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Overview of Evidence for Dark Matter (I)

B Jan Oort in 1930s observed M/L ~ 3 from THE ASTROPHYSICAL JOURNAL

Doppler shifts of stars in Milky Way AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
galactic plane. ASTRONOMICAL PHYSICS

B Fritz Zwicky first noted that luminous
matter in galaxy clusters was much less VOLUME 86 OCTOBER 1937 NUMBER 3
than total mass of cluster

— velocity dispersion of galaxies within ON THE MASSES OF NEBULAE AND OF
cluster CLUSTERS OF NEBULAE

perhaps first to propose to use F. ZWICKY
gravitational |enSing to determine n.b. earlier reference: F. Zwicky, Helv. physica acta, 6, 110 (1933).

also see F. Zwicky, “Nebulae as Gravitational Lenses”,Phys. Rev.

cluster masses. 51, 290 (1937)
(one column letter to editor!!!)
(3) The problem of determining nebular masses at

Coma Cluster which ZWley cited as present has arrived at a stalemate. The mass of an average

. nebula until recently was thought to be of the order of
eVIdence for unObserved mass was a My=10° M o, where M ¢ is the mass of the sun. This esti-

VERlTAS Observational target earlier mate is based on certain deductions drawn from data on
. ] . the intrinsic brightness of nebulae as well as their spectro-
in 2008; no signal observed.

graphic rotations. Some time ago, however, I showed?
that a straightforward application of the virial theorem to
the great cluster of nebulae in Coma leads to an average
. e SRR nebular mass four hundred times greater than the one
Dark matter mapped (b|ue) in e e R 'v < mentioned, that is, My’ =4X10"M ©. This result has
Bullet Cluster by gravitational s ‘. o . e recently been verified by an investigation of the Virgo
. RELREES IR cluster.? Observations on the deflection of light around
lensing. Hot x-ray gas (red)

: o e s B . nebulae may provide the most direct determination of
is bulk of normal matter. BRE i A R hat nebular masses and clear up the above-mentioned
BB, 000 R SR ' discrepancy.
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Overview of Evidence for Dark Matter (Il)

THE ASTROPHYSICAL JOURNAL, 238:471-487, 1980 June 1
©1980. The American Astronomical Society. All rights reserved. Printed in U.S.A. :

® Vera Rubin and Kent Ford pu blished first ROTATIONAL PROPERTIES OF 21 Sc GALAXIES WITH A LARGE RANGE OF

paper on rotation of Andromeda galaxy in S AN G 2685 (R 1y 02 U= 4kpe) 1O
1970 indicating rotation curve falling Y e ot o v, Conee metiton o Mesmon

. Received 1979 October 11, accepted 1979 November 29
slower than expected from Keplerian
mOtIOn ] VIIl. DISCUSSION AND CONCLUSIONS

- : We have obtained spectra and determined rotation
In 1980 Rubin, Ford and Thunnard pUbIISh curves to the faint outer limits of 21 Sc galaxies of high

rotational properties of 21 Sc spiral inclination. The galaxies span a range in luminosity

- - - : from 3 x 10° to 2 x 10'! L, a range in mass from
galaxies showing unequivocal evidence of 1010102 x 1012 M, and a range in radius from 4 to

dark matter dominance of gaIaX|es 122 kpc. In general, velocities are obtained over 837,
of the optical image (defined by 25 mag arcsec ™ ?), a
greater distance than previously observed. The major
conclusions are intended to apply only to Sc galaxies.
1. Most galaxies exhibit rising rotational velocities

at the last measured velocity ; only for the very largest
galaxies are the rotation curves flat. Thus the smallest
Sc’s (i.e., lowest luminosity) exhibit the same lack of a
Keplerian velocity decrease at large R as do the high-
luminosity spirals. This form for the rotation curves
implies that the mass is not centrally condensed, but
that significant mass is located at large R. The integral
1 l mass 1s increasing at least as fast as R. The mass is not
15 converging to a limiting mass at the edge of the optical

DISTANCE FROM NUCLEUS (kpc) image. | The conclusion 1s inescapable that non-

luminous matter exists beyond the optical galaxy.

VELOCITY IN PLANE OF GALAXY (km s)

A Bob Wagner, Argonne VERITAS Group
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Overview of Evidence for Dark Matter (Il

B Measurements of CMB multipole moments
and fits to same give (+SN la + BAO)
Qbaryonh? = 0.0227 = Qparyon = 0.0456
()matterh2 ~(0.136 = Qmatter =0.274
h=0.705

B [nferred D/H ratio agrees well with BBN
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Why Look for Dark Matter in Dwarf Spheroidal Galaxies?

