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Based on:

e DB & W. J. Percival - arXiv:1703.02070
e \W. J. Percival & DB - arXiv:1703.02071

* DB et al. - arXiv:1805.00951



The Dark Energy Spectroscopic
Instrument (DESI) galaxy survey

Mayall telescope (4m) In kitt Peak, Arizona
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DESI targets

Galaxy type Redshift Bands Targets Exposures Good 2's Baseline
range used per deg®  per deg®  per des®  sample
LRG R ~0.4-1.0 r.z,Wl 350 280 285 4.0 NM
LELG 06161 grz 2400 1870 1220 § 170 M
_ <ol graWIW2 170 70 120 TN
QSO (Ly-o) >2.1  grzWI1,W2 90 250 50 0.7 M
Total in dark time 3010 2870 1675 23.6 M
BGS 0.05-0.4 r 700 700 700 0.8 M
Total in bright time 700 700 700 9.8 M

DESI collaboration arXiv:1611.00036
ELG = emission line galaxies

LRG = luminous red galaxies
QSO = quasars
BGS = bright galaxy survey



Scale of the Universe

Why do we want to measure the
3D position of 30M galaxies”
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Parent catalogue of potential targets

Figure 3.19: The primary imaging survevs that will result in targeting data for the DESI project.
The [votprint at DEC < +347 will be covered using the Dark Energy Camera (DECam) on the
Blanco 4m telescope at Cerro Tololo Inter-American Observatory. The Dark Energy Camera Legacy
Survey (DECaLS, in yellow), the Dark Energy Survey (DES, in orange), and the extended DECaLS
in the North Galactic Cap (DECaLS+, in purple on left) are underway. A proposal for the remaining
extended DECaLS in the South Galactic Cap (DECaLS |, in purple on right) will be submitted.
Imaging of the North Galactic Cap region at DEC > 434° (eyan) will be covered with the 90Prime
camera at the Bok 2.3-m telescope in g— and r—bhands (BASS: the Beijing-Arizona Sky Survey) and
with the upgraded MOSAIC-3 camera on the Mayall 4m telescope in z-band (MzLS: the MOSAIC
z-band Legacy Survey). Both the Bok and Mayall telescopes are located on Kitt Peak National

Observatory.
o DESI collaboration 2016
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Fiber assignment and missing
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DESI observing strategy
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DESI observing strateg

—

pass 1

Dec [degrees]

RA [degrees]



