Using Cosmic Surveys
to Understand the
Fundamental Nature of
Dark Matter

Alex Drlica-Wagner
David N. Schramm Fellow
Fermilab




Outline

 Dark Matter and Cosmic Surveys
e Search for Dark Matter Annihilation
e Search for the Darkest Galaxies

 Dark Matter with Future Surveys

Alex Drlica-Wagner



Outline

 Dark Matter and Cosmic Surveys
e Search for Dark Matter Annihilation
e Search for the Darkest Galaxies

e Dark Matter with Future Surveys

Alex Drlica-Wagner



The Cosmic Frontier

Fundamental Physics  Precision Measurements

Dark Matter
Dark Energy
Inflation
Baryon Asymmetry
Neutrino Mass

Planck Collaboration (2016)
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Composition of the Universe
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z=0.0

[ The Milky Way] -

Jargon: A dark matter
“halo” is a gravitationally

80 kpc . Diemand et al. (2007) | . ‘ . & bound c|ump of dark matter
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@ . “Galaxy” Defined #

ENERCY SURVEY Fermilab

“A galaxy is a gravitationally bound collection of stars whose properties cannot
be explained by a combination of baryons and Newton’s laws of gravity”
Willman & Strader (2012)

a— -
Jargon: Astrophysicists use
G'Z?Zi?;s “baryon” to mean all standard
10° model components.
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Warm Dark Matter

|Steri|e Neutrinol

Alex Drlica-Wagner Vogelsberger et al. (2016)



Beware of Baryons!

Baryons can also disrupt the smallest structures

Dark Matter Dark Matter Stars

(Dark Matter Only Sims.) (Dark Matter + Baryon Sims) (Dark Matter + Baryon Sims.)

Wetzel et al. (2016)

Simulations have begun to robustly include baryonic physics
(i.e., FIRE, APOSTLE, EAGLE)
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The Missing Satellites “Problem”

Simulations predict N
more dark matter Local Volume (r < 1.2 Mpc)
subhalos than the ~

galaxies we see \ Simulation

either

Discrepancy
Where are the N
smallest galaxies? ENNY

Is this dark matter
physics or
astrophysics?

|
4
|

- ——— Zeus & Hera

Local Volume

1
102 10*  10° 10° 107

Alex Drlica-Wagner Garrison-Kimmel et al. (2014)




Primary Research Goal

Understand the fundamental nature of dark
matter by studying the smallest and most
dark-matter-dominated galaxies.

Avenues of Attack

N (

Indirect Detection
Search for the products of dark
matter annihilation or decay
In nearby regions of high dark
matter density

, DM SM
Indirect
Detection

DM SM

Astrophysical Probes
Test the cold, collisionless
dark matter paradigm directly
using gravity at the smallest
cosmic scales

DM DM

Astrophysical
Probes

DM DM
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P ) Particle Detection
Dark Matter Distribution Particle Propagation
Dark Matter Annihilation

Neutral Particles
(v, v)

Jargon: The “J-factor” is the line of sight
integral through the dark matter density
squared. It is proportional to the predicted

Charged Particles
(e*, p*, etc.)

flux from dark matter annihilation. "
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SR
M

Fermilab

Gamma-ray Flux f Gamma-rays

(signal in data) -

dd., 1 < Gypnt > ~— AN S
dE (E"Y7¢7 ) — 9 Z fny ’

AT 2miy s p ; db.

X W2l G

X ~

+afew p/p, did
/ de’ / p*(r(l, ¢"))dl(r, ¢’>j
AQ(¢,0) los

Dark Matter
Distribution

(line-of-sight integral)

Alex Drlica-Wagner | Fermilab

17



<’ gy i Gamma-ray Spectrum #
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@ == DarkMatter in the Milky Way 4
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AQ(¢,0) los

1
Distance?

J ~

Dwarf Galaxies:
e Small signal

e Small background
‘ Jargon: The “J-factor” is the

/ \ line of sight integral through
: the dark matter density

squared. It is proportional to
the predicted flux from dark
matter annihilation.

