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Overview

Why do LIM with CO?
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Why do LIM with CO?
CO s an excellent probe of galaxy formation

- CO probes dense, molecular

hydrogen regions—the regions which
are about to collapse into stars
- Correlates tightly with a galaxy’s star
formationrate

- Extremely sensitive probe of feedback
processes

- Scientifically, it's a great complement to
other LIM tracers

[Kovetz et al. 2017 via Breysse, Scientific American]
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Why do LIM with CO?

CO foregrounds are comparatively minor

Galactic
synchrotron

Galactic free-free

[COMAP Website]
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Why do LIM with CO?
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CO s particularly interesting around star formation peaks
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[(Adapted from) Walter et al. 2019] [Cleary et al. 2022]
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What is a Stacking Analysis?

Why Stack?
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Why Stack?

Simulated Data Cube

e Galaxy catalogues can be used as tracers
of large-scale structure

e \oxels containing a bright catalogue object
are likely the most CO-bright voxels in the
map
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Simulated Data Cube
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Simulated Data Cube
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What is a Stacking Analysis?

Why Stack?

e Galaxy catalogues can be used as tracers
of large-scale structure

e \oxels containing a bright catalogue object
are likely the most CO-bright voxels in the
map

e Averaging these voxels together will
reduce noise

e Cutouts can then be analyzed for
large-scale fluctuations

Simulated Data Cube
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What is a Stacking Analysis?

Why Stack?

e Galaxy catalogues can be used as tracers
of large-scale structure C ]

e \oxels containing a bright catalogue object
are likely the most CO-bright voxels in the
map

e Averaging these voxels together will
reduce noise

e Cutouts can then be analyzed for
large-scale fluctuations

e A smaller aperture is summed over to do
final statistics

Simulated Data Cube
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What is a Stacking Analysis?

What statistics do you get out of the stack?

Two main assumptions:
1. The catalogue object is the most CO-bright
object in the aperture

2. The catalogue object is not itself CO-bright,
but traces large-scale structure
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What is a Stacking Analysis?

What statistics do you get out of the stack?

Two main assumptions:
1. The catalogue object is the most CO-bright
object in the aperture
- L' of catalogue objects
CO 4 J

2. The catalogue object is not itself CO-bright,
but traces large-scale structure
- sz of universe (in dense regions)
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The eBOSS Catalogue

e Quasi-Stellar Object (QSO, or Quasar) catalogue
e More than 750 000 objects total, 282 of which are in the COMAP footprint
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[arXiv:2304.09832]
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How will QSOs and CO interact?
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[Hill et al. 2019]
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How will QSOs and CO interact?
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How will QSOs and CO interact?

b=6.64 + 2.23
o =042:45=099

e (QSOs are themselves CO-bright Rt S
o Atleastin higher-Jtransitions : T
e QSOs belong to high-mass halos, likely
have recent major mergers, and are
highly biased
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[Timlin et al. 2018]
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Early Science (COMAP Season 1) Stacking Results
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[arXiv:2304.09832]
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Error analysis from Bootstraps

Bootstrap
Stack RMS

Bootstraps: stacks on random positions in
the COMAP data cubes with spectral and
COMAP field distributions matching the real
catalogues
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[arXiv:2304.09832]
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eBOSS Stack as a Quasar Luminosity Measurement
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eBOSS Stack as a density measurement
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What factors affect the stack?

e Sensitivity of the LIM map
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Statistics of Stacking

What factors affect the stack?

Seed 1, All Halos

e Sensitivity of the LIM map qeec.l.low:Mass Halos
. . Seed 2, All Halos

e Number of catalogue objects being Seed 2, Low-Mass Halos
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[Dunne et al. 2023 (in prep)]
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What factors affect the stack?

e Sensitivity of the LIM map

e Number of catalogue objects being . -!
stacked

e Biases of both catalogue tracer and LIM
tracer

—— High-Mass Halos l

Low-Mass Halos

PRELIMINARY
SIMULATION
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What factors affect the stack?

e Sensitivity of the LIM map

e Number of catalogue objects being
stacked

e Biases of both catalogue tracer and LIM
tracer

e Single-halo correlation between catalogue
and LIM tracers

.. 2
Leco Leo(My) + oco  POCOOLya
, 2
LLvya LL-ya (Ajh ) POCOUT Lya ULya
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Statistics of Stacking

