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http://www.nasa.gov/
http://www.spacetelescope.org/

THINGS IWORK ON

"2% MILK" IS 2% MILKFAT, BUT “WHOLE
= Photometry in crowded environments (also not crowded!) MILK" ISN'T 100% MILKFAT—IT'S 3.5%.

l VEIRD. WHAT'S THE REST OF IT?

ABOUT 27% 15 DARK MATTER.
THE REMAINDER 1S DARK ENERGY.

= Hubble Frontier Fields and BUFFALO

= Exploring machine learning algorithms to denoise

astronomy images \
= Open questions that are applicable to large and small scales
= Cross-over with Dark Energy Survey

https://xked.com/2216/




WHAT ARE CLUSTERS?

= Clusters represent the high density tails of matter distribution in the
universe

m |0!'4-10!> solar masses

= |00s to 1000s of galaxies per cluster, called richness



CLUSTERS GIVE US ACCESS TO INFORMATION ON MULTIPLE SCALES

Clusters

/\

Large scales Small scales

= Structure formation = Galaxy dynamics and evolution
Frank van den Bosch

= Gravitational lensing =  Gravitational lensing

3 T LA BRI UL
| No Big Bang

"  Time delay cosmology =  Environmental effects

®  |ntracluster medium

= High-z galaxies

r [kpc|
(proper distance)

Zhang et al 2019

Binney and Tremaine



MEET THE HUBBLE FRONTIER FIELDS

Abell 2744 MACS J0416.1-2403 MACS J0717.54+3745 MACS J1149.5+2223 Abell S1063 Abell 370

Credits: NASA, ESA, STScl, and the HFF team



http://www.nasa.gov/
http://www.spacetelescope.org/
http://www.stsci.edu/

MEET THE HUBBLE
FRONTIER FIELDS

= Deep imaging of 6 massive
clusters and their parallel

(infall) fields

= Massive clusters = strong
lensing, “Nature’s magnifying
glass”

= Data from >10 HST bands, |
Ks band, and 4 Spitzer bands—

large wavelength coverage

* Frontier Fields_
“footprints”.
- - Galaxy Cluster
- Abell 2744

N Parallel
\observatlon

Galaxy cluster
observatlon.

y/

JAlso contains some archival ACS imagery
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GRAVITATIONAL LENSING

-/ Lensing is achromatic

ALMA (ESO/NRAO/NAQ]), L. Calada (ESO),Y. Hezave




WHAT CAN CLUSTER STUDIES TELL US?

Understand how Understand Probe the high Prepare for future
the galaxy galactic assembly redshift universe surveys, such as
properties evolve and clustering JWST and LSST
in different

environments




BEHIND THE SCENES

= This science is based on the existence of (galaxy) catalogs

= Raw products are (beautiful) images

= Data reduction and processing is an important building block in doing

cluster science



HOW DO YOU GO FROM

This

courtesy of the BUFFALO collaboration

v

This?

(L XOK )

J# NUMBER TPHOT_ID H/C X_IMAGE Y_IMAGE XMIN_IMAGE XMAX_IMAGE YMIN_IMAGE YMAX_IMAGE ALPHA_J2000
MAGERR_APER MAGERR_APER_1 MAGERR_APER_2 MAGERR_APER_3 MAGERR_APER_4 MAGERR_APER_S5 MAGERR_APER_
B_IMAGE THETA_IMAGE FLUX_BEST FLUXERR_BEST FLUX_RADIUS

371 c 8268.8057 1776.1208 8258 8278 1764 1787 40.0455359 -1.6828976 222 53.5972 3.353480206156
2.1124546131547216e+22 1.7482635983480213e+22 1.6860540256152644e+22 1.01890901639509e+22 7.32
2.068 49.91 8.701671e-12 26870060000.0 4.954

52 c 7815.6719 1838.7654 7805 7827 1830 1847 40.0530914 -1.6818533 310 48.4538 3.150525884773
2.8041093092994554e+20 2.3280119783794252e+20 2.2380298819027023e+20 1.341675105551804e+20 9.5
5.257 3.399 19.02 9.930836e-10 28809720000.0 25.765