B Stars in dSph galaxies have large velocity dispersions
which can indicate

a) Large Mass/Light ratio = possible dark matter
concentrations

b) Tidal disruption of galaxy by Milky Way
Central velocity dispersion has been shown to be
generally good indicator of mass

Earlier data indicated that possibly all dSphs embedded in
DM halo of >~10’Mo indep. of luminous mass
Low intrinsic (non-DM) y-ray production
Willman 1 may be least massive dwarf galaxy found to
date (~few x10°Mo)

— new class of dwarf residing in less massive DM halo?

— tidally stripped by Milky Way and once more
massive?

Particle Physics
do(E,$, AQ) [<av> dN(Eva)]

dE ||8mm?2 dE

Astrophysics

T, AQ)

Line of Sight Integral over Source Region

J(U,AQ) = (pgfl%g> /AQ dﬂ/p(zﬁ,ﬂ,s)%s

Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
Tuesday 16 Dec 2008
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New Dwarfs Discovered by SDSS

i

1=0°, b=0%"

Sagittarius

Ursa Major |
Willman |

Ursa Major I
Bootes

Canes Venatici |
Canes Venatici Il
Coma

Segue |

Leo IV
Hercules

Leo T

Bootes Il

VERITAS Targets

-90
from TeVCat: http://tevcat.uchicago.edu/
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Aharonian et al. PRL 97,221102 (2006)
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Wide-Field Radio Image of the
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Not a good target for VERITAS: visible only in June at elev. ~30°
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VERITAS Status & Overview (1)

Sy

ST v 48

- Smithsonian Astrophysical Observatory - dePauw University

* Purdue University - Bartol Research Institute/ University of Delaware
- Jowa State University - Grinnell College

- Washington University in St. Louis - University of California, Santa Cruz

« University of Chicago * University of Iowa

- University of Utah - University of Massachusetts

- University of California, Los Angeles » Cork Institute of Technology

* McGill University, Montreal - Galway Mayo Institute of Technology
* University College Dublin - National University of Ireland Galway
- University of Leeds

* Adler Planetarium - ~25 Associate Members

- Argonne National Laboratory

- Barnard College

VERITAS Array complete and operating in 4 telescope mode since April, 2007

A Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
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VERITAS Overview & Status (2): Physical Location

Discussing movement of T1
to new location to provide
more useful separation

Implementation of routine
moonlight observing has
added substantially more
observing time (>~25%), e.g.

91 observation hours in Nov/
Dec dark run including 22
hrs. moonlight data. Requires
separate handling in analysis
due to brighter Night Sky
Background light

Useful for blazar monitoring.

e | Jan 2005

In addition, to planned T B, | e R
observing program, have : £ ' S 3 el R, B T
ToOs: GRB alerts, flaring AGN

A Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
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VERITAS Overview & Status (3): Stereo Observation
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http://veritas.sao.arizona.edu/wiki/images/0/0a/Gamma_outside_array.png
http://veritas.sao.arizona.edu/wiki/images/0/0a/Gamma_outside_array.png

VERITAS Overview & Status (4): Sensitivity

50 Detection Sensitivity
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VERITAS Dark Matter Key Science Project

B Dark Matter search is one of four VERITAS Key Science Projects that receive an
unreviewed time allocation beyond proposals to the Time Allocation Committee (TAC). We
are in second year of key science project allocations

— Sky Survey of Cygnus region

— Supernovae Remnants/Plerions (Pulsar Wind Nebulae)
— Blazars

— Dark Matter

B Dark Matter search carried out by Dark Matter Science Working Group which administers
KSP, other Dark Matter proposals, analysis, and planning (Karen Byrum, Deputy Leader).

— Since nature of DM unknown, target a variety of object types: galaxy clusters, local
large galaxies, globular clusters, and dwarf spheroidal galaxies (dSph).

— Observation Program globular clusters, 006/7, poor weather

OO M32, local elliptical, 10hrs 2008 -

I - M5 giobularcluster,
.- "approved.fdr.15hrs,;:2009. °

_ M33; local spiral, 12hrs 2007/8

So how about the dwarfs?...

A Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
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The Dwarf Spheroidals
or Why There’s Dark Matter Out There

Hoping for both SEGU
and Bootes in 2009.
Time allocated for 1.

A Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
Arggﬂﬂ Em Tuesday 16 Dec 2008
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VERITAS Data Analysis Stream

B Analysis accomplished through several competing packages:
— VERITAS Gamma-ray Analysis Suite (VEGAS)
« Chosen standard analysis package

» Very easy to use with wide variety of options
» Had initial problems and bugs that prevented spectral analysis, but is now mature

reliable suite of analysis
— EventDisplay
 original display and analysis program
o still widely used as primary and secondary analysis
e avoided many of initial problems of VEGAS (due to smaller developer group?)
— ChiLA (Chicago/L.A. analysis)
« Combines simulation and analysis packages

» Pretty much used only by UCLA group
« Secondary analysis done for Dwarf Galaxy data and primary simulation for dark

matter search

Bob Wagner, Argonne VERITAS Group |
HEPD Lunch Seminar 14
Tuesday 16 Dec 2008 '



VERITAS Data Analysis Stream -- VEGAS

B Analysis Suite consists of six separate stages with dedicated executables plus visualization
application and dozens of ROOT macros to perform analysis tasks

— Based on ROOT for data model and graphical interface
— Stage 1: Calibration analysis

» Applied both to observational data and separate
dedicated laser run data

» Time dependent pedestal calculation
e Laser run: gain equalization & time offset for each pixel
— Stage 2/3: Calibration application & image parametrization
» Stage 2 & 3 combined in upgraded VEGAS to save time
and reduce file size
» Time dependent pedestals subtracted, pixels gain corrected

* Pixel cleaning
(60 above ped for “picture”; 2.50 for “boundary”)

[ TZero Calculation Comparison |

camera centroid

elliptical (Hillas) parameters of image

y ~. Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
Tuesday 16 Dec 2008
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VERITAS Data Analysis Stream -- VEGAS (2)

B VEGAS Stages (cont.)
— Stage 4: Array level shower stereo reconstruction

» Apply cuts on Hillas parameters to eliminate Night Sky Background, hadronic
showers, and events near camera FOV edge

» Calculate image angular position in sky and impact parameter on ground, i.e.
trajectory of shower

» Use image parameters to estimate enerqgy from simulation lookup table
» Calculate array level parameters, e.q.

— Mean Scaled Width -- Ratio Width to expected width from simulation as
function of size and impact parameter of shower; averaged over n telescopes

— Mean Scaled Length -- same for length parameter | s engn |
— ©2-- squared angular distance of image from " Acceptance
assumed source position ep Renee
— Stage 5: Gamma-ray selection Gamma rays
» Application of cuts to data to select gamma-ray sample ==}
— Stage 6: Results extraction; many options including
 Calculation of number signal and background events et e
« Estimation of signal significance osodea g’
» Calculation of mean effective area
» Spectral analysis

Cosmic Rays

2000 -

Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
Tuesday 16 Dec 2008




Dwarf Galaxy Observation Analysis:
Signal and Background Estimation

B “Standard” analysis of data from IACT observations estimates:
— Non = # counts in defined signal(test) region
— Norr = # counts in defined backgrd region
B Excess (or deficit) counts and significance derived:
—  NExcess = Non - a Norr
— Significance: (assuming all backgrd. in ON region)

1/2
S=,/—21n/1=\/§:Nonln Lo N T Noge In | (1 4 o)~ Dot }
N,, Non + Nogt

o + Noff

ref: T-P. Li & Y-Q. Ma, ApJ, 272, 317(1983), Eqn. 17

— o = normalization to correct for differences in signal and bkgd regions
typically is ratio of area of signal to bkgd region, but can vary over FOV

— A = likelihood ratio statistic
\-2InA = absolute value of n(0,1) distribution

B Challenge is to define suitable background region that gives high statistical precision
without introducing excessive systematic uncertainties.

— Several methods used, with varying advantages/disadvantages
excellent ref: D. Berge, S. Funk, J. Hinton, A&A, 466, 1219(2007)

Bob Wagner, Argonne VERITAS Group |
HEPD Lunch Seminar 17
Tuesday 16 Dec 2008 ﬁ




Background Estimation Methods

B ON/OFF Separate Runs

Initial method for imaging Cherenkov telescopes; developed for single telescope
systems

ON and OFF runs taken in pairs with OFF run covering same region of sky separated
in Right Ascension from ON by time difference of runs.

Removes variations in acceptance across field of view
Only assumes acceptance not dependent on RA.

* Good assumption unless significant differences in celestial environments, e.qg.
bright stars in FOV for one region

» Environmental differences can be corrected by “padding”, adding random noise to
events in region with lower sky backgrd

— Low statistics and guarantee half the data have no signal.
B Modified ON/OFF: FOV Background

— Accumulate data from many observations giving no y-ray signal over large range of
zenith angles.

