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– do we understand gravity and the origin of structure and galaxies? 



Standard cosmology: An inventory of the universe
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Physical theories of dark energy



Fate of the Universe?

What is Dark Energy?
a Cosmological Constant?
a Quantum Field?  
Or does General Relativity need to be modified? 

ANRV352-AA46-11 ARI 25 July 2008 2:1
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Figure 18
Evolution of the Friedmann-Robertson-Walker scale factor in models with and without dark energy. The
upper four curves are for flat models. The dashed curves denote models with w = −0.8 or −1.2 and
!M = 0.3. Abbreviations: CDM, cold dark matter; MD, matter-dominated models.

The exponential decrease of this distance implies that the number of galaxies below a fixed red-
shift shrinks exponentially. By contrast, in the Einstein–de Sitter model with !M = 1, this distance
increases as t1/3 so that the number of galaxies with redshift less than a fixed value grows slowly.
Alternatively, Equation 35 implies that the redshift for a galaxy at current distance r grows expo-
nentially. Galaxies beyond the Local Group, r ≥ 1−2 Mpc, will be redshifted beyond detectability
on a timescale of t − t0 ∼ 100 Gyr (e.g., Busha et al. 2003). The Milky Way will remain gravi-
tationally bound to the Local Group, which will appear as a static, “island” universe (Nagamine
& Loeb 2003). Even the CMB, the other key evidence of a once-hot, expanding universe, will be
redshifted to undetectability (Krauss & Scherrer 2007).

If dark energy is a scalar field, then eventually the field relaxes to the minimum of its potential
(see Figure 10). If the minimum of the potential energy is precisely zero, the universe will again
become matter dominated and will return to decelerated expansion, restoring the link between
geometry and destiny. If the minimum of the scalar-field potential has negative energy density,
the energy of dark matter and of scalar-field energy will eventually cancel, leading to recollapse,
irrespective of k. If the potential energy at the minimum is positive and is larger than a critical value
that depends on !M (the critical value is zero for !M ≤ 1 and small for !M > 1), then accelerated
expansion will eventually ensue again and, as discussed above, the universe will experience a red-
out. These possibilities are illustrated in Figure 18.

Finally, the possibility of wDE < −1 deserves special mention. In this case, the energy density
of dark energy actually increases with time, ρDE ∝ aβ , where β ≡ −3(1 + w) > 0. In turn, the
scale factor grows very rapidly and reaches infinite size in a finite time:

a(t) ≃ 1
[1 − βH0(t − t0)/2]2/β

, (t∞ − t0) ≃ 2
βH0

. (36)

This is the big rip scenario studied by Caldwell, Kamionkowski & Weinberg (2003). Once the
density of dark energy exceeds that of any structure—from clusters to atoms—that structure is
torn apart.
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Expand Forever

Rip Apart Space-Time

w = P/r



Study Dark Energy with Multiple Methods
Complementary techniques, including:

The mass function and clustering of Galaxy Clusters
The power spectrum of Weak Gravitational Lensing shear
The statistical distance scale in the galaxy distribution, the Baryon 

Acoustic Oscillations
The distance-brightness relation of Type Ia Supernovae   

NS61CH11-Goobar ARI 15 September 2011 13:36
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Figure 8
The current best constraints for a constant w. A cosmological constant (w = 0) remains a valid solution.
The complementarity among the different methods is apparent. The supernova probability distribution is
nearly perpendicular to those from the baryon acoustic oscillations (BAO) or the cosmic microwave
background (CMB). Abbreviation: SNe Ia, Type Ia supernovae. Data taken from Reference 69.

and baryon acoustic oscillations (BAO) (Figure 7) (12). The benefit of combining the different
techniques is dramatic in the determination of w. For this measurement, all methods show large
degeneracies, but their combination provides a powerful tool to constrain a constant w (Figure 8).

Just as SNe Ia are used as standard candles for distance estimates, the CMB and BAO techniques
rely on standard rulers. Matter-radiation oscillations with wavelengths given by the product of the
speed of sound and the time elapsed since the big bang leave a characteristic bump in the power
spectrum of the CMB temperature fluctuations that originates at z ∼ 1,100 and corresponds to an
angular scale of approximately 1◦ on the sky today. Measurement of this angular scale in WMAP
seven-year data (94) leads to precise constraints on the cosmological parameters (Figures 7 and 8).
As the universe expands and photons decouple from baryons, the matter anisotropies grow into the
structures we observe today, down to the scales of galaxies and clusters of galaxies. By studying a
sample of luminous red galaxies in the SDSS survey, Eisenstein et al. (95) measured the ∼150-Mpc
length of the ruler at z ∼ 0.35, which led to significant parameter constraints, mainly on !M .

