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THE DARK ENERGY SURVEY

300+ collaborators, 70+ publications
in this talk: 3 DESGW papers
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DEGam

survey

3 sq deg FOV

: | 5000 sq deg grizY to 24th mag
570 Mpix optical camera
Facility instrument at 0.9 arcseconds seeing
CTIO Blanco 4-m
telescope in Chile 30 sq deg SNe survey
First light: Sep 2012 525 nights: 2013-2018
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" SYSTEMATICS OR NEW PHYSICS?
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STANDARD SIRENS
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Neutron star merger gravitational wave emission
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" CHALLENGING SEARCH AREAS
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" BUT WE HAVE THE RIGHT
INSTRUMENT. ..



3 square degree FOV on a 4-meter telescope!

The Small Mage“llahic Cloud, DES Ist light image, Sep 12 2012



THE PROGRAM IN ACTION

The |st BEvent:
GWI150914
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GW 150914

Time: Sep 14,2015 09:50:4
FAR: [/203k yr

Distance: 41 0Mpc

Type: BBH merger
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0.000048

40.000042
40.000036
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40.000024

LVC sky localization probability map (final)

0.000018
0.000012
0.000006

0.000000

Marcelle Soares-Santos ¢ DES-GVW & London GW Symposium & Oct 26,2016
9



GW 150914

Time: Sep 14,2015 09:50:41 Obs time: 2015 Sep 18
FAR: 17203k yr (end of the night)

Distance: 41 0Mpc
Type: BBH merger

24.0
23.2
422.4
421.6
420.8

Dec

420.0

19.2
18.4
17.6

DES mag limit model
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GW 150914

Time: Sep 14,2015 09:50:4 Obs time: 2015 5ep 18

FAR: 1/203k yr (end of the night)
Distance: 41 0Mpc

Type: BBH merger

Dec

DES source detection probability map
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 GWI1509 |4

Time: Sep 14,2015 09:50:41 Obs time: 2015 Sep 18
FAR: 17203k yr (end of the night)

Distance: 41 0Mpc
Type: BBH merger
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DESXLIGO source detection probability map
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ANALYSIS |

Search for a decaying transient (Soares-Santos et al. 2016)

Area (square degrees) Efficiency estimates from
Total observed: |02 simulated events

Excluding LMC: 84

d te: 0.3 /d
Considering fill-factor: 67 s g

50% recovery rate depth:

Good after diffimg: 40 R o
(~30% loss due to missigng templates) Sl ol <!_Z> | l L5
color: (I-z) ~ OF SSE==srAN
Sample selection color: (i=z) ~= I | ="0AaH

(all cuts in i and z bands)
0) Good detection in |st epoch

FZindepoch S/N>2
2) 3+ sigma |st to 2nd epoch flux decline

BN 5 sioma In the 3rd epoch

Sensitive to typical
NS-NS mergers out

to 200Mpc.
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ANALYSIS |

Search for a decaying transient (Soares-Santos et al. 2016)

Result

Zero candidates pass our
selection criteria. No optical
signatures are predicted for BBH
events, so this Is not surprising.

Sample selection

(all cuts in i and z bands)
0) Good detection in |st epoch

FZindepoch S/N>2

NUMBER OF SELECTED EVENTS

mag () raw cutl cut2 cut3
18.0-18.5 84 1 0 0
18.5-19.0 177 1 0 0
19.0-19.5 291 2 0 0
19.5-20.0 227 2 1 0
20.0-20.5 156 17 2 0
20.5-21.0 225 42 3 0
21.0-21.5 334 84 2 0
21.5-22.0 756 159 1 0
22.0-22.5 1099 183 0 0
total 2349 491 9 0

2) 3+ sigma |st to 2nd epoch flux decline

BN 5 sioma In the 3rd epoch

This type of search is a
starting point for future
NS-NS merger searches.
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ANALYSIS 2

Search for disappearing stars in the LMC (Anms et al. 2016)

GW 509 14 was initially
thought to be a burst event,
and could be due to a
core-collapse (CC) nearby.

