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Abstract: Using lensing of the CMB we can make maps of the dark matter distribution on the largest cosmological scales, perhaps allowing new
insights into gravity, particle physics, and cosmology. With high-resolution maps of distant star-forming galaxies we can map dark matter on small
scales within individual galaxies, measuring the small-scale clumping properties of dark matter.
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"Next Generation
Cosmological Probes”

« CMB lensing

* measures large scale structure at z~3

 probes gravity on large scales

* nicely complementary to galaxy lensing &
galaxy clustering

 strong lensing of high-z star-forming
galaxies

» allows high-resolution search for dark matter
substructures in lens galaxies
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http://arxiv.org/abs/astro-ph/9912508 server
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CMB Lensing o
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Photons get shifted > /w;a
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Broad kernel, peaks at z ~ 2

e CMB is a unique source for lensing

e  Gaussian, with well-understood power spectrum
(contains all info)

® At redshift which is (a) unique, (b) known, and
(c) highest

some slides from Alex van Engelen
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CMB lensing sensitive to
higher z sources
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Mode Coupling from Lensing

TH(h) = T"(h+ Ve(n))
TV (h) + VT (d) - Vo(h) + O(¢?),

® Non-gaussian mode coupling for 11 # —la :

(TE1)T (L)) = L- (LCE + 1L,OL)p(L) + 0(¢4?)
L=1+l

.," 4'{ A L |

® We extract ¢ by taking a suitable
average over CMB multipoles
separated by a distance L

‘,- // Y 4 ® We use the standard Hu
'V 4 quadratic estimator.
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(100 sq degq) A 02000
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The South Pole
Telescope (SPT)

10-meter sub-mm quality
wavelength telescope

100, 150, 220 GHz and
1.6, 1.2, 1.0 arcmin resolution

2007: SPT-SZ
960 detectors
100,150,220 GHz

2012: SPTpol
1600 detectors
100,150 GHz
+Polarization

2016: SPT-3G
~15,200 detectors
100,150,220 GHz
+Polarization
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CMB Lensing Power Spectrum
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* direct measurement of the mass fluctuations in the Hubble volume
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CMB Lensing Power Spectrum
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* direct measurement of the mass fluctuations in the Hubble volume

Pirsa: 16060023 Page 12/37



SPT+Planck lensing e

lensing map constructed from 2500 sq deg SPT+Planck combined map  Yuuki Omori
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SPT+Planck lensing i prep)
2.5 e . s .

SPT + Planck mean 99 sims
¢ SPT + Planck data

2.0 f ¢  Panck fullsky (2015)

107

X

L(L+1))%/2% C§®

L Yuuki Omori
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SPT+Planck lensing i prep)
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Cross-Correlation: SPT/DES

lensing convergence (masked)
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DES “ltaa. SPT g,
~45.00° WS TS e
I.- r ’i;l' ’ . .“—‘. : .-
50.00° & RS W
=\, Le - > - WP
4 - . - ‘f
&) 'y . I (. ‘T.i.T' ) -~
g ’ o .'. L
» Predy N -
~55.00° o oY Call Vo N
4 ;.,l T e w. o ’-" .
UM o LN . L O
—60.00° (Y ‘f’- W, . _* j I Ty ry-
96.00° 84,00° 72.00° 60.00° 48.00°  96.00° 84.00° 72.00° 60.00° 48.00°

RA

0.0 — 12.0 aremin™®
(74,6, ~82.7) Equatorial

« overlapping sky coverage of SPT and DES allows tests for large scale

structure
— how do galaxies trace dark matter?

— how does galaxy shear relate to CMB lensing?
— first round of DES/SPT papers on Science Verification data
+ [also lensing x-corr using WMAP, Planck, ACT]
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Next in CMB lensing
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CMB Lensing vs “Cosmic Shear”

“HSC"-like shear survey 107
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Strong lensing

* multiple paths from source to
observer due to gravitational lens
along line of sight

* lenses have been discovered in
many wavelengths: radio, mm,
submm, optical

* excellent way to map out the
mass distribution in the lens
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Missing satellite galaxies?

comparison of simulated and observed satellites for MW-like galaxy

i *
i
Sagittarius

SMC |

: Sculpioe

Weinberg et al arXiv:1306.0913 21
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Possible Solutions

