l improvement on
— the error of the
k[s km™1]

WDM mass

Karacaylh et al. 2022, MNRAS, 509, 2842
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Improves DESI constraints
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—

Credit: Andreu Font-Ribera
—2.280 - DESI-Y5 Tl*Z SlOpe

DESI-Y5 + HIGHRES .
A?: Amplitude,
of the linear power spectrum

—2.295

—2.310

0.325 0.350 0.375
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Back to DESI
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1. Signal is buried under noise. 2. Spectrograph resolution is
Accuracy of noise calibration is comparable to thermal
crucial. broadening.

—— Line
—— Signal —— Thermal broadening
Observed —— Spectrograph

9/8/23 Naim Karacayli 29
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* Data 1% Survey (SV3) 7,173
* No SV1 and SV2. Main (Guadalupe) 47,427

* Removed quasars with BALs. 54,600

* Paper outline
* Method — Optimal quadratic estimator
* Validation — Tests on 1D and 2D simulations
* Systematics
e Results

Karacayli et al. 2023, arXiv:2306.06316
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Mock spectra for validation
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100 A

1.0

0.8 A

0.6

0.4

0.2 4

0.0 A

80

60

—

40

20 A

0_

4000 4200 4400 4600 4800 5000 5200

* Lognormal flux field with
realistic power spectrum
* Uncorrelated in 3D

9/8/23

5400 4000 4200 4400 4600 4800 5000 5200 5400

+ Quasar continuum
+ Instrument resolution
+ Noise
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Validation — Tests on 1D simulations

(quickquasars)

L N IWnY

15 NI
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Large-scale cut

1.06F
k>0 k>0.5%x103skm™! k>1.0x10"3skm™!
n | A S S B — T 1 T T T T T 1 — T 1 T T T T T 1
1.04 - - - ——
(@) | | I
gloz_ 3—|—‘Fi_| —I—"‘i—| —"’—i—l M No marg.
5 i : ! ® 1 order
& 1.00 3:4 B : | ! I ! I v 2" order
Q 0-98_ B i | B ] : [ R R B L : ] |A|Tr:JeI ]
1.00 1.25 1.00 1.25 1.00 1.25
0.96F X X X2
0.94

Karacayli et al. 2023, arXiv:2306.06316
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Validation —

ests on 2D simulations

Spectral extraction is the process of turning a 2D image into N 1D spectra.

Raw data (credit: Stephen Bailey) Simulations

BOSS plate 4386

10200

9/8/23

543 |

............

Sky subtracted flu

Cosmic Rays, Noise

T Overlapping spectra
valevaaa Mostly Sky

Lumpy point-spread-functions

ELG @ z=1.62

2.0
15}
10 o =
0.5
0.0
-0.5
-1.0
-15

Wavelength

~2840 960 980 1000 1020
Wavelength [nm]

Naim Karacayli Fibers

With
* Paul Martini
e Julien Guy
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0.10F z=2.8

e 45 000 quasars, only B arm —~ 0.05f

I
e Uniform redshift distribution 3 0.00

Q.

between 2.6 and 3.6 T 0.05 o
'~ Pad & renormalize
—0.10F 4% Asis

Sobs =R 5model

ot

=

o
I

&

o

Ul
T

(Parcfit - Pmodel)/Ptrue
o
o
o

Karacayli et al. 2023, arXiv:2306.06316
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Recalibrate noise estimate

* Bin spectrum pixels with respect "Tea36 4 -
to reported pipeline variance. o 101 ¥
W) C .
* Compare the observed variance & :
to pipeline variance. S :
be i
2 | 2 2 v

0“(Ap) :n(/\P)bpipe()‘p) + 01ss(Ap) E 10%F :
) 0 LSS -
Q0 .
T : : o | i '
* Pipeline noise correction, eta : -t bgat
. - } } Extended range A

* Large-scale structure variance B T R T e e

Pipeline variance

9/8/23 Naim Karacayli 35



Recalibrate pipeline noise estimate

Noise calibration correction

X102

;‘—+— SB 1
- —— SB2
[ —— SB3

_| 1 1

3600

Karacayli et al. 2023, arXiv:2306.06316

PR [ S TN S AN SO TN T AN T S SN AN TN ST SR NN SR S S|
4000 4400 4800 5200 5600 6000
Observed wavelength [A]

Naim Karacayli

SNR dependence of this correction

U.S. Department of Energy Office of Science

%1072
1

o R S P T il Oy Il Wi Akl LAl (i Kk ke etk DO IR il Gek] R Mool thasied B
3600 4000 4400 4800 5200 5600 6000
Observed wavelength [A]
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Systematics

1.0+ ——2.0 2.8 ——3.4 1.0t x10—2
——2.2 3.0 ——3.6 T

Ll 1 R

1073 1072
k [s km~1]

Karacayli et al. 2023, arXiv:2306.06316
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Effects on parameters

Increase in error

Need work for Systematics A n a

Year 1 to take full e N 01 S € 49.8% 6.9% 0.7%

Resolution 34.0% 89.1%  26.5%

advantage of DLA 09%  2.8%  30.5%
data!

