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Figure 8.1 All-sky image of the Milky Way. Image: Axel Mellinger.
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NBSA, ESA, Hubble

Starburst Cluster in NGC 3603
Image Credit: NASA, ESA, Hubble Heritage (STSCI/AURA)-ESA/ Hubble Collaboration;
Acknowledgment: J. Maiz Apellaniz (Inst. Astrofisica Andalucia) et al., & Davide de Martin (skyfactory.org)

Explanation: A mere 20,000 light-years from the Sun lies NGC 3603, a resident of the nearby Carina spiral arm of our Milky Way Galaxy. NGC 3603 is well known to astronomers as one of the Milky Way's largest star-
forming regions. The central open star cluster contains thousands of stars more massive than our Sun, stars that likely formed only one or two million years ago in a single burst of star formation. In fact, nearby NGC 3603
is thought to contain a convenient example of the massive star clusters that populate much more distant starburst galaxies. Surrounding the cluster are natal clouds of glowing interstellar gas and obscuring dust, sculpted by
energetic stellar radiation and winds. Recorded by the Hubble Space Telescope, the image spans about 17 light-years.
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Figure 8.4 M13, the globular cluster in Hercules. Image: Robert J. Vanderbei,
Wikipedia Commons.
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Star Cluster NGC 362 from Hubble
Image Credit: Hubble WFC3, NASA, ESA, J. Heyl, L. Caiazzo, & Javiera Parada (UBC)

Explanation: If our Sun were near the center of NGC 362, the night sky would glow like a jewel box of bright stars. Hundreds of stars would glow brighter than Sirius, and in many different colors. Although these stars
could become part of breathtaking constellations and intricate folklore, it would be difficult for planetary inhabitants there to see -- and hence understand -- the greater universe beyond. NGC 362 is one of only about 170
globular clusters of stars that exist in our Milky Way Galaxy. This star cluster is one of the younger globulars, forming likely well after our Galaxy. NGC 362 can be found with the unaided eye nearly in front of the Small
Magellanic Cloud, and angularly close to the second brightest globular cluster known, 47 Tucanae. The featured image was taken with the Hubble Space Telescope to help better understand how massive stars end up near
the center of some globular clusters.




Star Cluster NGC 362 from Hubble
Image Credit: Hubble WFC3, NASA, ESA, J. Heyl, L. Caiazzo, & Javiera Parada (UBC)

Explanation: If our Sun were near the center of NGC 362, the night sky would glow like a jewel box of bright stars. Hundreds of stars would glow brighter than Sirius, and in many different colors. Although these stars
could become part of breathtaking constellations and intricate folklore, it would be difficult for planetary inhabitants there to see -- and hence understand -- the greater universe beyond. NGC 362 is one of only about 170
globular clusters of stars that exist in our Milky Way Galaxy. This star cluster is one of the younger globulars, forming likely well after our Galaxy. NGC 362 can be found with the unaided eye nearly in front of the Small
Magellanic Cloud, and angularly close to the second brightest globular cluster known, 47 Tucanae. The featured image was taken with the Hubble Space Telescope to help better understand how massive stars end up near
the center of some globular clusters.
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Figure 8.6 The Eagle Nebula (a) and Horsehead Nebula (b). Images: NASA, Jeff Hester, and Paul
Scowen (Arizona State University) (a) and Nigel Sharp (NOAO), KPNO, AURA, NSF (b).
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NGC 6369: The Little Ghost Nebula
Image Credit: Hubble Heritage Team, NASA




The Tarantula Nebula
Image Credit & Copyright: Ignacio Diaz Bobillo




The Rosette Nebula
Credit & Copyright: G. Greaney




Imge Credit & opyright: Mike Selby & Mark Hanson}}
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Credit: NASA and The Hubble Heritage Team (STScl)
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Figure 8.9 Galactic hydrogen line profiles. Image: Christine Jordan, University of Manchester.
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Figure 8.10 A relief map of a section of the Milky Way obtained with the 6.4-m radio telescope
at Jodrell Bank Observatory. Image: Tim O’Brien, University of Manchester.
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Figure 8.11 The spiral structure of our Galaxy as shown by observations of the hydrogen line.
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J. I. Shen & X. W. Zheng: The Bar and Spiral Arms 1n the Milky Way
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Fig.1 Top: the conceptual picture of the Milky Way with its bar, four major spiral arms, a subsidiary Local arm, and
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and filaments, HII regions, young OB stars, and young star clusters. The Sun is marked with a circled red dot in the Local
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is in the clock-wise direction. (Credit: Xing-Wu Zheng & Mark Reid BeSSeL/NJU/CFA). Botrom: the Milky Way seen
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Figure 8.12 The giant elliptical galaxy, ESO 325-G004, in the Abell cluster S0740.
Image: J. Blakeslee (Washington State University), NASA, ESA, and The Hubble
Heritage Team (STScl/AURA).