Whereas the SNe Ia Hubble diagram is anchored at z ≈ 0, the CMB and BAO originate
in the early universe. As a result, the orientation of the confidence regions differs between the
techniques, rendering the crossing of the allowed regions particularly useful for the derivation of
accurate cosmological parameters.

5. THE ERA OF PRECISION COSMOLOGY
The pioneering research by the SCP (led by Saul Perlmutter) and HZT (led by Brian Schmidt)
described above was followed by new supernova programs that further developed the field in
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4.4. High-Multipole Cosmic Microwave Background Power Spectrum
The CMB temperature power spectrum at multipoles ℓ ! 1,000 encodes the tSZ signature of
unresolved clusters at all masses and redshifts (Section 2.2.4). Although the primary CMB power
decreases rapidly at these scales, extracting this cosmological information from the tSZ spectrum
has proved challenging due to uncertainties in, e.g., the relevant observable-mass scaling relation
at low masses and high redshifts; the population of IR and radio point sources; the magnitude of the
integrated kSZ effect; and the form of the electron pressure profile at large cluster radii, where it
is poorly constrained by current X-ray data (Sehgal et al. 2010; see also Section 6.3). The WMAP,
SPT, and ACT collaborations have all detected excess power at large multipoles, ℓ ! 3,000.
Subject to the systematic uncertainties mentioned, their results are broadly in agreement and are
consistent with estimates of σ 8 obtained from studies of resolved clusters and the primary CMB
(Dunkley et al. 2010, Lueker et al. 2010, Komatsu et al. 2011).

4.5. Evolving Dark Energy Models
As discussed above, current cluster growth and fgas data can constrain spatially flat models with
constant w, finding consistency with the cosmological constant model (w = −1). Constraints on
constant w models from the combination of these cluster data are shown in Figure 16a. To go
beyond this simple description of dark energy, it is necessary to include cosmological data from
additional sources in the analysis.

Equation 6 provides a simple and commonly adopted model of evolving dark energy, in which
the equation of state takes the value w0 at z = 0 and approaches w0 + wa at high redshift.

Cluster growth     
+ WMAP5
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Figure 16
(a) Joint 68.3% and 95.4% confidence regions for constant w models, using cluster growth (Mantz et al. 2010b) and fgas (Allen et al.
2008) data and their combination. These cluster data provide a 15% precision constraint on (w = −1.06 ± 0.15) without incorporating
cosmic microwave background, supernova Ia (SNIa), or baryon acoustic oscillation (BAO) data. (b) Constraints on parameters of the
evolving w dark energy model in Equation 6 from the combination of cluster growth and WMAP (Dunkley et al. 2009) data (gray), and
with the addition of cluster fgas, SNIa (Kowalski et al. 2008) and BAO (Percival et al. 2007) data ( gold ). The #CDM model [w(z) = −1]
corresponds to the black cross. From Mantz et al. (2010b).
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Allen, Evrard & Mantz, 2011

w = w0 + wa(1 � a)



Dark Energy Survey

in 3rd Year of 5 Yr Survey
570-megapixel imaging device 



Dark Energy Survey

 Year 3 of 5 Yr Survey

12

to tell whether a single galaxy is gravitationally distorted.  But lensing causes galaxies on

similar lines of sight to align, so averaging large samples of galaxies can effectively map

the lensing distortions.  The signal is quite subtle: a 1–2% stretch of galaxy images along

a typical line of sight.  A reliable detection of “cosmic shear” requires >10
5
 galaxy

images.  Such samples were not available until the advent of CCD mosaic cameras in the

late 1990's; a flurry of cosmic-shear detections were published in 2000–2001.  Current

WL surveys image a few !10
6
 galaxies over <200 deg

2
 and measure key cosmological

parameters to ~ 5% accuracy.  At the launch of JDEM, we expect WL surveys will be

underway to measure ~ 2 !10
8
 galaxies over ~ 5000 deg

2
.