@& oiien result i
supernova explosions

(e.e. 198/A), but none were |
Eseiicdinrthe LMC at the 1:|me

~ 20% of the CC's are expected to fail to produce supernovae.
Could GW 150914 be associated with a failed SNe!?
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ANALYSIS 2

Search for disappearing stars in the LMC (Annis et al. 2016)

GW 1509 |14 was initially e . g
thought to be a burst event, B
and could be due to a
core-collapse (CC) nearby.

@@ Foiien result in
supernova explosions

ol cl/ ), DUt none were i
EEtediin the LMC at the time.

~ 20% of the CC's are expected to fall to produce supernovae.
Could GWI150914 be associated with a failed SNe?
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ANALYSIS 2

Search for disappearing stars in the LMC (Annis et al. 201 6)

VWe take possible progenitors

(red supergiants) catalogued in

the literature, and search for them
via visual inspection; all accounted for.

VWe concluded that the GW event
was unlikely to arise from a failed SNe.

We later learned that G 1509 [4 was a BBH merger. This type of
search is a template for future GW sources from CC events.
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EVENT #2 - GWI151226
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ANALYSIS 3

Search for a decaying transient (Cowperthwaite et al. 2016)

28 December 2015 A 01 January 2016 08 January 2016 18 January 2016

36 square degrees observed
(28.8 It considering fill-factor)

o 4 epochs (last one is template)
¢ s
20.0¢t [ E
{> PsSTi-band . o
e - . e 4 “candidates” (3 AGNs, | SN)
e R P ey
S| e o
3210 2070""’°We"“w":"‘""” ""3"" | | ga} 0 it Pre-eXIStlng temp|ateS; or
E | o v , This Work| 2 ; | Rising portion of light curve
E T N O .
T - < . ?| would have helped reject those:
22.0} 215}! *;;\:\""{, """""""""""""""""" (':" ' 1
NS R : o —Need to increase template sample
e O S N o= I —Need to observe ASAP after trigger
~100 —80 ~60 —40 —20 5 20

Time since GW Trigger [M)JD - 57382]
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DESGW |>" CAMPAIGN RESULTS

A DECam Search for an Optical Counterpart to
the LIGO Gravitational Wave Event GW151226

Cowperthwaite, et al. 2016, ApJL, 826, 29

A Dark Energy Camera Search for Missing
Supergiants in the LMC after the Advanced LIGO
Gravitational-wave Event GW150914

Annis, et al. 2016, ApJL, 823, 34

A Dark Energy Camera Search for an Optical
Counterpart to the First Advanced LIGO
Gravitational Wave Event GW150914
Soares-Santos, et al. 2016, ApJL, 816, 98

Funding:
LDRD (FY15, FY16), Chicago SCI (FY17)

Potentially a new cosmological probe!

2015 September 18, at morning astronomical twilight

Measurement error in Ho
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Soares-Santos et al. 2016
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Snowmass white paper, arXiv:1309.5382

0 5 10 15 20 25

Number of GW-EM NS-NS mergers

Figure 8 Hp measurement uncertainty as a function of the number of multi-messenger (GW+EM)
double neutron star merger events observed by an advanced LIGO-Virgo network. The dashed line
shows Gaussian convergence.
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Th esejreexciting ti'hr{eé for s/cj:‘iente}"\/vith the Dark Energy

Survey and Gravitational Waves. Last season was a blast!
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We are now preparing for a second observing run. Stay
tuned for exciting results coming soon!