m Galactic Center:

eLarge signal

eLarge background

Piere et al. (2011) _
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<. J#2  The Fermi Large Area Telescope #

e T A e ————————————————————————————————————— e rmilal
Fermi LAT Collaboration:
Public Data Release: 1 B EIE ~400 Scientific Members,

All y-ray data made public within NASA / DOE & International
24 hours (usually less) Contributions

e D0 [LH o

Energy Range:
20 MeV to >1 TeV

(i

Si-Strip Tracker:
converty — ee-
reconstruct y-ray direction
EM vs. hadron separation

Hodoscopic Csl Calorimeter:
measure y-ray energy

Image EM shower
EM vs. hadron separation

Anti-Coincidence Detector:
Charged particle separation

Sky Survey: Trigger and Filter:
The LAT observes the whole sky Reduce data rate from ~10kHz to
every 3 hours (2.5 sr FOV) 300-500 Hz
208




Galactic Center Gamma-Ray Excess

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

Fermi-LAT Data (E > 1 GeV) - Total Emission.
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~ Cordon & Macias (2013)

© Abazaian eral (2014)

% Calore et al (2015)
Hooper & Goodenough (2009); Hooper & Linden (2011); Boyarski et al.
(2011); Abazajian & Kaplinghat (2012); Gordon & Macias (2013); Huang
et al. (2013); Abazajian et al. (2014); Calore et al. (2014); Lee et al. Daylan et al. (2016)
(2015); Bartels et al. (2015); Daylan et al. (2016); Ajello et al. (2016); etc. e—————————
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@ T, The Galactic Center -
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L e (alore+4+ 2014 (27) ) -
[ = Daylan+ 2011 (20) -
L == Gordon+ 2013 (20) ; B— -
. @ Abazajan+ 2014 (10) -
— —= n O
_ | Thermal Relic - T T T
o Cross Section
Im
COE
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L The Galactic Center is an

{

extremely complicated region

-'

Assume different DM
annihilation channels

A dark matter signal should
manifest itself in other regions

It is essential to investigate
other dark matter targets

102'/ llllll 1 1 1 1 lllll’,
10 10<

Mass (GeV)
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@ Milky Way Satellite Galaxies #

e DA Fermilab

c. 2014

The Milky Way is
surrounded by small
satellite galaxies

Sextans AstrophySical |y
| [ simple
Ursa Minor

- Draco

W | Here 5

, Close to Earth
l.UMaII . (25 kpc to 250 kpc)

Most dark matter
. dominated objects
E known
Carina
Dark matter content
directly measured
. with stellar velocities

Sculptor

¥
- :
* Fornax

(Bullock, Geha, Powell)
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Annihilation in Dwarf Galaxies

1.6 GeV - 5.0 GeV

Cvn 11§ ®-Com
: ST @AV L Boo 1 Leo 11@
il 1 Boo III @ Boo II . Leo V
@ Via I _ _ ‘Leo IV ‘Segl
UMi : ; Leo I
: Sex®
Dra - .Her - : =233

— Dark Matter Halo Size

— LAT Resolution (68%/95%) | s sl S S

Sgr o
Car_

. LT v 8. : . L | ' b
; _ CMa '
° .
®

Seg 2
Psc 11

For

® Scl

Dwarf galaxies are very clean targets.
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Annihilation in Dwarf Galaxies

1.6 GeV - 5.0 GeV
1.6 GeV - 5.0 GeV

CVn 11§
; e s N
il 1 Boo III @
VMa I A
@ UMi

)4 Dra - Her

Seg 1
Leo I

weight = 0.1

.- Wweight=1.0

— Dark Matter Halo Size
— LAT Resolution (68%/95%) i

1.6 GeV - 5.0 GeV . '
1.6 GeV - 5.0 GeV

Psc 11 %
: X

o5 weight =0.7

o5-  weight=5.0

Multiple dwarf galaxies can be analyzed together

Alex Drlica-Wagner 25
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@ /2" Combined Dwarf Galaxy Constraints #

THE DARK

—21
S SR 7771 Analyze 15 dwarf galaxies
L —  4-year Pass 7 Limit :

j0-22f — U-ear Pass 8 Limit Dark matter with thermal relic | -
- ~7 Median Expected cross section to ~100 GeV §

68% Containment

Fermilab

o 107 3 95% Containment 7
" f
ma 10—24E
= f
= 10|
o :
1026 |

10—275— XX — bb-

- 10 102 100 1o

DM Mass (GeV/c?)