BARYONIC GASTROPHYSICS DARK MATTER PHYSICS

é()'l(l‘;lr)-}:'l‘l"lﬁ Mdli{r . (L 2 keV Warm Dark Matter

LOVELL ET AL 2012, MNRAS 420, 3
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Substructure Lensing




Substructure Lensing
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DALAL & KOCHENAK 2008 VEGETTI ET AL. 20182 NIERENBERG ET AL. 2014
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Strong lensing of mm-wave
selected galaxies

% SeIeCtI ng brlg ht ALMA/HST composite of an SPT-discovered galaxy
sources at mm/ ’

submm
wavelengths turns
out to be a
remarkably efficient y '
way to discover
strong lensing

— more than 100 new
systems
discovered
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Number Counts of high-z star-
forming Galaxies
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ALMA observations of SPT-discovered sources

Br.ur: HST (OPTICAL), RED: ALMA

——

VIEIRA ET AL. NATURE 2013 HEZAVEH ET AL. APJ. 20183

Pirsa: 16060023 Page 27/37



Pirsa: 16060023

Herschel
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SDP 81

(ALMA science verification data)

DusT CO 8-7
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SDPS81 papers
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THE INNER MASS DISTRIBUTION OF THE GRAVITATIONAL LENS SDP.S1 FROM ALMA ODSERVATI
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Pixelated Source Lens Modeling

v=VLS+4+ N

o /ﬁ\n

* = (va — 0)C (va — v) + SC; 'S

8)(2/88 = () AND SOLVE FOR S
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SDP.81 Source
Reconstruction

* here showing the
source for the best-fit
smooth lens model

* joint estimate of
lensing potential and
source morphology

— prior on power
spectrum of source
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Substructure in the lens model

Hezaveh et al 2016 in press arXiv 1601.01388

SDP.81 SDP.81 SDP.81
Smooth Model (Band 6) Perturbed Model (Band 6) Difference (Band 6)
" /
* to fit the j

ALMA ’

data down g ¢ W
to N \
expected
€01 0 01 02 03 04 06 06 07 0B 08 01 0 01 02 03 04 05 06 07 08 09 0.2 016 01 -0.06 0 0.06 01 016 0.2
, i

level of T (. M

residuals, | sorsi 2| SDP.81 2| sop.a
. Smooth Model (Band 7) Perturbed Model (Band 7) Difference (Band 7)
requirea g ok
small ‘ ! :
extra lump B
of matter ) 5 P ol s

2 2 24
01 0 01 02 03 04 06 086 07 08 00 01 0 01 02 0O 04 06 06 07 08 08 02 0156 01 0056 0 005 01 0456 02
; e— 4 $ e

T T 4 v T T T T T T T T T U T T T T T T T T T T T U ¥ T T
1.6 1 06 o 0.8 1 1.8 2 28 a 1.8 1 08 1] 0.8 1 1.5 2 25 a 1.8 A 0.8 ] 06 1 1.6 2 25 a

— requires logio(mass)=9.0£0.1
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1.U

Comparison with
expectations from
CDM models

« 1 subhalo detected in this 1 10y
system consistent with N-body :
simulations 2 o l

—no lower-mass sub halos < o] J/ i i
detected also consistent '
with sensitivity

* need more systems,, different
lensing configurations :

L o= PonosQH, z = 0.5

— there now exist large o 1E
catalogs (>100) of possible i
targets!

0.0

-‘I.-Ll}:

10-2

dn/d log

L0 35' ) ! ) [
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LT, SN T
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Fiacconi et al 2016

Pirsa: 16060023 Page 34/37



SIMULATIONS INDICATE THAT WITH ALMA,
WE CAN DETECT MUCH SMALLER DM SUBHALOS IN
THESE SYSTEMS

DETECTED
SUBHALO

T L) T
- o | i
().2:' 1
“() 2 4 6 8 10
I\/Iﬁuhllnln [ﬂ'l'] X |UH
NBODY + RAY TRACING MocK ALMA
SIMULATION OBSERVATION RECOVERED

SUBHALO MASS
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SIMULATIONS INDICATE THAT WITH ALMA,
WE CAN DETECT MUCH SMALLER DM SUBHALOS IN
THESE SYSTEMS

DETECTED
SUBHALO
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"Next Generation
Cosmological Probes”

« CMB lensing

* measures large scale structure at z~3

* probes gravity on large scales

* nicely complementary to galaxy lensing &
galaxy clustering

 strong lensing of high-z star-forming
galaxies

» allows high-resolution search for dark matter
substructures in lens galaxies
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