— Gives large statistics background estimate over FOV for ON observations
B Template Method

— Use ON region but select events failing y-ray selections

— Useful for extended sources
B Methods using signal and background regions in same field of view:

~ Reflected regions (Wobble) } Generally best for source detection

— Ring background
Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar 18
Tuesday 16 Dec 2008




Reflected Region Background Estimation (Wobble Bkgd)

Generally used to provide an overall estimate of _. F witman 1

o
(non)significance of a possible source (1 number) .._%_.5“ Wobble 0.5 deg N
O
QD
HESS observation of PKS 2155-304 .
Event Map

This can then be used for overall flux or flux limit @522
-29 “ FPuointing

Lacation

a.
52

q 161.6 161.8 162 162.2 162.4 162.6 162.8 163 163.2 163.4

-31 . , - RA(deg}

e ot Reflected region background in practice:
4 Declination distorts RA position of

background regions

4+ Regions are determined in camera

coordinates

A Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar 19
Arggﬂﬂ Emm“ Tuesday 16 Dec 2008

22h02m 21h58m 21h55m

from D. Berge, S. Funk, J. Hinton (fig. 4)




Ring Background Model

Ring OFF region ON region

Significance Map

B Applicable to any point in the Field of View ©24
B Generally insensitive to deviation of data ;‘3 2
from acceptance model '

— Background counts must be 23
convolved with acceptance map
within background ring

B Used for construction of significance map

— Although bins are correlated,
distribution of significances in
absence of signal is n(0,1)

20.5

Source and bright star
regions excluded from 81.5 82 8 83 83.5 84 B845\85 85.5

bkgrd calculation RA {Degrees)

Perimeter of significance map Max angular distance from

observation position

A Bob Wagner, Argonne VERITAS Group
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Results of Wobble Analyses

Source ON OFF Significance

Draco 305 3667 -1.511

Ursa Minor 250 3084 -1.772

Willman 1 326 3602 -0.077

OFF/ON area = 11/1 = a = 0.09091

Bob Wagner, Argonne VERITAS Group |
HEPD Lunch Seminar 21
Tuesday 16 Dec 2008 '




Significance Maps of Dwarf Galaxy Regions

| Significance Map Draco Pass 4c Weather AE 3/4 Telescope | |3IgnH‘Inan¢e Distribution Drace Pass 4¢ Weather AB 34 Telescope r 3987115 | Significance Map Willman | Pass dc Weather AB 4 Telescope

Constant 5023+ 4.4

Maan -0.09336+ 0.00T18 .

Sigma 0.9961+ 0.0055

NMumber of Counts

Willman 1

e Lo b v L Lo g L PR I R Ao e N M U T (N Y A AN O WA A
257 258 259 260 261 262 263 160 161 162 163 164 165

RA (Degrees) Significance per bin RA (Degrees)

]
=

Significance Distribution Willman | Pass 4c Weather AB 4 Telescops r 17161128

Significance Map Ursa Minor Pass 4c Weather AB 34 Telescope | Significance Distribution Ursa Minor Pass 4o Weather AB 374 Telescope r 154.1 7 114 Constant A45.4 1+ 4.2

g

Constant T14.1+ 5.1 Mean -0.02837 + 0.00718

Mean -0.01392 + 0.00575 Sigma 0.9561+ 0.0055

Sigma 0.9745 + 0.0041

g

A

or

Number of Counts

g

Number of Counts

o e il il ey
| | . -2 0 2 4 8

230 332 2 Significance per bin
RA (Degrees) Significance per bin
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Construction of Flux Limits

B Use Rolke et al. Profile Likelihood method [ref. NIM A551 (2005) 493]

— Test hypothesis, Ho(po,bo) where signal, yo, is given; bp maximizes likelihood given po
VS.

alternative, H1(u1,b1) where u1, b1 maximize likelihood
e U = # signal events b = # background events
X = total events in signal region t = background region size/signal region size
 y = total events in background region } =1/a

— Similar to Feldman-Cousins, but background is unknown and treated as nuisance
parameter

— Assume signal and background event counts are Poisson distributed
e M1 =X-(yh) b1 =yl

* bo = {[(x+y) - po(1+1)] + ([(x*Y) - Ho(1+1)]2 + 4(1+1)uoy) 2} / 2(1+1)

o MMo | X,¥) = L(Mo,bo | X,y) 1 £(M1,b1 | X,y)
— £(u,b | x,y) = [(u+bp/x!] e*0) [(th)V/y!] e

‘ -2L.n AM(Mo | X,y) IS x2(1)‘

Bob Wagner, Argonne VERITAS Group |
HEPD Lunch Seminar 23
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Physical Flux Limits

B Useful flux unit: counts cm s-! above some energy threshold
— requires estimating effective area of telescope