extra slides
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THE PROGRAM

GW trigger
time stamp ~)4h

DECam search system
prepare template images

schedule observations

sky region
distance
event type

take new images
perform image subtraction
detect, model counterpart

LIGO: arXiv:1304.0670

We are here! Estimated | Egw = 107 *Myc* Number | % BNS Localized
ol Run Burst Range (Mpc) | BNS Range (Mpc) of BNS within
v Epoch Duration | LIGO Virgo LIGO Virgo | Detections | 5deg” | 20 deg”
' v L aLigo 2015 3 months | 40 - 60 40 - 80 0.0004 - 3
. aLigo 2016-17 6 months | 60 - 75 | 20 - 40 80 - 120 | 20 -60 | 0.006 - 20 2 o~ 12
: aVirgo + aLigo 2017-18 9 months | 75 - 90 40 - 50 120-170 | 60-85 | 0.04-100 | 1-2 10 - 12
LeVmerapl L Lperyen) | L A L 2R R LR D2 A0, 382
T " 2022+ (India) | (per year) | 105 80 200 | 130 | 0.4-400 | 17
DES observations T
(Sep-Feb months) LSST era!
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DATA

28 fielc

S 77 Danc

s, 70 sec (I | in footprint, I/ ACHEEIESY

PIBRIElCS)I1zz Dands, > sec (LMC area)
Program Night MJD At*  (PSF(FWHM;)) (airmass) (depth;) (depth.) Acg®
(days) (arcsec) (mag)  (mag)  (deg?)
Main, 15* epoch  2015-09-17 57383 3.88 1.38 1.50 22.71 22.00 52.8
2015-09-18 57384 4.97 1.35 1.46 22.82 22.12 14.4
Main, 274 epoch 2015-09-20 57286 6.86 2.17 1.51 22.18 21.48 67.2
Main, 3*9 epoch  2015-10-07 57303  23.84 1.46 1.40 22.33 21.63 67.2
LMC, initial 2015-09-17 57383 3.98 1.14 1.30 21.32 20.62 14.4
LMC, extension 2015-09-26 57292 12.96 1.21 1.28 20.91 20.21 33.6
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~ IMAGE PROCESSING

Job Summary
5000

Fach search image and template run through |..
single epoch processing (few hours each) =

2000

1000

0

Then each CCD In each search image goes ;
through difference imaging pipeline in parallel, Lo,

copying In needed templates (~ | hr/job) —

Challenge: raw images to plots in < 24 hrs

-

1/28 00:00 1/29 00:00 1/30 00:00 1/31 00:00

Completely automated job submission o:mm o o =15 = aron <
immediately after search image available. —
Able to run dozens of images In parallel

using Fermilab and Open Science Grid resources.

http://fifemon.fnal.gov/
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SYNERGIES WITH SN SURVEY

Status of DES SN Survey:

Example of SNe detection using the DES difference Over 200 spectroscopically confirmed
imaging pipeline. type la SNe (photometrically selected

sample is about 5x larger)

Also discovered many other types of

supernova, including rare superluminous
SNe.

The Difference Imaging Pipeline for the Transient
Search in the Dark Energy Survey

Kessler, et al. 2015, AJ, 150, 172 Cosmology results using

spectroscopically selected type la SNe
coming soon.
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GW+EM OPPORTUNITIES

Astrophysics
First detections of NS-NS, NS-BH mergers
Evolution of binary systems
Origin of r-process elements in the Universe
Neutron Star equation of state

Cosmology
Standard sirens (the GVWW-equivalent of standard candles)

Physics of space-time
Time of flight experiments (including neutrinos)
ests of General Relativity
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ASTROPHYSICAL OBSERVABLES

Luminosity distance: §  Angular diameter distance:
standard candle . standard ruler

Cosmic microwave background (CMB)

Typela
_supernovae
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9L



DES is sensitive to é
Growth of structure: Dark Energy  EEIRESEN |
Weak gravitational lensing (WL) WL, Clusters are also sensitive §
Galaxy cluster abundance (Clusters) to angular diameter distance.
Background W= .