M89: Elliptical Galaxy with Outer Shells and Plumes
Image Credit & Copyright: Mark Hanson




Figure 8.13 Classification of elliptical galaxies.

© 2002 Brooks Cole Publishing - a division of Thomson Learning

© 2002 Brooks Cole Publishing - a division of Thomson Learning
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Figure 8.14 M51, the Whirlpool Galaxy, as drawn by the Third Earl of Rosse using the 72in. Figure 8.15 Hubble Space Telescope image of M51. Image: NASA, ESA, S. Beckwith (STScl),
telescope at Birr Castle in County Offaly, Ireland. and The Hubble Heritage Team (STScI/AURA).
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Figure 8.16 M81 in Ursa Major.Image: NASA, ESA, and The Hubble Heritage Team (STScl/AURA).
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Irregular Galaxy Sextans A
Credit: D. Hunter (Lowell Observatory), Z. Levay (STScl)




NGC 4449: Close-up of a Small Galaxy
Image Credit & Copyright: Data - Hubble Legacy Archive, ESA, N
Processing - Domingo Pestana Galvan, Raul Villaverde Fraile
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Figure 8.19 Diagram summarizing the Hubble galaxy classification scheme.
Image: NASA, Wikipedia Commons.
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The Spitzer Infrared Nearby Galaxies Survey (SINGS) Hubble Tuning-Fork

The Spitzer Space Telescope observed 75 galaxies as part of its SINGS
(Spitzer Infrared Nearby Galaxies Survey) Legacy Program. The
galaxies are presented here in a Hubble Tuning-Fork diagram, which
groups galaxies according to the morphology of their nuclei and spiral
arms. The designation of these galaxies and their placement in the
diagram is based on their visible-light appearance. The main goal of the
SINGS program is to characterize the infrared properties of a wide range
of galaxy types. The images of the galaxies are composites created
from data taken by IRAC (the Infrared Array Camera) at 3.6 and 8.0 ym
and MIPS (the Multiband Imaging Photometer for Spitzer) at 24 ym

The infrared range probed by these and other observations
taken for the SINGS project allows for the detailed study of
star formation, dust emission, and the distribution of stars in
each galaxy. Light from old stars appears as blue in the
images, while the lumpy knots of green and red light are
produced by dust clouds surrounding newly bomn stars. The
elliptical galaxies on the left are almost entirely made of old
stars, while spiral galaxies like our own Milky Way are rich in
young stars and the raw materials for future star formation

More information can be found at
http://sings.stsci.edy
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Spitzer/Hubble View of NGC 2207 & IC 2163 Spitzer Space Telescope * IRAC
NASA, ESA / JPL-Caltech / STScl / D. Elmegreen [Vassar) ssc2006-11b
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Figure 8.20 The geometry of the ring surrounding Supernova 1987A. Image: NASA, P. Challis,
R. Kirshner (Harvard-Smithsonian Center for Astrophysics) and B. Sugerman (STScl).
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Spectroscopic confirmation offour
metal-poor galaxiesatz = 10.3-13.2
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Finding and characterizing the first galaxies that illuminated the early
universe at cosmic dawn is pivotal to understand the physical conditions

® Check for updates and the processes that led to the formation of the first stars. In the first

few months of operations, imaging from the James Webb Space Telescope
(JWST) has been used to identify tens of candidates of galaxies at redshift
(2) greater than 10, less than 450 million years after the Big Bang. However,
none of such candidates has yet been confirmed spectroscopically, leaving
openthe possibility that they are actually low-redshift interlopers. Here

we present spectroscopic confirmation and analysis of four galaxies
unambiguously detected at redshift 10.3 <z2<13.2, previously selected from
JWST Near Infrared Cameraimaging. The spectrareveal that these primeval
galaxies are metal poor, have masses on the order of about 10’-10® solar
masses and young ages. The damping wings that shape the continuum close
to the Lyman edge provide constraints on the neutral hydrogen fraction of
theintergalactic medium from normal star-forming galaxies. These findings
demonstrate the rapid emergence of the first generations of galaxies at
cosmicdawn.

