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Structure in the Universe

£ Q.': .......
...........

Observations:
Large Sky Surveys




Structure in the Universe

42.5 Mpc

Simulations: ‘real’ structure



Structure in the Universe

WHERE THERE 15 LIGHT
T HERE MUST BE DA RKNESS

Obsrvations met

simulations



Recombination

A sketch of Cosmic History
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Z>7

Observations
The first 800 million years
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Z>7

One quasar

Follow-up photometry of ULAS J1120+0641
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Z>7

room for discovery

Age of the Universe (Myr)
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Z>7

Predictions:
The first 800 million years

http://bluetides-project.org,
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Blackll simulation
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Simulations reproduce sta

tistics of galaxy formation

05 05 1 2 3 4 5 6789 !
‘;: 4l : 1571
g 2 f
- 15§ s, total &
>‘S 2 = ',‘ : - m:c ‘2-5
< S 0 E& 3l
> 25t iy %
2 N 3 a5 -
g D\eAl 2
N N e O
o lustris 10° X —— Z::Inpgm-scale
2 4 L 75Mpciescale &\ 4.5 varianze

3 45 - oo "‘"fm i ° 5 @  obseratcns ) .

“o 02 0.4 0.8 1 7 8 g 10 1 0

10g,, log, ,(M[M_ )
(c) Cosmic SFR density, lt&pc cosmic variance (d) Stellar mass functions, 106.5Mpc i i

a2

SFR, BHAR [M, @-’1

)

z+1

109,0#(M,) [Mpc™ dex™")

10g,0(M,) [Mpc™ dex"]

o —

10g,5®(M,) [Mpc™> g™
Ed -

-5

109,5(M,) [Mg]

Iog:oo(M.) [Mp::" dex”"]

vy

o
“ \
vk

[

\\;:[,
N\
\)

2=3

10915(M.) (M)

-8

10g,6(M,)  [Mp)






200

W 7

8—1 2 range has

TR ST
Rt T
R Py ‘;L




Theoretical predictions lacking at z=7+
simulations have either:

iInsufficient resolution or too small volumes for
massive objects/high density regions
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BlueTides Simulation:

NCSA BlueWaters
0.7 million cores

0.7 trillion particles
full hydrodynamics

Resolves galaxies and large-scale
structure of the Universe



BlueTides Simulation: Technology
Gadget3+ MPGadget

Old New

100,000 lines 22,000 lines
low redundancy
better sustainability



Walltime per step

BlueTides Simulation: Technology

1000 +
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200 4
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P-Gadget3
MP-Gadget

1

Short Long Global FOF
Range range Domain
Tree

LI

8X speedup

efficient;: 32 threads/rank
large: 81000 rank FFT

Open-source spinoffs:

new hierarchical file format
MP-sort algorithm

parallel data analysis tools
PencilFFT interface & binding



BlueTides Simulation: Science

Physics modelling in BlueTides

- Hydrodynamics (pSPH)

- Primodial cooling

- Multi-phase medium star-formation

- SN wind feedback

- H2 molecule fraction

- AGN feedback

- Metal enrichment and cooling

- Non-uniform UV background calibrated from rad. Hydro sims (Battaglia+13)

Science of high redshift galaxy

- a statistical sample of high redshift galaxies, accessible only via uniform simulations
- reionization

- morphology

- mock surveys
- high redshift AGNs



BlueTides 400 x volume of HUDF
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A Galaxy in BlueTides
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Galaxy Luminosity Function in BlueTides
consistent with Hubble Legacy Fields
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Feng et al., 2015a



Galaxy Luminosity Function in BlueTides

consistent with Hubble Legacy Fields
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Predictions
for the brigh’@st
galaxies at z=8i¢




z=8, Milky Way(Mass) galaxies are disks!
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The sizes of galaxies in BlueTides are consistent
with HST observations --> ‘massive’ disks in bright
galaxies are compact

=8 rotationally supported
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BT: predicts the ‘bright’ 400 million years old
galaxy

March 3, 2016 12:00 PM (E

News Release Number: STScl-2016-07
Hubble Team Breaks Cosmic Distance Record

. The Full Release Release Related
Introduction Story Images Videos Fast Facts Links

The full news release story:

By pushing NASA's Hubble Space Telescope to its limits, an international team of astronomers has
nsmic distance record by measuring the farthest galaxy ever seen in the universe. This
nfant galaxy, named GN-z11, is seen as it was 13.4 billion years in the past, just 400

million years after the big bang. GN-z11 is located in the direction of the constellation of Ursa Major.

Ultra bright galaxy GNz-11
400 Myr after big bang??

The end of the dark ages is bright!