What factors affect the stack?

e Sensitivity of the LIM map W No Offset
. . 100 km/s Offset with Scatter
e Number of catalogue objects being
stacked
e Biases of both catalogue tracer and LIM
tracer

e Single-halo correlation between catalogue
and LIM tracers
e Velocity offsets between tracers
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Statistics of Stacking

What factors affect the stack?

e Sensitivity of the LIM map W No Offset
. . 100 km/s Offset with Scatter
e Number of catalogue objects being
stacked
e Biases of both catalogue tracer and LIM
tracer

e Single-halo correlation between catalogue
and LIM tracers

e Velocity offsets between tracers

e Astrometric and spectroscopic precision of W -
both surveys
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What are the next iterations of the stack?

e Stackson HETDEX LAEs

o 500-7000 objects (depending on S/N cut)

with the current iteration of the HETDEX
catalogue

. . . . . 250 275 3.00 325 3.0
o More to come with successive iterations 2 hetdex
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What are the next iterations of the stack?

e Stacks on HETDEX LAEs - el
o 500-7000 objects (depending on S/N cut) Fabinder bseraing B |
with the current iteration of the HETDEX TN W 2072

Operations

catalogue
o  More to come with successive iterations R :
o -year Pathfinglet surve
e Successive COMAP seasons > :

Season 1
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What are the next iterations of the stack?

W COMAP Y1/eBOSS COPSS Cross- v ALMACAL
COMAP Y5/eBOSS i coLDz
Forecast Sensitivity | ¥  COPSS Joint Fit ASPECS
e Stackson HETDEX LAEs COMAPYL95% | @ COPSS PHIBBS?

Upper Limit mmIME

o 500-7000 objects (depending on S/N cut)
with the current iteration of the HETDEX
catalogue

o More to come with successive iterations

e Successive COMAP seasons

o Forecast stack sensitivity increasing by a
factor of (25.2)Y2 by the end of the
COMAP Pathfinder survey

[arXiv:2304.09832]

Redshift
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What are the next iterations of the stack?

e Stackson HETDEX LAEs
o 500-7000 objects (depending on S/N cut)
with the current iteration of the HETDEX
catalogue
o More to come with successive iterations
e Successive COMAP seasons
o Forecast stack sensitivity increasing by a
factor of (25.2)Y2 by the end of the
COMAP Pathfinder survey

e Other tracer lines?

[Kovetz et al. 2017 via Breysse, Scientific American]
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How could the stacking pipeline be refined?

e Different weighting schemes
o Tracer luminosity, equivalent width,
clustering
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How could the stacking pipeline be refined?

e Different weighting schemes
o Tracer luminosity, equivalent width,
clustering
e ‘Symmetrized stacking’

[Sinigaglia et al. 2022]
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How could the stacking pipeline be refined?

e Different weighting schemes B No OffSer |
. ) . . 100 km/s Offset with Scatter
o Tracer luminosity, equivalent width,
clustering
e ‘Symmetrized stacking’
e Improved cubelet centering
o Subpixel sampling in angular axes
o Improved frequency resolution
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How could the stacking pipeline be refined?

e Different weighting schemes
o Tracer luminosity, equivalent width,
clustering '
e ‘Symmetrized stacking’

e Improved cubelet centering
o Subpixel sampling in angular axes
o Improved frequency resolution
e Aperture extraction techniques:
matched filtering, PSF extraction

Simulated Data Cube
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Summary

Stacking analyses are giving complementary results to LIM and traditional
surveys on their own

We expect our stacking results to improve greatly over the next few years
through
e Better COMAP data
e Bigger galaxy catalogues tracing different lines
e Improved stacking techniques
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Riechers+11
Hill+19
Bischetti+21

Muhoz-Elgueta+22 f
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12CO with
Velocity Offset
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Confirming stack results - how to use simulations

e Transfer functions (cf. power spectrum tests)

e Jackknife tests/splits on
o  Map properties: feed, etc.
o  Catalogue properties: field, redshift,
luminosity, line width, etc.