6 3 c 7901.9795 1855.6884 7895 7933 1845 1865 40.0516523 -1.6815713 225 47.9307 2.024140653498
2.8776604799325543e+20 2.3846500213494225e+20 2.3099314332504162e+20 1.3831682994389543e+20 9.
4.53 3.03 -60.79 1.607783e-09 29966650000.0 14.443

7 4 c 8370.3066 1864.9424 8367 8374 1862 1868 40.0438435 -1.6814173 39 52.8264 9.7023868559084
4.3412983410493646e+21 3.6103959281995014e+21 3.5015996572513453e+21 2.0898161718753346e+21 1.
1.977 1.385 41.68 1.769788e-11 15811390000.0 5.108

14 5 c 7703.1958 1997.5463 7696 7710 1991 2005 40.0549667 -1.679207 156 42.8186 1.530413327077
3.3997512508566405e+18 2.678659914401841e+18 2.5416258560867697e+18 1.258900956507013e+18 7.36
4.024 2.314 44.52 1.782526e-07 25119710000.0 13.088

15 6 c 7399.7295 2013.4558 7390 7409 2004 2022 40.0600266 —1.6789417 271 42.0565 6.99048834147
4.545131617525432e+17 3.783945902369014e+17 3.658071062442148e+17 2.185654053151703e+17 1.5623
2.996 -38.83 3.596704e-07 23151670000.0 5.169

17 7 c 7590.6753 2009.848 7587 7594 2007 2013 40.0568428 -1.6790019 40 43.242 1.13817234639421
3.957527521032929e+17 3.258000012780503e+17 3.165292284702884e+17 1.8933990521254707e+17 1.354
1.593 8.16 1.206929e-07 12649110000.0 2.703

19 8 c 7758.0083 2023.3018 7756 7760 2021 2026 40.0540528 -1.6787777 22 44.483 3.2173428215644
1.0605595042166866e+18 8.81570143769985e+17 8.499316279612539e+17 5.0870788372719206e+17 3.609
0.993 -58.09 3.848612e-08 11401750000.0 6.871

20 9 c 7661.0371 2041,8223 7657 7665 2038 2046 40.0556696 —1.678469 67 43.3016 1.3307399538894
5.04454835312001e+17 4.172061481065513e+17 4.023601297914593e+17 2.436763782878331e+17 1.75015
1.944 -66.29 1.142522e-07 14000000000.0 1.623

23 10 c 8247.3838 2061.2051 8245 8250 2059 2063 40.045893 -1.6781462 22 49.8274 4.730412163603
1.4712026770377697e+20 1.2341643308222854e+20 1.1769453938691015e+20 7.2112406891595825€+19 5.
1.584 1.0 -29.88 2.80236e-10 12206560000.0 1.39

25 11 c 7010.9478 2082.4324 7008 7016 2080 2112 40.0665091 -1.6777919 48 41,7057 4.02461929106
1.901254203712471e+17 1.5793532768249446e+17 1.5187418393503334e+17 9.24199738587218e+16 6.698
1.383 32.43 4.968266e-07 18411950000.0 1.752

27 12 c 12799.0098 7897.0713 10980 14651 6082 9771 39.9700019 -1.5808818 41486 18.9983 0.0026
576.8536_0.8074856 0.00146386 25.5829 0.002316214 20.487 0.5495554 0.01028225 0.0 3 4.53 188.3
29 13 c 7755.8345 2134.9146 7750 7761 2131 2139 40.054089 -1.6769175 83 43.933 2.2622565128627
8.591020359732429e+17 7.162447579190395e+17 6.898327019134648e+17 4.1358136750741914e+17 2.95¢
1.935 15.58 6.386672e-08 13304130000.0 7.495

34 14 c 7818.0415 2254.3699 7810 7828 2245 2267 40.0530517 -1.6749266 302 40.519 1.57486175035
7.856496770757427e+16 6.509116567375053e+16 6.27661108978647e+16 3.828066125715866e+16 2.78342
3.004 -71.6 1.482205e-06 21494190000.0 2.599