Published online: 4 April 2023
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(young stars + SN + AGN?)-driven outflows

Fig. 2.2—3.The Superwind in M82. . Image of the nearby starburst galaxy, M82, taken with NASA’s Great Observatories. M82 is
experiencing an intense starburst and driving a galactic outflow along the minor axis. Here, the stars and the warm atomic gas, as
seen with HST, are in green and orange, respectively. The dust, as seen with Spitzer, is in red. The hot plasma, as seen with Chandra,
is in blue. The complex, multi-phase nature of the bi-polar outflow, driven by the combined effects of young stars and supernovae, is
evident, as the gas escapes the galactic disk and interacts with the CGM.
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(University of Warwick, retrieved from bordermail.com.au)

Tremendous amounts of energy from the center of a galaxy
Excess emission across almost all wavelengthes

Accretion of mass onto SMBH (~1E6-1E10 Msun)
Most luminous persistent sources of electromagnetic radiation RIEZ I

HE B R IR

Three key components



HERE (BRER) BIREE: 1M~ 10M4R  TRIRRFR: 152¥5T~300M 4R

B1: tFERM, ZRE, MEREBRFRR=ZKIEMBREEMNRNYLE., FH1)E DNERERRXNZ
FHE, EERNEENRE. BEEABRRNEBRNEZEE, SERENEERNELYN0.7%, 1

—
cx
and

RMZREFENEESMEN10MEES ., MEBBDRRIESHNEERBEATIEALN10%, MEY
ARRENLHE (EERKREX=-BRNEEE/mc2, ERXELE, BPRFFEXRZIEH) . BRX

R NASA



{EBIHST, KXX?

A ——

F 2% UL 3k

J

NGC 3377

B,

NGC 3379

XL B A B 2

A

REEREHNS



Walter Jaffe/Leiden Observatory, Holland Ford/JHU/STScl, and NASA

(HPERFEIF)
19925 : HEEZRANGC 42618950

Xk B EMNEGR, BRTHEEZRANGC 42610 0MNEREN ., XTERLI00LE
NEZHRMESESLRAN, ERRRERAPORBYEFER. ELGO K {ES
AXFREBBMHPHAIEAE LG,



Active galaxy Centaurus A

COMPOSITE

(NASA, CXC, R. Kraft et al.; NSE, VLA, M. Hardcastle et al.; ESO, M. Rejkuba et al.)
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Quasar 3C 279
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Article | Published: 18 September 2024
Black hole jets on the scale of the cosmic web

Martijn S. S. L. Oei &, Martin J. Hardcastle, Roland Timmerman, Aivin R. D. J. G. . B. Gast, Andrea

Botteon, Antonio C. Rodriguez, Daniel Stern, Gabriela Calistro Rivera, Reinout J. van Weeren, Huub J. A.

Rottgering, Huib T. Intema, Francesco de Gasperin & S. G. Djorgovski

Nature 633, 537-541 (2024) | Cite this article

When sustained for megayears (refs. 1,2), high-power jets from supermassive black
holes (SMBHs) become the largest galaxy-made structures in the Universe®. By
pumping electrons, atomic nuclei and magnetic fields into the intergalactic medium
(IGM), these energetic flows affect the distribution of matter and magnetismin the
cosmicweb*and could have asweeping cosmological influence if they reached far at
early epochs. For the past 50 years, the known size range of black hole jet pairs ended
at4.6-5.0 Mpc (refs. 7-9), or 20-30% of a cosmic void radius in the Local Universe®.
Anobservational lack of longer jets, as well as theoretical results”, thus suggested a
growthlimitatabout5 Mpc (ref. 12). Here we report observations of a radio structure
spanning about 7 Mpc, or roughly 66% of a coeval cosmic void radius, apparently
generated by ablack hole between 4.4'02 and 6.3 Gyr after the Big Bang. The structure
consists ofanorthernlobe, anorthernjet, acore, asouthernjet with aninner hotspot
and asouthern outer hotspot with a backflow. This system demonstrates that jets
canavoid destruction by magnetohydrodynamical instabilities over cosmological
distances, even at epochs when the Universe was 7 to 15'$ times denser thaniit is today.
How jets canretain such long-lived coherence is unknown at present.
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Fly toward a SMBH