BT: z=11, GN-z11 cosmic distance record is

In Bluetides.
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Measurement of rotation in two galaxies in the Epoch of Reionization
from ALMA-detected [Ci1] emission

Renske Smitl’z, Rychard J. Bouwens3, Stefano Carnianil?, Pascal A. Oesch®, Ivo Labbé?, Garth D. Illingworths,
Paul van der Werf>, Larry D. Bradley7, Valentino Gonzalez’#, J acqueline A. Hodge3, Benne W. Holwerda®, Roberto
Maiolino!2
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arXiv:1706.04614v1

The luminous and extended [C [I] detections reveal clear velocity gradients and
suggest these galaxies have turbulent, yet rotation-dominated disks, with similar
stellar to-dynamical mass fractions as observed for Ha emitting galaxies 2 Gyr later at
cosmic noon.
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First quasars beyond z=7



First 600 million years: The first (and only)
billion solar mass Black Holes

LETTER TO NATURE

A luminous quasar at a redshift of z = 7.085
Daniel J. Mortlock!, Stephen J. Warren!, Bram P. Venemans?, Mitesh Patell,

Paul C. Hewett?, Richard G. McMahon?®, Chris Simpson?, Tom Theuns®?,
Eduardo A. Gonzales-Solares®, Andy Adamson’, Simon Dye®, Nigel C. Hambly?,
Paul Hirst!?, Mike J. Irwin®, Ernst Kuiper!!, Andy Lawrence®

& Huub J. A. Rottgering!!

—
S The intergalactic medium was not completely reion- troscopically confirmed to have even higher redshifts, two
Q ized until appmﬁmat;}y a billion years after the are faint Jas > 26 galaxies™" ¥ and the other is a 7-ray
Bfg Bang, as revealed™ by observations of quasars burst which has since faded™. Indeed, it has not been pos-
= with redshifts of less than 6.5. It has been diffi- sible to obtain high signal-to-noise ratio spectroscopy of any
E cult to probe to I:ug.her I‘EdShlﬂfsy hﬁtwe"%‘ﬁ l.)ecaus.e sources beyond the most distant quasars previously known:
quasars have historically been identified™™ in opti- CFHQS J0210-0456"¥ (z = 6.44), SDSS 1148+5251% (2 =
©  cal surveys, which are insensitive to sources at red- 6.42) and CFHQS J2329+0301%% (> = 6.42). Follow-up mea-
€71 shifts exceeding 6.5. Here we report observations surements of ULAS J11204-0641 will provide the first oppor-
___ of aquasar (ULAS J112001.48+064124.3) at a red- tunity to explore the 0.1 Gyr between z = 7.08 and z = 6.44,
L4 v | 4 L 1 4 1 L | v L 4 v L v
= Follow-up photometry of ULAS J1120+0641:
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Example llI: 4x108Msun
First quasars beyond z=7
Most massive BHs ¢
at Z=8, M ~ 1O8MSUI’] = 0.48
-0.36‘[?\
Fastest growing, T :
massive black holes 3
are not in disky galaxies! g
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s m%éife blaéléhqle at z—8




Massive BHs
reside in isolated
overdensities
IN supercompact
spheroidal hosts







tidal tensor 7m0 =22
- Y% weak tidal field:

Thin filaments
radial motions along t1
cold accretion

Mgr=1 Ln

Large tidal field:
Large filaments, 7 F .

Accretion perp. to t1, /coherent
ana. momentum



Large tidal field:
—>discs
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weak tidal field:
- massive BHs
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TDM et al. 17



D/T

0.25

Disk/total

0.3

- massive BHs
iIn spheroids
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BT: First Massive stuff...

' First billion solar mass
' BHs

Primordial ‘Milky Way’
galaxies




Does the BH ever stop
growing?















2000. km/s
winds!




Does the BH ever stop

growing?

YES
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Where is the first
supermassive BH
today ?



How to find out 7

BTMassTracer
new simulation

BlueTides

Universe today
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Today, environments at z=0
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Cosmology with galaxies at z>7 ?

— Myz~10%"M,/h
— Myz~10""M,/h
— My ~10*°M,/h
——  Mpy~10"2M, /R
— My~102°M,/h

10 -15 -20 -25
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Clustering and bias of z=7 galaxies in HUDF

10* . .
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Bhowmick, DM et al. 17



The next frontier: HSC, JWST, WFIRST



Predictions for JWST
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N, WEIRST

50 (muy < 26.75) 1 HLS 2200 sq degrees

The end of the dark ages is bright!

B BT — Galaxies

Waters, DM+, 17

8 9 10 11 12 13 14 15 16

Up to 1M galaxies,
First galaxies at z=15; t=300Myr



The end of the dark ages is bright!

5% (TRUV < 26. 75)

B BT — Galaxies
- BT — AGN
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Up to 1M galaxies, 10* AGN

First AGN at z=14
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Ho (TTLUV < 26. 75)

- BT — AGN

B BT — Galaxies

* B15 Extrapolation
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Up to 1M galaxies. 10* AGN
First galaxies at z=15, First AGN at z=14
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Quasars, beyond z>7 are about
2 mag fainter than their hosts
apart from handful of very bright AGN
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A WFIRST
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WFIRST galaxies, bias ~ 10-15



Cosmology with galaxies at z>7 ?

4 WFIRST

n~10-3
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Cosmology with galaxies at z>7 ?
n~10-3 ‘
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Cosmology with galaxies at z>7 !

n~10-3
Py,=bias x Ppy
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n~10-3

First -y
BAO = WFIRST GRISM
_ . 2 Current Design
detectionin = 1
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Summary:

New large volume high res BlueTides Simulation

predictions
for the next frontier of high-z surveys (WFIRST, JWST)

 statistical properties of BH and galaxy populations
« probe physics/origin of first black holes and galaxies