35 15 c 8504.1357 2215.9939 8500 8508 2213 2219 40.0416119 -1.6755664 46 46.3992 2.73826251559
1.282112141749597e+19 1.0548791522696888e+19 1.0204482754993717e+19 6.15502541035982e+18 4.409
1.458 -25.68 6.588845e-09 16613250000.0 2.162

36 16 c 7746.0938 2323.0916 7732 7759 2291 2329 40.0542513 -1.6737812 232 35.7146 210386238308
1264675400450048.0 1222125025230848.0 729767221395456.0 520971547049984.0 0.0001237788 2397916
23979160000.0 9.183

39 17 c 8260.3154 2275.0947 8247 8280 2264 2284 40.0456773 -1.6745814 421 45.9726 3.3876904329
20518280000.0 -3.359965e-10 -3.8558 0.02260115 44.6689 1.167482e-10 0.0 0.0 3 3.5 6.498 3.705
40 18 c 8272.2549 2268.5784 8267 8280 2264 2275 40.0454782 -1.67469 96 45.0897 1.0799148258757
5.543003153479238e+18 4.5692877505487176e+18 4.373283035345322e+18 2.6381833179706163e+18 1.79
3.289 2.165 28.88 1.162626e-07 19312060000.0 8.838

42 19 c 7340.5361 2318.1108 7330 7351 2306 2327 40.0610135 -1.6738641 328 22.0497 281497504.0
32452116480.0 5181450240.0 2259351296.0 36.19067 9380831000.0 14.37888 8944272000.0 -0.0008455
43 20 c 7294.7393 2283.2795 7292 7297 2280 2287 40.0617771 -1.6744446 37 24.3491 899400384.0 2
873149504.0 4.353599 3605551000.0 1.905637 1000000000.0 -0.002846361 22.2209 0.02236046 22.651
45 21 c 8450.9619 2332.0457 8448 8454 2327 2336 40.0424985 -1.6736322 57 44.7177 8.29626122097
1.0583876059129918e+20 8.019625827156309e+19 4.136396168846796e+19 2.022834873489267e+19 1.055
2.426 1.765 79.36 3.100479e-08 23685440000.0 7.147

47 22 c 7302.4834 2349.7825 7300 7305 2343 2356 40.061648 -1.6733362 64 23.9221 0.0669 24.4133




WHY IS THIS DIFFICULT?

= Extracting galaxy
properties in crowded
fields is a difficult
problem

= Blending

= Bright cluster
members

= Intra-cluster light



PUFFIN PIPELINE

IMAGE PREPARATION

( Background corrections )

Correct background values in

images from the Spitzer Space
Telescope and Keck

\_ Observatory )

+

Error Map corrections
Using the pull-plot method and
interatively comparing the rms in
masked pixels to
\_ sart(sum(rms**2)) )

+

( Extracting PSFs h

Extract PSFs by stacking stars in

BCG PHOTOMETRY

ICL+BCG Modelling

5| profile fits on BCGs using

HST images and simulate
spatially varying PSFs from

\_ Spitzer )

GALAPAGOS-M and local
background Galfit fits to obtain
ICL

Perform simultaneous Sersic

Extractor on HST bands to

BCG Photometry
PSF match and run Source
extract cluster properties

BACKGROUND OBJECT
PHOTOMETRY

TPHOT (Spitzer+K-band)
Extract galaxy properties from
| the Spitzer Space Telescope
and Keck Observatories
images using HST images as
priors