JDEM enables advances over ground-based WL surveys in four ways:

1.  The low sky background, high efficiency, and high angular resolution of a wide-

field imaging space telescope speed up the measurement of galaxy shapes, so that

JDEM can measure 1–2 ! 10
9
 galaxy shapes, reducing statistical errors substantially.

2.  Ground-based attempts to measure the subtle WL shape distortions to high accuracy

are hindered by the image distortions induced by atmospheric fluctuations, plus

thermal and gravitational distortions of the telescope optics.  Ground-based

experiments are limited by systematic errors in trying to distinguish these

instrumental effects from true cosmic lensing. The exceptionally sharp and stable

optical performance of a space telescope permit this systematic to be reduced and

accurately removed.

3.  The lensing survey requires accurate galaxy redshifts.  This is essential to map the

cosmic evolution of gravity, and to distinguish true cosmic lensing shear from any

tidal alignment of neighboring galaxies.  It is infeasible to obtain spectroscopic

redshifts for 10
9
 galaxies, so all WL surveys rely on photometric redshifts. The

photo-z reliabilities needed for JDEM-quality WL experiments require deep, wide-

field, NIR photometric surveys, which are feasible only from space.

4.  The photometric redshift scale must be calibrated using very complete spectroscopic

redshift survey of 30,000 –100,000 galaxies.  The unique wide-field spectroscopic

capabilities on JDEM will make this possible by measuring galaxy emission lines in

redshift ranges that are inaccessible from the ground.

Figure 3:  Illustration of Weak Lensing technique

dark matter maps

dwarf galaxy candidates



Large Synoptic Survey Telescope

Construction now underway!



20 billion galaxies
(DES ~ 200M)

LSST Camera

Camera construction in new SLAC clean room
Lab tour 4-5 pm



Cosmology Measurements
15.1 Joint Analysis of BAO and WL

Figure 15.3: Joint w0–wa constraints from LSST BAO (dashed line), cluster counting (dash-dotted line), supernovae
(dotted line), WL (solid line), joint BAO and WL (green shaded area), and all combined (yellow shaded area). The
BAO and WL results are based on galaxy–galaxy, galaxy–shear, and shear–shear power spectra only. Adding other
probes such as strong lensing time delay (§ 12.4), ISW e↵ect (§ 13.7), and higher-order galaxy and shear statistics
(§ 13.5 and § 14.4) will further improve the constraints.

The aforementioned results are obtained either with the assumption of matter dominance at z & 2
and precise independent distance measurements at z & 2 and at recombination (Knox 2006) or
with a specific dark energy EOS: w(z) = w0 + waz(1 + z)�1 (Knox et al. 2006b; Zhan 2006).
However, if one assumes only the Robertson-Walker metric without invoking the dependence of
the co-moving distance on cosmology, then the pure metric constraint on curvature from a simple
combination of BAO and WL becomes much weaker: �(⌦0

k) ' 0.04f�1/2
sky (�z0/0.04)1/2 (Bernstein

2006)2.

Our result for ⌦0
k from LSST WL or BAO alone is not meaningful, in agreement with Bernstein

(2006). However, because WL and BAO measure very di↵erent combinations of distances (see,
e.g., Figure 6 of Zhan et al. 2009), breaking the degeneracy between ⌦0

k and other parameters, the
joint analysis of the two leads to �(⌦0

k) = 0.017, including anticipated systematics in photometric
redshifts and power spectra for LSST. This result is better than the forecast derived from the shear
power spectra and galaxy power spectra in Bernstein (2006) because we include in our analysis
more information: the galaxy–shear power spectra.

15.1.6 Results of Combining BAO, Cluster Counting, Supernovae, and WL

We show in Figure 15.3 w0–wa constraints combining four LSST probes of dark energy: BAO,
cluster counting, supernovae, and WL. The cluster counting result is from Fang & Haiman (2007)
and the supernova result is based on Zhan et al. (2008). Because each probe has its own parameter
degeneracies, the combination of any two of them can improve the result significantly. As mentioned

2⌦k a↵ects both the co-moving distance and the mapping between the co-moving distance and the angular diameter
distance, while ⌦0

k a↵ects only the latter. See Equation 13.12.