T

N

™N N )
—
N

9p] J9
d

H “.. ﬂ. -
- ADTR
o‘f.%o'oﬂoﬂ.‘o -
: ....u. “oes R S
Mooooooo-o nooo. ooonul ooﬂo\“ %0 e A
MAN "."..........wn KNG DAL
‘ooouoo ooomou Seeds oooo.o.ooooooooouoo?‘ oo.o’“oo.‘oo
oo.ooooo u&on- () oooono- h-ﬂoovsﬁo °p nn ° Ifool P
£ ”."....,...a“ ] ’ VILE et RN e
el % ° Yy o P o® ® -
0" o b oLy oy “...~..a.u..........~.u..........a =TT
..us....u. 3. oaele. o° oo e ua..\?. To
- — o e gl A YXR 0
— 8°, ﬁ. .un.uo.w el Y LI 5......\ o.ru.—...o " u.o.u leo%'e -
O o .. % [} g o Qoo o of
v~ XS A e PN 3
03 oooooo- .u.ooo. . ° fcﬁoboooooofo ® o.o\ . oo 3
o.ooo.o.oﬂooo [y X P ..ooo Ooo.ooc‘oo‘ uooo i
.0000 ..l.. 0.00 * o® o0 o PP o....o ° 0..... 'Y “'QO
R0 ..u“..: o . & :ma...u.....o.o. s o e ool
R A >4 ‘e .u..n....u aes3ed s TR o
uooo ooooo # -oo-.cooOo-nooo-ohoJoo.o ooo\o‘ e’ -
o oouooonoo.. o s L) g 0" o’ o ol.fouo <
800 e <o o 0 Sy Ay s SRt To)
l..oﬁ.ro“.., o ° ..b ’Oﬂ.‘. .f.‘o o 0 e &
AL RIS .n.."......“...,ua % M
SPRx KRR I R
B e e Ly ..»......w..a..... Ll
> @ (X1 e () ° ® Qe X -
[} 0“ oooOoocM””‘v\\o o % ~ ooooooonoﬂo\ 9*.“.. oﬁo.ooooo ° oo‘“.oo-o m
.. ﬂOo"o.oo e ao o, © -ooooﬁoo ooo’- Soﬁ Ooco fn..“.- Y (o)
o o oo%oo o‘o“ﬂloo\ﬂo “oo ) loooﬂoﬁ o‘o‘ﬂooooo ® o0 & %
0’0’ 0%’ ?3\ oooo-oo % -oooooo ° s oo$o-ooo uo‘.o ° o ] o 2% o“ooo. —
Qoo oo.o ooo ooo”. N ﬂooo adetd & *° oh c'(o ° 00 ®° % %0 oo-otoo o K ofo o’. ooool N o’oooo
ooo-.n .ow : ..ru-ououn.%.\o.o.o\u ho..n.o.... o.u.oo ) AL ... ..oo. ol : > aoolohou.ooco”hoh.-nnu by -‘m.\...voﬁoo..o. 271 O
‘3. @ AT e AR §e3ny ERXY ARKEPITN v..........m.......”...,............. .....z......... .
AT Felagt o LN T g T e
AT AR .;.........".... o i A ..#m..“ ©
g% St S0, oo 3o ....s....."..........u ..._.\.:. oBas?, 3o 8% —
. oo™ % o-oooh oo-oocoooooacoo\o 00 ou?ooo$ oooo %, o’ o
|| ooo‘o oooo Pl 0 ° o ° 00000 oo.ﬂfﬁo ° o u‘ o -&“ ooooo
E— ooo.o oﬂoo” 1) Py -y See Y oooooa 3 ‘“o oy o® o @ «
$ : 00 00 o o8 n.:.u...-...no.. . wm.\... o ade® tu.-n....s......u.. LN
e — IRk oor i ..".....s..,..“.........m....a.s....r...... LN
.o o %oc” oo“ Po O.’o& ooo.-o‘oo”- 0’ oﬁ l‘ooooooouo 2
o o° A sno™® 0’#... quoo.o- e 6
% ¢ 0 0 o 2% m".-\“-.ﬂu‘oooooo Sl
. TR HS e S sesn >
oooctoo 0‘..0" oo P w [ .00(0\.. % o °
. o & 0o o ® X ooooo- o°® o
o3 o ¥ °? o° .u...ﬁ... wios
Al ° . o oooﬂo Qo&-‘-‘o ° -
"ouooloooovhnoonot. PO ° 8 °0% N
P S u.-o- A \ioroooou 0.\. o-hooo ° o
et i esrs ikl L X . ©
DA ol ~.....sun.n..............o.o... ........-..u..s:u..s.......o..... Sseste —
r ﬂ %o”cooo"oo 0&.‘...‘.‘ oou “.ooo .o ‘o 'Mo”oooooooo Moo-%-o oloc “oo oQ ooo-.n o%oo oy ©
ece e oooos ® oooo-!ooooooooodo-oo-olol a-‘.-. o°e o g e e Y .o-noﬁooﬁ g o oo ¢ LN
o o 3" >0 oﬂ °°d oouo oooo?% o® -oo\ocoulo »°° ®eo oato oo oS ° ¥ uoo ’hoo ooﬂ ®
P 00 f *® & oo % 39002 o-oo‘o % - . onoou o o‘oaso oooooco S0 o-ol&o o 1
= oo 3 oouo . ooooo’ ° % o 0ge $ ° oolu’od —
o ooudooool ° o~ l.o-QA &3, X . B30 8 Psnn o H no"o $
o) oY o’oo o Mo&.ﬁﬂ(.lw o0 oooo uohcooooouo%- °% Ok Soug Y3 Y O
o 88 o ° g ?*ooo > 2" oo % loouoo 00 S o° a3 o.-roof —
D> foo' o ® O .Joo g o0° ' e e o ° .
(@) s o\ooo ool’ °o .ofo‘ﬂuoo &0 o®
ouoooo hoﬂto ﬁoonoc-&” ooLo ‘Kn% % .Ooooooooo ° ooao- kg Sooo
. uo'..ou\oooo oo. o5, oo o 0% 2000 LR P O
008°° ono?n.. > s Oo-ooo oo.o“ nuoo e .oofo o‘ooo-.o % A -.ooo-
ASRA ke Y *"e u............ XSty 2
O oc"o. % % ® ] ooooo 1 ooooﬂooo %% %o.o
oL 08’ w ® o.&oo Yoes °8 S %o ooo-uooo (o)
3 O -OoﬁouooVoo‘ ﬂuto 1 ’o.o.oo-o&oo” —
L MC ooo-.mooco’ll ﬂ-uo’.’.o
O o ® oo o. o, .“
M .......s..\. LA
- - g 00...' N
e® -
o
O
—