LAT Collaboration, PRL 115, 231301 (2015)
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: Dark matter !
interpretations — 4
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e S % More Dwarf |-
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DM Mass (GeV/c?)

Galactic Center Contours: Abazajian et al. 2014,

Gordon & Macias 2013; Daylan et al. 2014; Calore et al. 2015 27



Sky Coverage of Dwarf Galaxy Searches

MViltrnan 1
°®

Ursa Minor
@

Draco

™
i Koposov 2 § N

[
|

1=-180°

Sky Covered by SDSS

(Belokurov 2013)

¥

® Discovered before SDSS
(classical dwarfs)

® Discovered with SDSS

(ultra-faint dwarfs)

A
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Outline
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e Search for Dark Matter Annihilation
e Search for the Darkest Galaxies

e Dark Matter with Future Surveys
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5 How Small is Small?

Simulation of the [ =
Dark Matter Halo b i

:
4 - N
e . ‘e
® o ¥ . "

80 kpc




COli =

Aprll 2014 - volune 67. number 4

Study the origin of
~] cosmic acceleratlon
5-year project W|th a

] collaboration of ~400
] scientist

DECam instrument
built for precision
cosmology

Largest, fastest,
deepest survey
instrument in the
southern hemisphere




For Scale




Dwarf Galaxies

apnjiube

Color
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A faint signal in a large, structured background.
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<’, JH Maximume-Likelihood Searches

SR
e

Fermilab

Spatial Model Spectral Model Survey Sensitivity

Brightness

Multi-dimensional likelihood analysis
Scan over ~400 million possible locations

Alex Drlica-Wagner | Fermilab 35



‘4m Telescope

DECam CCD Camera
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Bechtol, ADW et al. (2015)



Colors
correspond to
membership
probability
assigned to
each star by the
likelihood
analysis

L
I il
wr

DECam CCD Camera

LI B N N N L N N Y [N L N B S N B L N B B B B L O B B L B

(c) Systemic |
Velocity

Velocity |
Dispersion

Bechtol, ADW et al. (2015)




<’ /7  Satellite Galaxy Discovery Timeline e

Fermilab
60 | . T
ACDM Prediction
[] (Tollerud et al., 2008)
ACDM Prediction
é—s o0r 4 (Hargis et al., 2014)
:’EJ ]
= 40¢}
Z
:G>J A
S 30t
©
-}
= 20| |
O SDSS Beglns\
10 Photographic Plates . o * |
| ’ e Confirmed
' o Candidate
1920 1940 1960 1980 2000 2020
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<’ /7  Satellite Galaxy Discovery Timeline e

Fermilab

DES discoveries match
60f U ' predictions from CDM | T

DES Year 2

50

40  ADw, Bechtol et al. 2015

g
D
E
2 40| g DES Begins
O DES Year 1
Z 30 i \/ )
S 30+ Bechtol, ADW et al. 2015
g 2015 Jan 1 2015|Ju1 1 2010 Jan 1
A 40 SDSS Begins\
10} ° o* -
| ! e Confirmed
' o Candidate
1920 1940 1960 1980 2000 2020

Alex Drlica-Wagner | Fermilab Year 39



<. /  Satellite Galaxy Discovery Timeline e

i Fermilab
g=16.09, S/N=130.3
g ’
(ab) g=17.17, S/N=180.6 )
@) 1
S ]
= MWWWMWW
Z g=19.84, S/N=28.6
O :
2 i
-IC—U’ Wavelength (&)
= ~2 nights on 6.5+ meter telescope (good weather)
2 20|
5 I ... + HSC + PanSTARRS +
MagLiteS + ...
10} ° o* -
| ’ e Confirmed
’ o Candidate
1920 1940 1960 1980 2000 2020