» Calculated on event-by-event basis using
effective area vs. energy, zenith angle, azimuth, and noise

» Average effective area of all ON events
— Need to define energy threshold
» No precise energy that defines threshold

» Usual definition is characterization
of “detector response”

— Convolve effective area with (assumed)
spectral energy distribution; typically use

=]

10

8

Effective Area Distribution
Willman |

10 2 30 40 50 60 70
Effective Area (m®)

Crab spectrum scaled to some assumed
flux as percentage of Crab

For dwarf analysis,
use 3% Crab with Flux « E-2-

Energy Threshold defined as energy at
peak of Detector Response

ha
tn
[=]

Effective Area (m?)
]
o
|||||||||||||||||||||||||||||||||||||||||||£

A Bob Wagner, Argonne VERITAS Group
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Detector Response
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Dwarf Galaxy Flux Limits

Counts Effective Energy 95% c.l.
Source 95% c.| Area Threshold | Flux Limit
0 al. (m2) (GeV) (cm-z S-1)

Draco 8.70 44,228 340 2.97%1013

(~0.29%Crab)

Ur_s‘a _ 50,185 9.78%x10-14
Minor (~0.14%Crab)

Willman 1 . 37,118 2.01x10-12

(~1.3%Crab)

Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar 25
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Older Analysis Comparison to WIMP Models

— Draco NFW

= Ursa Minor NFW
Projected Willman | NFW

H.E.5.5. G.C. Limits

||||rl1|| TTIT=T T ||mrrr| ||||||r1 T ||||||r1 T |||||I1] ||||rITr[

figure by Matthew Wood, UCLA, Jan. 2008

A Bob Wagner, Argonne VERITAS Group
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The Future

B VERITAS will observe at least one dwarf galaxy in Spring, 2009 (SEGUE 1 or Bootes)
Approved for 15 hours

Hope to persuade collaboration and TAC to include both

Expect that some dark matter targets will continue to be part of the VERITAS observational
program

Follow-up unidentified VHE gamma-ray sources from Fermi/GLAST

» Not necessarily dark matter halo candidates,
but those may be among the mix!

B Two groups proposing next generation VHE y-ray IACTs
— Cherenkov Telescope Array (CTA)
e mainly European institutions
e appear to have good support

from planning/funding agencies

* n.b. Vic Guarino doing design work
on 12m Davies-Coftton candidate for CTA

— Advanced Gamma-ray Imaging System (AGIS) T e oo 1000

E (GeV)

» mainly U.S. with collaborators from Mexico, Argentina, Germany
« Argonne VERITAS group involved in several areas

— Fast topological trigger system (Gary D., Karen B., Andy S. plus Frank Krennrich at
lowa State

— Schwarzschild-Couder two mirror telescope OSS design (Vic G., Karen B., Bob W.)
— Photodetector development (SiPM and/or MAPMT; Gary D, Bob W.)
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Summary

Dwarf spheroidal galaxies may be most Dark Matter dominated objects

— lack of recent star formation and low luminous mass suppresses known astrophysical
y-ray backgrounds
— Mass/Light ratios ~ few hundred or greater are inferred
VERITAS, HESS, MAGIC (and previously Whipple 10m) have all targeted dSph’s to search
unsuccessfully for a VHE y-ray signal
— Unless there is a significant boost factor from central clumping in these galaxies,
present generation telescopes may be one or two orders of magnitude from sensitivity
to see a WIMP-like signal
Future array such as CTA or AGIS could address model elimination or signal detection in a
statistically significant manner
Fermi/GLAST with its ability to view entire sky could provide interesting targets for follow-up
by IACTs now and for future arrays.
Indications of excess high energy electrons/positrons observed by ATIC & PAMELA have
interesting implications for follow-up by IACTs
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Cherenkov Telescope Basics - Imaging

Light emitted from infinite
height images at angle of
shower axis w.r.t. optical
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Davies-Cotton f/1.0 optics.
Total mirror area




Stereo Shower Reconstructions

@ Picture @ Picture
) Boundary ) Boundary
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Example of 2-d Maps for Crab Nebula

\ Shower Arrival Directions |

Acceptance Map Alpha Map

Background Region
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bkgd for Crab Nebula at each grid point Signal acc./Bkgd acc. map

| Significance Map |

[ Crab Nebula 2D Significance Distribution |
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g g Significance dist. for each point in map at left.
Ny = Non - aNorr high side tail is from Crab
low side tail is from excluded star bias

from thesis of Peter Cogan
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Mean Scaled Width Plots -- Willman 1

htemp
Entries 29300
Mean 1.517
RMS 0.3252
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