535

LSST



Spectroscopic Survey
Dark Energy Spectroscopic Instrument

Passed 2nd of 3 Critical reviews
Complements LSST - fewer objects (20M) / better redshift



dark matter halo

WIMP
1016 WIMPs/year

detector

10-16 light years

Cross section: WIMP scatters  
once in a light year of lead

Scattering experiment

density, speed

Rate ~ few events / year
1 light year

Dark matter searches



1 10 100 1000 104
10!50
10!49
10!48
10!47
10!46
10!45
10!44
10!43
10!42
10!41
10!40
10!39

10!14
10!13
10!12
10!11
10!10
10!9
10!8
10!7
10!6
10!5
10!4
10!3

WIMP Mass !GeV"c2#

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!cm2 #

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!pb#

8B
Neutrinos

Atmospheric and DSNB Neutrinos
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limited by nuclear scatter background?  reach to 10-49 cm2 
neutrino floor depends on rejecting pp solar

SuperCDMS and LZ Updated from 
Snowmass Community Summer Study 2013 

CF1: WIMP Dark Matter Detection



Akerib/Shutt (SLAC): Dark Matter with LUX and LZ

LUX:  world-leading search experiment, 
4850 ft underground at SURF, South Dakota

Dual phase Xe time projection chamber

LUX top PMT array



LUX  ZEPLIN

7 ton
LXe
TPC

scintillator
detector

high voltage
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• Funded.  In design phase.  
Expected turn on in 
2019.

• Largest dark matter 
experiment.  

• 300 times more sensitive 
than LUX.

• As-yet 
unmeasured 
Astrophysical 
neutrinos should 
be limiting 
background to 
dark matter signal



LZ at SLAC
• SLAC group has major role in LZ

• Central Xe detector

• LXe purification systems

• Removal of Kr from Xe to 10-14 g/g

• Data processing and simulations

• Control systems

• System Test Platform

• Design and testing of LZ detector components

• Fundamental studies, advanced electronics development, blue-sky 
detector R&D

• Graduate opportunities in all these areas

• LZ dark matter data starting in 2019.



Thermosyphon 
Dewar

Thermosyphon 
gas systemXe purification 

gas system

RGA+ Cold-trap 
sampling system 
(U. Maryland)

Clean-tented area 
for detector 
assembly

Purification Tower

Detector test 
volume - COLD - 
xenon condensed.

Breakout system / 
Thermosyphon lines

SLAC LZ System Test Platform

Lab tour 4-5 pm



Internal dangers: radioactive krypton

85Kr→85Rb + e- + ν

ν
e-

Krypton: 
- 10-y T1/2 beta decay 
- can’t self-shield 
- ~100 ppb in purchased Xe 

- 20 ppt ~ 122 PMTs  
- noble gas: non-reactive 

Charcoal chromatography removal system @ Case 
 - processed 400 kg LUX xenon from 150 ppb to 4 ppt 
 - cold-trap leak-valve analytics - C. Hall / UMd.  

Kr

Xe

He

gamma ray

e-

charcoal
column

condenser

thermosyphon
dewar

thermosyphon lines (3)

sampling RGA

Xe recovery
pumps

feed & 
recovery
bottles

gas
control
panel

graduate student
Chang Lee

Kr Xefee
d

pu
rg

e

recovery



SuperCDMS SNOLAB Project OverviewSeptember 21, 2015

Conceptual Design for 
SuperCDMS SNOLAB

8

CDR baseline design contains 31 
tower positions, fulfilling 

mission need with capability of 
reaching neutrino floor in 

future upgrade
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SuperCDMS SNOLAB Project OverviewSeptember 21, 2015

Detector Tower payload

9



SQUID Modulation CurveTower Assembly Stand

SQUID

HEMT

Detector

MC

CP

ST

4K



CDMS Tower Test Stand in Cleanroom 

3He Fridge

vacuum
pump

scope
spectrum analyzer

computer controlled 
system

temperature
pressure readout

CDMS Tower
in 3He Fridge

SQUID

HEMT

detectorLab tour 2-3 pm



Aaron Roodman     SLAC National Accelerator Laboratory Prospective Graduate Open House

Fermi Gamma Ray Space Telescope

Solar Flare/ GRBs TGFs 

Point Sources 

Galactic Diffuse  Isotropic Diffuse &  Dark Matter 

DES & Fermi: Dwarf 
Galaxies

4

TABLE I. DES dSph Candidates and Estimated J-factors

Name (`, b)a Distanceb log10(Est.J)c

deg kpc log10(
GeV2

cm5

)