Alex Drlica-Wagner | Fermilab Year 40



<’ Newly Discovered Dwarf Galaxy: FJt
Eridanus I e

—
I I I I I I
10 |- -
Dwarf
10° Galaxies "
S I Systemic - X
Velocity i %
- 2
: N
4 |- Yelomt_y 1 7 10
Dispersion
0 L ﬂ ﬂ ﬂ |H TN
0 50 100 150 200 250 102 10° 10° 10® 10 10"
Vet (km s_l) |-band Luminosity [Le,]

o Wolf et al. (2010)
Li, Simon, ADW, et al. (2016)

Alex Drlica-Wagner | Fermilab 41
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<’ / Galaxies or Star Clusters? e

ENERGY SURVEY Fermilab
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ADW, Bechtol, Rykoff et al. (2015)
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THE DARK .‘

ENERGY SURVEY Fermilab

. SDSS + DES Sky Coverage

CVn " L Wi :
ey Boolll 'IJBooII " Leollm”

.Leov

Blue - Previously discovered satellites Red outline - DES footprint
Green - Discovered in 2015 with Red circles - DES Y1 satellites
PanSTARRS, SDSS, etc. Red triangles - DES Y2 satellites

Alex Drlica-Wagner | Fermilab ADW, Bechtol, Rykoff et al. (DES Collaboration) 43
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Fermilab

<’ / An Aside on DES Cosmology

e Searches for ultra-faint galaxies

are very sensitive to survey
systematics.

 The data set that we developed 006 — DS V1
for the dwarf galaxy search in DES Y1 + Planck
2015 served as the basis for *all”

DES cosmology results in 2017.

0.90 —

0
2 0.84 —

e Dark matter science is an
advanced scout for dark energy 0.78 —

science.
0.72 —
» DES now has world-leading o 0w s o
cosmology measurements. o

DES Collaboration (2017)
data set in ADW et al. (2017)
Alex Drlica-Wagner | Fermilab 44
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@ e Predicted Dark Matter Content =

HE DARK
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21-0 1 T T 1 1 T T | 1 T T T T T T T T 1 I T U 1 T 1 T T T 1 T I T T
Geringer-Sameth et al. 2015 Martinez et al. 2015 . Bonnivard et al. 2015a
6/: 20.5 L Simon et al. 2015 [ 1 F Bonnivard et al. 2015b
| \\ T Walker et al. 2015
= 20.0 B . \\ I
N SN N Q _ T
= 19.5 : + + N 4 i
Cq.s \+‘ \\\ l
§ 19.0 | +i\ ii T lel D d i
N—— .
= 185} 4 @ ) i
< -
T 180+ } 1 1 ; RS i
— - ¢ >
2 175 i T l
g OT —— Jprea(100kpc) = 18. 1GeV2cm T AN
LTI-. 170k - Jprea(100kpe) = 18.3GeVZem™ 1 P i
= — = Jpred(100kpe) = 18.4 GeVZ cm ™ -
16.5 - SR —_ - ' ' -
10° 107 10! 102

Distance (kpc)

Spectroscopic follow-up on ultra-faint
dwarfs is difficult and expensive.

J-factors can be estimated based on distance under
the assumption that they are dark matter dominated.

Alex Drlica-Wagner | Fermilab LAT & DES Collaborations (ADW), ApJ 834, 110 (2017) 45
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b Search for Gamma Rays V3
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] What we want...

dl 0 L Avec Exchuded

0 50 100 150 200 250 by New Dala
-1
Uhel (km S )

DM Co

Dark Matier #odels
20.0 - - Particle Mass
—

Particle Cross Section

-~

' (jerilnéerl—lSéﬂleth et al. 2015
— 905| Simon et al. 2015 |

195 &

19.0 |

185 F

= 180+
17.5F

1 17.0 [

What we have...
101 10° BT

Alex Drlica-Wagner | Fermilab Heliocentric Distance 46
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Gamma-ray Observations

Tt
M

BRCY BURVEY Fermilab
| —  Ackermann et al. (2015) , -
| —— Nominal sample z Analyze 45 Candldate and
- ---  Median Expected = n
L0 o G confirmed dwarf galaxies
- 95% Containment
< 10 __

5 b o Global significance ~10,
€ 10| __/% e s 1% | accounting for trials factors
107} bb This result is a “informed