(CXC, A. Hobart)
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Quasar 1s short for Quasi-stellar object. Note how star-like this
quasar appears compared to the star.
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FIGURE 20.14 Spectrum of the quasar 3C 273. The lines labeled HB, Hy, and
Ho are hydrogen emission lines. Note their significant redshift in the quasar

spectrum relative to the “comparison spectrum” that shows them at their rest
wavelengths
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Quasar 3C 273 HST = WFPC2, ACS

ACS/HRC
NASA, A. Martel (JHU), the ACS Science Team, J. Bahcall (IAS) and ESA STScl-PRC03-03
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+ Efficient, compact, and capable of producing high-energy
emission and jets
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Small variability, big wisdom
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HEMP
The HET Echo Mapping Project
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» Measure the time Iag iIn response of BLR clouds
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< Implied sizes range from light weeks in low
power AGN to light years in powerful ones

< Slize plus velocity yield black hole mass
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ESO Telescope Sees Star Dance Around
Supermassive Black Hole, Proves Einstein Right

16 April 2020

Observations made with ESO’s Very Large Telescope (VLT) have revealed for the first time that a star orbiting the
supermassive black hole at the centre of the Milky Way moves just as predicted by Einstein’s general theory of
relativity. Its orbit is shaped like a rosette and not like an ellipse as predicted by Newton's theory of gravity. This
long-sought-after result was made possible by increasingly precise measurements over nearly 30 years, which
have enabled scientists to unlock the mysteries of the behemoth lurking at the heart of our galaxy.



Artist’s animation of S2’°s precession effect

Observations made with ESO’s Very Large Telescope (VLT) have revealed for the first time that a star, S2, orbiting the
supermassive black hole at the centre of the Milkky Way moves just as predicted by Einstein’s theory of general relativity.
Most stars and planets have a non-circular orbit and therefore move closer and further away from the object they are
rotating around. S2’s orbit precesses, meaning that the location of its closest point to the supermassive black hole changes
with each turn, such that the next orbit is rotated with regard to the previous one, creating a rosette shape. This effect,
known as Schwarzschild precession, had never before been measured for a star around a supermassive black hole.

This animation shows S2’s orbit around Sagitarius A*, the supermassive black hole at the centre of the Milky Way. The
precession movement is exaggerated for easier viewing.

Credit: ESO/L. Calgada



Zooming in on the heart of the Milky Way

This zoom video sequence starts with a broad view of the Milky Way. We then dive into the dusty central region to take a
much closer look. There lurks a 4-million solar mass black hole, surrounded by a swarm of stars orbiting rapidly. We first
see the stars in motion, thanks to 26 years of data from ESO's telescopes. We then see an even closer view of one of the

stars, known as S2, passing very close to the black hole in May 2018. The final part shows a simulation of the motions of
the stars.

Credit: ESO/GRAVITY Collaboration
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Fermi data reveals giant gamma-ray bubbles

BRI EZ S 2020-05-1
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Article | Published: 09 December 2020

Detection of large-scale X-ray bubbles in the Milky
Way halo Nature 588, 227-231(2020)

Fig. 3: Comparison of the morphology of the y-ray and X-ray bubbles.

A composite Fermi-eROSITA image is shown. The X-ray extended emission revealed by eROSITA
(0.6-1-keV band; cyan) encloses the hard component of the extended gigaelectronvolt emission
traditionally referred to as Fermi bubbles (red; Fermi map adapted from ref. >°), unequivocally
establishing their close relation.



(Credit: S: Munro, NASA)
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Evidence for the connection between star formation

rate and the evolutionary phases of quasars

M) Check for updates

nature LETTERS
a Str OI‘IO n]y https://doi.org/10.1038/541550-021-01561-3

Zhifu Chen', Zhicheng He?***, Luis C. Ho**, Qiusheng Gu®, Tinggui Wang*3, Mingyang Zhuang**,

Guilin Liu%*® and Zhiwen Wang'