All 74.3% 99.9%  62.5%

D

Table 2. Percentage increase in error given by the minimizer for each system-
atics at z = 2.8. The precision of the amplitude A is nearly equally affected
by noise and resolution systematics, whereas for n, it is thoroughly affected
by resolution systematics.

Ax [ k 24+n+aIn k/ko
pbase(k)= ( )

ko \ ko

Karacayli et al. 2023, arXiv:2306.06316
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kPt

Comparison

with
eBOSS, FFT

KP/t

Good agreement with the
FFT result, which is on
similar data and a different
analysis pipeline!

kPt

KP/t

Karacayli et al. 2023, arXiv:2306.06316

9/8/23

1ce

104

B T

k[s km~1]

Naim Karacayli

k[s km~1]

k[s km~1]

10z 100 1072
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Metals properties through P1D

9/8/23 Naim Karacayli 40



What is in the side bands?

Rest-frame wavelength [A]

1000 1100 1200 1300 1400 1500
| I | I | I

1 DARK ENERGY
SPECTROSCOPIC
| INSTRUMENT

L N Iwadils N

U.S. Department of Energy Office of Science

1600 1700
| I

— 300 Lya

Lya forest | SB 2

V1 250
N V

N

o

o
|

LyS

=

92

o
|

Si IV

[

o

o
|

Flux [10~17 erg/(cm?
Ul
o
|

CIlVv

4500 5000 5500
Observed wavelength [A]

3500 4000

9/8/23 Naim Karacayli
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6500
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e Strong metal transitions such as

zL 33 4 ss1 | CIV, Si IVand Mg Il.
- Zlya = 2. | | . .
2:3 -4~ SB2 * They have a clear signal in DESI power
> ol | spectrum/!
o %.| * Most common method in literature is
1,518 |- identification using high-resolution,
z RS , * it high-SNR spectra.
\ 110_ » ‘\\\\ i 1 ‘,‘ ll | " 7 | | I I [ I
1 e L
0.5 ! H Pir iam o8 CIV |
ﬁ w 0.6 .
OO b 3 L L """'_2 0.4r — 1o 7
10~ 10 T | b=25 _
k [s km~1] 1547 1548 1549 1550 1551 1552

Wavelength
Karacaylh et al. 2023, MNRAS, 522, 5980
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Metal abundance model
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We can analytically describe metal P1D using three quantities:
* Abundance (column density distribution)

* Temperature (effective Doppler parameter)

* Clustering (cloud-cloud correlation function)

1.0

(KotKiot) = Z<K Ki)+ ) (KiKj). .

li] 045
. . . 0.2+H— ij:g b=25 |
K is the absorption profile. 1547 1548 1549 1550 1551 1552

Wavelength

Karacaylh et al. 2023, MNRAS, 522, 5980
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Metal abundance model
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We can analytically describe metal P1D using three quantities:
* Abundance (column density distribution)

* Temperature (effective Doppler parameter)

* Clustering (cloud-cloud correlation function)

1.0 \' ! ' '
£1a(v) =/dNif(Ni)/dV'Ki(V')Ki(V'+V) (11)  osr | \ /
w 0.6 & \{
£2a(0) = [ ANAN; (NS (N) | |
’ ’ ’ 02— o | b=25 |
X / dxdv'K; (v )Kj(v +Xx +V)§cc(x3NiaNj), (12) 1547 1548 1549 1550 1551 1552
Wavelength

Karacaylh et al. 2023, MNRAS, 522, 5980
9/8/23 Naim Karacayli 44



Metal abundance model

175_ | | | I I
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ime evolution of ion abundance
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U.S. Department of Energy Office of Science

We can investigate time evolution of

ogfF -~~~ r ]
g f abundance (column density distribution).
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Plans for Y1
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Plans for Y1
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U.S. Department of Energy Office of Science

450,000 Lya quasars! -> More work into systematics

We identified possible solutions to noise and resolution systematics.
+ DLA finder.
+ Mask BAL features and recover those spectra.
+ Version control.
+ Coordination with FFT.

Other projects for Y1:

* CMB lensing x P1D

* Repeat metal model analysis
GPUs
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* ~ 1 million quasars in Y1 for eta
analysis

* Quantify eta in multiple SNR bins
n = n(4, SNR)

o R T s A i P i ko k] ke i ek e i o o e Fs it oo e il skl M|
3600 4000 4400 4800 5200 5600 6000
Observed wavelength [A]
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(Parcfit - Pmodel)/Ptrue
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Resolution systematics
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U.S. Department of Energy Office of Science

o.10F e Accurately quantify the bias due
- to model with more simulations.
0.00 — < * (Difficult) change the model.
—0.05F / g B 98 | k3D
_o0.10. e — > 7 * Can be helpful in noise
107 10 calibration errors too.
k [s km~1]

Model fit to ARC lamp exposure vs true PSF
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Summary

U.S. Department of Energy Office of Science

* DESI will have the statistical power to tightly constrain the sum of the
neutrino masses. oy, = 0.02 eV

* P1D from DESI EDR+ (54,600 quasars).

* We identified the major systematics error sources, noise and
resolution. The systematics are comparable to statistical errors.

* There is a plan to reduce these errors.
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We are honored to be permitted to conduct scientific research
on lolkam Du’ag (Kitt Peak) in Arizona, a mountain with
particular significance to the Tohono O’odham Nation.
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