10-2] . u. -, | estimate” until we have measured
T o ) | J-factors for all targets
10-24 _ -—- Median Expected
i 68% Containment
-/ 95% Containment
|
=~ 107%
= More dwarfs and
IS T St more spectroscopy!
i_h___—__//’
1027 _
T _I_T _
0 B L —

DM Mass (GeV)

Alex Drlica-Wagner | Fermilab
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Outline

 Dark Matter and Cosmic Surveys
e Search for Dark Matter Annihilation
e Search for the Darkest Galaxies

e Dark Matter with Future Surveys
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Magellanic Satellites Blanco Imaging of the

Survey (MagLiteS) Southern Sky (BLISS)

NOAO DECam Program
12 nights in 2016-2017
10 nights in 2018-2019

| NOAO DECam Program
T 12 nights in 2017

~ WEBoo II " Leollm '

5 BooI - ‘ e Co-Pl: ADW
Pl: K. Bechtol d—mleO0V :
; 3 Leo IV™ vl Co-Pl: M. Soares-Santos
Deputy PI: ADW  [ESS il : B
- ~ Leo 1

- Dwarf Galaxy
Searches

Search for satellites
around the LMC (test
B of hierarchical - Gravitational Wave
structure formation) e SN . L S Follow-up

g . ek ' RN - Search for Planet 9
‘ ‘ .... \"l l ¢ '\i | -' '

1 Operations funded

3 through NASA Grant N TP ST - ) 1 5 ' :

Pl: ADW . J el REL 0 : Al Process all* public
et e Sy ' S DECam images with

DES pipeline

Collaboration of ~45

members across ~20 AR :
institutions . R e Collaboration of ~35

------------ members across ~10

institutions

ADW (MagL.iteS & BLISS Collaborations)



Progression of Wide-Field
Optical Surveys

r ~ 24 mag
D ~ 125 kpc
Stage |l
e.g. SDSS
r ~26 mag
Stage Il

e.g. DES, PanSTARRS,
HSC, Skymapper

Stage IV

Alex Drlica-Wagner c.d. I—SST — L}u




Large Synoptic Survey Telescope (LSST)

LSST Project

Sensitivity of DES in one
15s exposure!

$500M+ construction
approved and underway

Commissioning in 2020;
survey start in ~2022

.....

Alex Drlica-Wagner 51



<’ / Dwarf Galaxy Discovery Timeline e
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' ' , 500
m ACDM Prediction (Tollerud et al., 2008)
ACDM Prediction (ITargis et al., 2014)
1 200

—
-
B

1 100

30m telescopes for followup

Log Scale
Cumulative Number

LSST Year 1
LSST Year 10

'SDSS Begins
{ ,_'_'_'J—'J DECam Installed

101} | 1 1 | | .
2000 2005 2010 2015 2020 2025 2030 2035
Year

Alex Drlica-Wagner | Fermilab 52



Milky Way Stellar Halo

Surface Brightness of Stars

38.0 35.5 33.0 30.5 28.0 25.5 23.0 The IVI I I ky Way

Simulated grows by
devouring smaller
stellar halo
systems

Stellar streams
trace the

distribution of dark
matter around the
Milky Way

Bullock & Johnston (2005) 53



New Stellar Streams

11 new stellar streams discovered with DES

Increases the known stream population by ~ 50%

DES Collaboration: Shipp, , et al. (2018)

Alex Drlica-Wagne
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Gaps in Stellar Streams

Alex Drlica-Wagner

Image: Belokurov+
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Dark Matter Halo Abundance

107

10°
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https://lsstdarkmatter.github.io/dark-matter-graph/

New CCDs for New Discoveries
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Curréent Scientificé CCDs ~2¢ éms/pix
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Increased Efficiency for
Spectroscopic Surveys
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Summary

Dark matter is one of the major open questions in
fundamental physics.

Cosmic surveys have entered the era of precision
measurement.

Dwarf galaxy are an important target class for indirect
dark matter searches.

Gravitational interactions provide the only robust,
positive measurement of dark matter.

Cosmic surveys will continue to guide particle dark
matter searches in the decades to come.

Alex Drlica-Wagner
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Backup Slides
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