Both theory and observations suggest that outflows driven
by an active central supermassive black hole have a feedback
effect on shaping the global properties of the host galaxy'*.
However, whether feedback from the outflow is effective,
and if so, whether it is positive or negative, have long been
controversial. Here, using the latest catalogue from the Sloan
Digital Sky Survey, we use the flux ratio of the [On] to [Nev]
emission lines as a proxy to compare the star formation rate in
the hosts of quasars with different types of broad absorption
lines (BALs): low-ionization (Lo)BAL, high-ionization (Hi)BAL
and non-BAL. We find that the star formation rate decreases
from LoBAL to HiBAL quasars, and then increases from HiBAL
to non-BAL quasars. Assuming that the sequence of LoBAL
to HIiBAL to non-BAL represents evolution, our results are
consistent with a quenching and subsequent rebound of star
formation in quasar host galaxies. This phenomenon can be
explained by suppression of the star formation rate by the
outflow and then rebound of the rate once the outflow disap-
pears as the quasars evolve from HiBALs to non-BALs. Our
result suggests that the quasar outflow has a negative global
feedback on galaxy evolution.
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Black Hole Orbit in Center of Galaxy OJ 287

Simplified Orbit Model Timing of Flares by Year
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NGC 6251
radio

structure

« “Superluminal” velocites (v ~ 3 to 10 c)

+ Due to time dilation when a relativistic jet is
pointing close to the line-of-sight

+ “Doppler boosting™. we often see only the
approaching side of the twin jet
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Monthly Notices

MNRAS 496, 245-268 (2020) doi: 10.1093/mnras/staal411

The Ly—L L4, relation and corona—disc—jet connection in optically
selected radio-loud quasars

S. F. Zhu (R HH) ©,">* W. N. Brandt,">* B. Luo (Z%&),* Jianfeng Wu (i &1%),’
Y. Q. Xue (7K 5#)%7 and G. Yang (%) “°

*The quasars jets generally contribute much less to the
nuclear X-ray emission than previous thought.

= A corona-jet connection is atdplay for RLQs, in addition to
the disk-corona coupling and disk-jet connection.

= The corona—jet connection implies that small-scale
processes in the vicinity of supermassive black holes,
probably associated with the magnetic flux/topology
instead of black hole spin, are controlling the radio-
loudness of quasars.
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X-RAY OBSERVATORY NASA's flagship mission for X-ray astronomy. . .

Images by Date @ The Recipe for Powerful Quasar Jets (Zhu et al. 2020)
2020 2019 2018 2017
2016 2015 2014 2013
2012 2011 2010 2009 ILLUSTRATION
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Images by Category @

Solar System
Stars

White Dwarfs
Supernovas
Neutron Stars
Black Holes

Milky Way Galaxy
Normal Galaxies
Quasars

Galaxy Clusters
Cosmology/Deep Field
Miscellaneous

Images by Interest S

Space Scoop for Kids

i J,PG Scientists are identifying the reasons why some black holes produce powerful
Multiwavelength beams, or jets, and others do not.

Sky Map

Constellations * A new study of over 700 quasars (rapidly growing supermassive black holes)
Photo Blog has revealed a possible answer.

Top Ratad Images * Regions of diffuse hot gas threaded with powerful magnetic fields may

Image Handouts dictate whether or not a supermassive black hole generates a jet.
Desktops
Fits Files ¢ This study combined data from NASA's Chandra X-ray Observatory, ESA's

XMM-Newton, NSF's Very Large Array, and the Sloan Digital Sky Survey.
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Figure 8.25 M31, the Andromeda Galaxy, along with two dwarf elliptical galaxies,
M32 and NGC 205. Image: Adam Block, NOAO/AURA/NSF.
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Figure 8.26 The Virgo cluster of galaxies. Image: Space Telescope Science Institute, NASA. E .
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erseus cluster: Chandra image




Chandra X-ray Observatory map of the Perseus Cluster of Galaxies. An edge-detection filter has been applied.
NASA / CXC / GSFC / S. WALKER / A. FABIAN et al
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uﬁ?ﬂ%l\ﬂgﬁgﬁ ( 100h ) VS. EET‘E §|\Etzéji$% ( 12h ) (NASA, ESA, CSA, STScl)




THBCKSE NH) T8
(FT8T Rl R
a=p

OfaptAriD]

u

e

&
. !

ERHFIXH %
3R RIARA




MACSJ0138




ERE (iBMXE)

galaxy cluster

SRANENE FER

distorted light-rays
Ll Bp

Earth

bz

_rJ.- ?:E%Uﬁf’fﬁ
.‘-i BiESE

1%&??&Lﬁﬁ




~
. I\ \

Y
Sl
/ ’
89

38z
ERRU
EFTEKNFHE

?EEO

T

— ik S8 B
ANERAMA
ENEYR, X
RS EME
BBBERBHN
BRI,

\\/

3.7 &
A—EXSRE
EFHIK, (Eih
RERWNEE
HETERNS
THHER.