RA
[degrees]



ion 2

°g0 CX Olog ,® o000 O o o) ¢ oe o 00 o%el o) Re®, o
o w8 8% .0 of %l o Lot g 8 000 Lol o ot & 0 8% .09 3% B % " @0
e ST s R R .%sw Tasae eyt £3
0.00 " ooo o‘...h"* ..ﬁ... ..0. 000#”.0.“ % 0’0....0.0 o.~ .0” .O’.O..mo oo ~ .M o.f.. op .". ~ﬂ.‘. ..o. o0 ‘OOQ o..%.“ o“o "“ ”l .0
oooooonooonooo. ofoooo ooooofonnouoo.”oyouosooooo“n Ooso no\ nu\o\ooownﬂﬂnonho o3 e 3 oo sarectt o’ooolo- S guled
. cooo- loouoo\ooo So P o o, YO0 o \ooo-”oo ﬂ‘oﬂyolw o“oooo& oIOo noooouoonoouooo oooo oo'ooohoo-u-ol\uo
t hef ? 3 0% d 0 X B oooloo.-ooﬁooooﬁ ° %
coooo .oo 'onno'oo od® 'o of.o.ﬁ o‘ooocoo . o.oo“ 00 ?“’.Om‘ooﬂ \Ooooo“o..”“”o" no-m. “. oo oo”to oooo.fofoo"ooﬂlou noo‘o. " Qooo ocopcooo
‘ooooooool Qooooo ooo\o oo oo8p o“ ‘uooo ooouoooo.oooooo o %040 ° ooouoooonooo \ooo o®, ® @ onooo
00 2o S, 2°8e ooo'o-o" o0, 0S® (%00 HCR o-.o‘foooo“o 8 .8a® 000 g, °g, '0'0-‘“0“" R
ISR A Y R A R P LRI LY P A WL A )
8% 20900 03°0 %00 %0 of °S c o 0 8558 o0 0 2%%°2¢°F° epp® o° @
o ® 008 oo 5o
ooles’, o A ..c....wﬁ. IRCELHOSET S
N s
[ ]
H

(pass 1)

L T
o
:-. ..:. °

L]

Oouoo. o®

()
oq ° o‘ oﬂooon. Py oo’o o\oc \.o % Lo o
n.l-‘o oW.ooo % o® ooo ouo oh fo.oolo ooooo oolo ‘oﬂoooWooo”oQooO ooc”ouc “nooooolofoﬂ.ot M o\-ﬂoﬂo‘..-.nuo noo oo‘o‘ocn“o.
X oooooﬁ.ooooo'.oﬁo. . w.oofuoo.o 005 otoo o % ooooooo.ooo.' 0‘“%’..’?“0 ooﬁoo °®
W oo w02 5% ...ﬁ oloo (X4 Vo 0®¢ o o, o %% ‘Ooooo“.‘ooﬁo .* %80 Y °d '.r~o

o0 0N 708, o% ©
TR

ing rea

L 39 % oo 0 %0038 .ﬁoooo-loo % )

... °’® ° o 0‘00. (] ... OQO *w qe
3 TV PO n...u.-.......\...w...“ ML m..............n.w.wn o.i.. h....s. nso..u
QV “oollﬁ.qo”oou n“lo m.‘.m mo Wl- ooo-odocoﬁo o|

160.5 161.0 161.5 162.0 162.5 163.0 163.5 164.0 164.5

21.0

[sea4b3p] 29

lTarget

RA [degrees]



2 point correlation function

DR(3)
RR(5) " RR(3)
random-random pairs \/‘

-1  Landy & Szalay 1993




2 point correlation function

-1  Landy & Szalay 1993
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Countermeasures for missing
observations
Agular upweighting -
Nearest neighbour -
Correlation function decomposition -

Distribution function & top hat function -

Target sampling rate -

Mode subtraction (configuration space) -

Mode subtraction (Fourier space) -

Pairwise inverse probability (PIP) -



Pairwise-Inverse-Probabillity
(PIP) weights: basic idea



Pairwise-Inverse-Probabillity
(PIP) weights: basic idea
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Pairwise-Inverse-Probabillity
(PIP) weights: basic idea

OO0 — DD =00 +- 00 - 00 = 3




Pairwise-Inverse-Probabillity
(PIP) weights: basic idea




Pairwise-Inverse-Probabllity
(PIP) weights: basic idea




Pairwise-Inverse-Probabillity
(PIP) weights: basic idea
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Pairwise-Inverse-Probabllity
(PIP) weights: basic idea




Pairwise-lnverse-Probability (PIP)
weights: correlation-function estimator

DR(3)

RR(§) RR(§’) -1  Landy & Szalay 1993




Pairwise-lnverse-Probability (PIP)
weights: correlation-function estimator

DD(s DR(s
f(g) — 'RR((;)) QR}REE;; -1  Landy & Szalay 1993
gp) g
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Pairwise-Inverse-Probability (PIP)
weights: correlation-function estimator




Practical Implementation:
pitwise weights
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Npits = 8!
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Practical Implementation:
pitwise weights

1 2 3 4 5 6 7 8

Npits = 8!