Background Galaxy
Photometry
PSF match and run Source
Extractor on BCG+ICL

—| subtracted images in HST
bands to extract cluster
properties

Photometric Utilities in the Frontier Fields INitiative

QUALITY CHECKS

4 N
Completeness
Perform MCMC simulations

Y

with selection criteria and
analyze recovery

( Reddening

Apply galactic extinction

A4

corrections using the
NASA/IPAC Extragalactic

\_ Database )
/ ™
Match Catalogs and Correct

Photometric Errors

Correct underestimated

photometric errors using
GALSIM simulations
-

/ Demagnification
Correct for magnification using
reliable different lens models

Y

produced by the FF team and
comparing the results for
robustness and error

estimation
- J

PHYSICAL PROPERTIES

Extract Physical Properties
Use multiple SED fitting codes
(e.qg. Lephare, EAZY, BPZ) to
extract physical properties and
distances with various
cosmological priors

12

Pagul et al. (Ap]S, in press)



PUFFIN PIPELINE

2000

4 a

1750 2000
ICL+BCG Modelling
Perform simuitaneous Sersic 1750
profile fits on BCGs using | =
GALAPAGOS-M and local 1500
background Galfit fits to obtain 1250
ICL _ 1250
K / g 1000
> 1000
- N =
BCG Photometry 500 500
PSF match and run Source
Extractor on HST bands to - 250
L extract cluster properties
0 0

0 200 400 600 800 1000 1200 1400 1600
X [pixels] 0 500 1000 1500



RESULTING IN...

Original After ICL+BCG subtraction

2000

1750 1750

1500 1500

1250 1250

1000 1000

750 &

250

0 500 1000 1500



REDUCING ANCILLARY DATA
IRAC Channel | TPHOT Residual
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CATALOG DIAGNOSTICS & RESULTS
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Pagul et al. (Ap]S, in press)




WHAT CAN CLUSTER STUDIES TELL US?

Understand how Understand Probe the high Prepare for future
the galaxy galactic assembly redshift universe surveys, such as
properties evolve and clustering JWST and LSST
in different

environments




WHAT CAN CLUSTER STUDIES TELL US?

Understand
galactic assembly
and clustering

Intra-cluster light is a significant contribution to light in
clusters: 10-50% (Behroozi+ |3, Zhang+ 19)

Is the ICL the same color as galaxies? Or stars!?
Can we infer properties about the gas from the ICL?

Does the ICL trace matter? (Montes & Trujillo 19,
Sampaio-Santos+ 20)

Can the ICL help us make better mass maps?



WHAT CAN CLUSTER STUDIES TELL US?

ICL CATS SHARON
0.010 400 10
0.008 300 08
0.006 0.6

200

0.004 04
0.002 . 0.2
A 0.000 : ] 0 0.0

Understand early DGO’ | GLAFC | BRADAC

galactic assembly
and clustering

10
0.8
0.6
0.4
0.2
0.0

19

DM MASS MAPS
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WHAT CAN CLUSTER STUDIES TELL US?

BEYOND ULTRA-DEEP FRONTIER FIELDS AND LEGACY OBSERVATIONS

Probe the high Prepare for future

redshift universe surveys, such as
JWST and LSST

euFrFaLo

Steinhardet, Jauzac, and the BUFFALO collaboration (2020)
https://buffalo.ipac.caltech.edu/



SUMMARY

= Cluster science can help us answer questions about the universe at the smallest and largest

scales.
= Cluster science is also very complex and efficiently capturing the data in a catalog is difficult.
= If you would like to use these HFF catalogs, please reach out to me at apagul@ucr.edu.

= Check out the work that BUFFALO is doing—potential for exciting new science!


mailto:apagul@ucr.edu

THANK YOU FOR LISTENING!

UNDERWHELMED 5/20/09

WE NEED SOME

MORE WINDEX
HEY, DO YOU THINK

NASA IS PONE WITH
HUBBLE YET?

"Fixing Hubble” © 2009 Sean McLean Underwhelmedcomic.com




BACKUP SLIDES



CATALOG DIAGNOSTICS & RESULTS

= Value added catalogs include >100
columns detailing positions, photometry,
redshifts, and error/diagnostics in 15
HST+Ks+IRAC bands

= SED fitting done with LePhare

Arnouts & llbert

A2744 F160W Magnitude Distribution

i1 original image (cold mode)
1 original image (hot mode)
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