ASTROPHYSICAL OBSERVABLES

Dark matter halos

sources
(e.g. galaxies,clusters) '

Observer

WL: Statistical measure of shear pattern, ~1% distortion
Clusters: Number density vs. Mass vs. redshift

Radial distances depend on geometry of Universe

Mass distribution depends on growth of structure

Marcelle Soares-Santos ¢ DES-GVW & London GW Symposium & Oct 26,2016
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GROWTH OF STRUCTURE

1

The growth of the largest structures in the universe,
clusters of galaxies, Is iInhibited by dark energy.
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D\STANCE—REDSI—IIFT RELATION

. )\obs @

Redshift (z) Is an
Radio waves stretched as Universe expands Galaxy moving Observable EfeCt O“ the
2= (Aobe — A)/A  omremee - expansion of the Universe.

the Universe

26 —
Expaqsion is
Faraway Ssources are more 24| speeding up
affected then nearby ones. 2|
T Expansion is
‘g’ ol slowing down
VWe can measure the RS
rate of expansion using the 16~
distance—redshift relation! S e 8
0.01 0.1 1.0
Redshift (z)
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DES PROJECTIONS (5 YEARS)

3 1 Ll 1 T l 1 1 1 T I 1 Ll T T I T T 1 Ll

DES expected measurements 5000 degz, 09" Seeing,
1 24" mag (redshift~ | .4)

300M galaxies, shapes,

we °F 30% | OOK clusters, 4K SNe
LSS ; |
' SNe 1} 4 combinediphcis=s
E Clusters e _
2F WL 7% :

Combined Planck 2015 (approx.)g 3-OX |mproved Dark
] SR S U S S SRS N S Energymeasure“nent

-2.0 -1.5 -1.0 -0.5 0.0
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" DES SCIENCE: G\W

Can we take advantage of this new way to observe the universe, with
Gravitational VWaves, to add a new Dark Energy probe to our repertoire and
beat down the systematics? With this motivation, we launched the DESGW
pelectin 201 3.

VWe obtained strong support from the DES Collaboration — thank you, Josh! —
including experts from the SNe group (Kessler, Sako, Brout, Scolnic, Frieman, et al.).

VWe established a joint effort with LIGO members (Holz, Chen, Doctor, Farr) and
non-DES DECam users (Berger, Cowperthwaite et al.).

We developed an analysis that is sensitive to NS-NS, BH-NS mergers out to
200Mpc — and didn’t see an optical counterpart. It turned out the first events
did not have a NS in them, but prospects for future are good!

Funding: Fermilab LDRD (FY |5, FY [6), UChicago SCI grant (FY'| /).
Telescope time: Blanco/DECam nights (3 in 20158, 5 in 2016B; Pl: Berger).
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B



DARK ENERGY SURVEY
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DEcam survey

3 sq deg FOV, 570 Mpix 5000 sq deg grizY to 24th mag
optical CCD camera

Facility instrument at 0.9 arcseconds seeing

CTIO Blanco 4-m
telescope in Chile 30 sq deg SNe survey

First light: Sep 2012 525 nights: 2013-2018
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" DES SCIENCE

DES has published over 70 papers based on the data taken so far.

Most are astrophysics results building towards cosmology
measurements (which are coming soon).

VWe also have results that go beyond the traditional dark energy
probes, e.g.:

— Searches for optical signatures of gravitational wave
events that might result in a new observable for
cosmology.

In this talk | present a selection of DES results.
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" DES SCIENCE: G\W

Can we take advantage of this new way to observe the universe, with
Gravitational VWaves, to add a new Dark Energy probe to our repertoire and

beat down the systematics? VWith this motivation, we launched the DESGW
Belectin 201 4.

With strong support from the DES Collaboration including experts from the

SNe group. We established a joint effort with LIGO/Virgo members and non-
DES DECam users.

We developed an analysis that is sensitive to NS-NS, BH-NS mergers out to
200Mpc — and didn’t see an optical counterpart. It turned out the first
events did not have a NS in them, but prospects for future are good!

Funding: Fermilab LDRD (FY'I5, FY'16), UChicago SCI grant (FY | /)
Telescope time: NOAO CTIO Blanco/DECam nights (3 in 20158, 5 in 201 6B)

Marcelle Soares-Santos ¢ DES-GVW & London GW Symposium & Oct 26,2016
Bl



DARK ENERGY &
ACCELERATED EXPANSION

Time
(~15 billion years)
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