51 185
L S 2R 1 P R T S5 B K A 15 | 37 Ll

Weak lens Strong lens

]
4
.

MACSJ0416.1-2403

X/ R Ay HR AT DL Py 1 A
AT R iR I ER. %R YrHn

%Uﬁﬁﬁ%%lﬁﬁ’%ﬁ
EfRE ZRETH
"RHEH S HEE

/) \EER
=5|771ERRY
EIVAN E SN
(=Y NEN A




nature astronomy

Letter | Published: 25 January 2021

A Lyman-« protocluster at redshift 6.9

EH, AERRAXALRRN, PE. XE. BH=EXXFEXR
SN “FEBRBENPANEERRIERER” (RXHEELAGER)
MARMBEFEHERENEERVNAR T BFRRBEEHRE. 1Z0
BERARETEFCTIORX 4K OREBIRFENBAMIAIEEEE
M, BEETERNNEFTIRRR, RAEIFHEENEREM/R
EERFEERREE, MBI IWNEERER, RUT—1
4175~ 6. O RV E RFRIEZELAGER-270D1, HFBEFARE
BRI T HEEA. LAGER-Z7O0D1ZFHEFEARE TR
ERME., EfFABZRXHET (BA- KXY (Nature Astronomy)
F2021F1826 H1ZRELA“A Lyman-a protocluster at redshift
6.9 NBARTX—EEMRER.

ANFRINAFEHBBBNENE RZEKEM/RE(Lya) &5
SR, TURAERERGESIRN, BifLyaXtF2tERIR
SRERIP M SR FERET, BELWUNEIR &R 514 2 E N BT B
BEREE, LyaRSIRERRRNFEHBEERENFHERRERNE
BHFER. LAGERMBEAM N FEFAR-THREMRIERFTEE
R, B ONEREBRENERZEETESH, RMT—TH
217MLya R 514 B R AT B XIHLAGER-270D1, ERYZE
EFEMN6.E. IMBEAN BENZECEIFEH X MXE#HT
FIBIEA, MMBRIAXERRAR T —MESHE RIS DANREIL
WEHMEZRE, EFMNFEERNE7.72E (HETFFEERN
~6%) , RABBEBHNERBREMIT 3. 7x10PKERE.

(Hu, Wang, et al. 2021, NA)
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MiERHHWERBEEE00TER, RHEENBTER
RENAREFHREZFCEFRNRLEN. BRE
BENCEARHMERMEBEASZENTY.,
FPHABNERELMENS BEERHSE, &%
FRTERNER,

HFR7, BRERERNITADZ1. #ELFTA#ET
| &, FEPNERKEEDN165012, BSTZH0
T E 154512,

(credit: FZE)

A: 2012&9%25E%&’Aﬁﬁ@ﬂﬁ%ﬂ&ﬁﬁiﬁ?iﬁ é&fﬁﬂﬂ\ ﬁ?&mfﬁﬂ’aiﬂ’\h\cSWFCE»S@‘?E%F@EE’\J—/J\)#iE[Zﬂﬁﬂmﬁ‘é'—i5&219#2%8’\184\5&&8’\]%%
W, RITEH2005% . ERXARNORXE, HIL500TER, RPFREERRENEXATN, FHEHNFRERE7ZCE. BFIRELLTELAR
ER5—1UBN1.5MBHME.

Credit: NASA, ESA, G. Illingworth, D. Magee, and P. Oesch (University of California, Santa Cruz), R. Bouwens (Leiden University), and the HUDF09 Team

https://esahubble.org/images/heic1214b/
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B ARARR. FRZIHEESRVNNOTHORE. BL5RBEFM10KORMKekETHE, &+
E=THERY, BE—FRNBATNHM. THYIBIRCELS tedshify, ABHA, IR
FEMER, HETRCENRABLANTEER, M0ZEN S,
—— (credit: F#Z#)
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Constraining Galaxy Assembly Bias
with Count Statistics

Kuan Wang E%&
kuanwang@umich.edu
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2dF Galaxy Redshift Survey
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. Researchers have used the Dark Energy
FI rSt R esu Its fro m D Es I M a ke th e Spectroscopic Instrument to make the
largest 3D map of our universe and world-

M OSt P reCise M eas u re m e nt Of O u r leading measurements of dark energy, the
Expa n d i ng U n ive rse By Lagren Biron  mysterious cause of its accelerating

April 4, 2024 expansion Key Takeaways

- DESI mapped galaxies and quasars with unprecedented detail, creating the
largest 3D map of the universe ever made and measuring how fast the universe
expanded over 11 billion years.