______ m ¥ & X L X X v X
w'® ={1,1,0,1,0,0,1,0}
popcnt {u/‘fg}] =4
4
U7 Nyita 2
L _.
Wm = =2

p ™m



Practical Implementation:
bltW|se Welghts
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Practical Implementation:
bltW|se Welghts
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Practical Implementation:
pitwise weights

1 2 3 4 5 6 7 8
m v X v X X

...........................................................................................................................................
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Practical Implementation:
pitwise weights

Npits = 8]

1 2 3 4 5 6 7 8
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Practical Implementation:
pitwise weights

Npits = 8]

1 2 3 4 5 6 7 8
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Practical implementation:
summary

The pair weights are computed (as usual) while doing pair
counts via a simple function of individual weights

Standard Bitwise weights
approach
” o Nbits
Wmn — WmWn mne (0) (b)

popcnt [wm and wy, ]



“Why angular upweighting”?”

* Natural way to minimise the variance, see \W. J.
Percival & DB - arXiv:1703.020/1

* Allows to relax the assumption that no pair has
zero probability of being observed (not true,
e.qg., for BOSS and DESI) to the weaker assumption
that all the zero-probability pairs have the same
clustering properties of the observed pairs
(true, e.qg., for BOSS and DESI)



Algorithm

. Evaluate PIP weights by running the targeting
algorithm many times (N~10007?)

. Compute the angular pair counts DD and DR of the full
parent sample

. Compute the angular pair counts DD and DR of the
observed sample using PIP weights

. Compute the 3D correlation function of the observed
sample via PIP weights + ang. upweighting (i.e. ratios
between 2 and 3)



Comparison to mocks:
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Comparison to DESI mocks:
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Comparison to DESI mocks:

pass 4

completeness = 81%

s pa measure 20} .
— mean 0
40r --- no weights I
- 30f ---- completeness; o —20¢
= i arent 1 e
W& 20 p <G _aol
“n 10} s “w
_60, i
ol N
_10l | -80} 1
T_ 11t T L2t e .
w7 1.04 — wr 1.0¢ B SRALLLLLLL e lsisls ¥ FF——FF+ -
~— R ~— 1
..o 0.9} - Lo 0.8F  t--e- o .
W ! --==’ “w ! s : ! ! ! ! ! ! !
NQ? T 5 T = = f T T T T T T T
¢_ 0.0001f © . 0.00025} -
J‘T” 0.0000} - = |- J“l\” 0.00000F = —|-|- gt - E
. o —0.0001f o —0.00025¢
w | | | | | | | | w | | | | | | | |
101 10° 10120 40 60 80 100 120 140 101 10° 10120 40 60 80 100 120 140
s [h"*Mpc] s [h"*Mpc]

—~
v

s
W,

Hexadecapole

4

lup

0.00025}
0.00000F

. —0.00025}
W,

10120 40 60 80 100 120 140
s [h"*Mpc]



A& /A |

Error vS COsSmic variance

Monopole

5.0

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0

0.5k

T

T

T

Il Il Il Il Il

" 1020 40

60 80 100 120 14
s [R"*Mpc]

|AE, /AE |

Quadrupole

5.0

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0

0.5k

107 10° 1020 40 60 80 100 120 14
s[hilMpC]

|AE, /AL |

Hexadecapole

5.0

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0

0.5k

T

T

T

T

T

T

T

T

Il

Il

Il

Il

Il

" 1020 40
s [R"*Mpc]

60 80 100 120 14

P1
P2
P3
P4



A& /A |

Error vs uniform dilution

Monopole

5.0

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0

0.5k

T

T

T

T

T

T

Il Il Il Il Il

|

1020 40 60 80 100 120 14

s [R"*Mpc]

|AE, /AL |

Quadrupole

5.0

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0

0.5k

T

T

T

T

T

T

Il Il Il Il Il

|

|

|

1020 40 60 80 100 120 14

s [R"*Mpc]

|AE, /AL |

Hexadecapole

5.0

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0

0.5k

T

T

T

T

T

T

Il Il Il Il Il

1020 40 60 80 100 120 14
s [R"*Mpc]

P1
P2
P3
P4



summary

 We developed a theoretically-motivated weighting
scheme capable to recover unbiased estimates of the
galaxy clustering for a large class of targeting algorithm

 We provided a practical implementation of the algorithm

* We showed that this approach works for the DESI survey

(Main) Things to do:
Fourier space
Reconstruction