DES J0222.7�5217 (275.0,�59.6) 95 18.3
DES J0255.4�5406 (271.4,�54.7) 87 18.4
DES J0335.6�5403 (266.3,�49.7) 32 19.3
DES J0344.3�4331 (249.8,�51.6) 330 17.3
DES J0443.8�5017 (257.3,�40.6) 126 18.1
DES J2108.8�5109 (347.2,�42.1) 69 18.3
DES J2251.2�5836 (328.0,�52.4) 58 18.8
DES J2339.9�5424 (323.7,�59.7) 95 18.4

a Galactic longitude and latitude.
b We note that typical uncertainties on the distances of dSphs

are 10–15%.
c J-factors are calculated over a solid angle of �⌦ ⇠ 2.4 ⇥ 10�4 sr

(angular radius 0.�5). See Section 4 for more details.

LAT ANALYSIS

To search for gamma-ray emission from these new dSph
candidates, we used six years of LAT data (2008 Au-
gust 4 to 2014 August 5) passing the P8R2 SOURCE event
class selections from 500MeV to 500 GeV. Compared
to the previous iteration of the LAT event-level analysis,
Pass 8 [35] provides significant improvements in all areas
of LAT analysis; specifically the di↵erential point-source
sensitivity improves by 20–40% in P8R2 SOURCE V6 rela-
tive to P7REP SOURCE V15. To remove gamma rays pro-
duced by cosmic-ray interactions in the Earth’s limb,
we rejected events with zenith angles greater than 100�.
Additionally, events from time intervals around bright
gamma-ray bursts and solar flares were removed us-
ing the same method as in the 4-year catalog analysis
(3FGL) [36]. To analyze the dSph candidates in Table I,
we used 10� ⇥ 10� ROIs centered on each object. Data
reduction was performed using ScienceTools version 09-
34-03.3 Figure 1 shows smoothed counts maps around
each candidate for energies > 1 GeV.

We applied the search procedure presented in Acker-
mann et al. [19] to the new DES dSph candidates. Specif-
ically, we performed a binned maximum-likelihood analy-
sis in 24 logarithmically-spaced energy bins and 0.�1 spa-
tial pixels. Data are additionally partitioned in one of
four PSF event types, which are combined in a joint-
likelihood function when performing the fit to each ROI
[19].

We used a di↵use emission model based on the Pass

7 Reprocessed model for Galactic di↵use emission,4 but

3
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/

4
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/

BackgroundModels.html

FIG. 1. LAT counts maps in 10� ⇥10� ROI centered at each
DES dSph candidate (white ‘⇥’ symbols), for E > 1 GeV,
smoothed with a 0.�25 Gaussian kernel. All 3FGL sources in
the ROI are indicated with white ‘+’ symbols, and those with
a test statistic > 100 are explicitly labeled.

with a small (< 10%) energy-dependent correction to ac-
count for di↵erences in the LAT response.5 Point-like
sources within each ROI from the recent 3FGL cata-
log [36] were also included in the fit. The spectral pa-
rameters of these sources were fixed at their 3FGL cata-
log values, while their normalizations were refit over the
broadband energy range. The normalizations of 3FGL
sources more than 5� away from the center are fixed at

5 The energy dependence of the e↵ective area and energy resolu-
tion is somewhat di↵erent in Pass 7 Reprocessed and Pass 8.
Because the Galactic di↵use emission model was fit to Pass 7

Reprocessed data without accounting for the energy dispersion,
we have rescaled the model for this analysis.

Constructed at SLAC Advanced reconstruction analysis: “Pass 8”
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Particle-Astro Experiments at SLAC
• SLAC history of particle physics experimentation & experiment development

• Large scale facilities & technical support

• Complements campus 

• Dark Energy Survey

• Profs.  Allen, Burke, Roodman, Weschler, 

• Large Synoptic Survey Telescope

• Profs.  Kahn, Roodman, Burchat, Allen, Schindler, Weschler

• Dark Energy Spectroscopic Instrument

• Profs. Weschler, Roodman

• SuperCDMS

• Prof. Cabrera, Dr. Partridge (SLAC Sr. Scientist)

• Fermi-LAT

• Dr. Madejski (SLAC Sr. Scientist)

• LUX / LZ

• Profs. Akerib, Shutt



Three tours today

• 2-3 SuperCDMS

• 3-4 Visualization Lab

• 4-5 IR2 - LZ and LSST