+ This is the first time that scientists have measured the expansion history of
that distant period (8-11 billion years ago) with a precision of better than 1%,
providing a powerful way to study dark energy.

- With just its first year of data, DESI has surpassed all previous 3D spectroscopic
maps combined and confirmed the basics of our best model of the universe -
with some tantalizing areas to explore with more data.

DESI has made the largest 3D map of our universe to date. Earth is at the center of this thin slice of
the full map. In the magnified section, it is easy to see the underlying structure of matter in our

universe. Claire Lamman/DESI collaboration; custom colormap package by cmastro
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Simulation of cosmic web
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ERRAFAFEPRERANGH, ES/LBE/LTFTHREVNRSINBHRENER.
EERBAFOLOBEFE—TBARRERR, XEXRNEBEEEBRNYR, HRHBD YR
AR FHNBEFNRE, ZMBERBEMAFNERAZRG ., NEBRXMAELFHBFREF
#2020F5R48 % (BRA - AX) #ERKXRAN"ERBRNBRESFHERNT LKL
SEEWNEA"NIEX, BIEF-REDFZNBERD, HRT7TEDERZRIFEUEIEL
KEBE+AIENFLERSERIAZL,
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NASA/ESA/Hubble Heritage
Univ. of Cambridge/loA/A. Fabian




es02016 — Science Release

ESO telescope spots galaxies trapped in the
web of a supermassive black hole

1 Oclober 2020 6/ A1 MBS AR “RIE” ¢ IRTE LT BB

With the help of ESO’s Very Large Telescope (VLT), astronomers have found six galaxies lying around a
supermassive black hole when the Universe was less than a billion years old. This is the first time such a close
grouping has been seen so soon after the Big Bang and the finding helps us better understand how supermassive
black holes, one of which exists at the centre of our Milky Way, formed and grew to their enormous sizes so
quickly. It supports the theory that black holes can grow rapidly within large, web-like structures which contain
plenty of gas to fuel them.



SDSS galaxies




Fly into a large-scale structure




Figure 8.28 The structure of the local universe. Image: T. Jarett (IPAC/Caltech), Wikipedia Commons.
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Galaxies form and evolve in

evolving dark matter halos

primodial density fluctuations set
w. o initial conditions for the formation
- '~ of cosmic structure and galaxies

simulation Webb+Chandra

formation and growth of galaxy formation
dark matter halos and LSS through gas inflows
by gravitational instability and outflows

and dark halo merging in/around dark halos

MR TRAIE [B]_Ed b 2 RAES RSt

GRERE 22RO

energy feedback from central
supermassive black hole may
regulate star formation efficiency

- k‘ "' ~ v
Hubble | Webb. 2 Webb+Chandra
galaxy evolution gas-star-gas cycling
driven by both with chemical
secular processes evolution and
and environment energy feedback




Galaxies are complex, diverse and evolving ecosystems

* Multi-component: stars, dust, neutral/ionized gas, metals, black hole, CGM, IGM, ...
* Multi-scale: large-scale structure, dark matter halo, galaxy-wide, sub-galactic regions
* Multi-physics: different physical processes work at different scales

* Multi-epoch: different processes play different roles at different cosmic epochs

simulation

MR TRAIE [B]_Ed b 2 RAES RSt
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HIERARCHICAL GALAXY FORMATION

1. Small mass ‘luctuatons
(such as those revealed by the
all.sky map, shown at left
nhrainea hy rhe (OIRF <arpllite)
are relics of the Big Bang
These are the "seeds” of

galaxy formaton.

2. Invisible dark matter halos (shown n orange
below) collapse from the ambient background 3. Primordial gas condenses within the
racing the Initial mass fluctuations dark mateer halos. Some stars form during
the colapse, and collect into globular
clusters. Mos: of the gas collects into
disks (shown in yellow)

Dack AMattor | lalo

4. Stars form in the disk, gradually
building up a spiral galaxy

Balltling spiral galaxies

Globular clusters

produce ellptical calaxies

. 0 '. .
- L )
‘ o Elliotical ac/oxv
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\ / 5 MQ'gOfS and collisions of disks
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