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Abstract: The Universe offers environments with extreme physical conditions that cannot be realized in laboratories on Earth. These enviro
provide unprecedented tests for extensions of the Standard Model. | will describe three such \"astrophysical laboratories\", which are lil
represent new frontiers in cosmology and astrophysics over the next decade. One provides a novel probe of the initial conditions from inflati
the nature of the dark matter, based on 3D mapping of the distribution of cosmic hydrogen through its resonant 21cm line. The second al
constrain the metric around supermassive black holes based on direct imaging or the detection of gravitational waves. The third invol\
acceleration of high-energy particles in cosmological shock waves. | will describe past and future observations of these environments an
related theoretical work.
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No, & will not disouss the ‘dark energy”.
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The fact that I nevertheless have something to
discuss demonstrates how broad is the contact
between astrophysics and fundamental physics!




Three Astrophysical Laboratories
for Particle Physics

» 21cm Cosmology:

« Supermassive Black Holes: P

« Cosmic Accelerators:




21cm Cosmology:




11,3 ¢~ of the Universe

Astronomers are trying to fill in
the blank pages in our photo album
af the infant universe
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On small scales the universe is clumpy

Early times

Density peritrhation
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Current Composition of the Universe

74% Dark Energy

n




Current Composition of the Universe

74% Dark Energy

Stk damping of small-scale fluctuatons m the baryon-photon
fhuid prior to cosmic recombmation mmplies that galaxies could
not have formed i our Universe without dark matter!




The First Dark Matter Objects in the Universe
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Smallest dark matter champs: - s PR awr~ g
~0.1 Jupiter mass Diemand, Moore & Stadel
astro-ph/0501589

Loeb & Zaldarriaga,
astro-ph/0504112




Emergence of the First Star Clusters

Yoshido et
al 2003
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Hydrogen ~
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Hydrogen ~ %

p Ground level
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excitation rate= (atomic collisions)+(radiative coupling to CMB)

Couple TS to
spin
2lcm = (1.4GHz) ! o1
B 181/2
P e
Lk

051/2 3
P &

Spin Temperatare o = g €XP{— ~T, (9:/90) =3

W - - - - L R T e e e e P - A TR g - B = P



Hydrogen

\n'
g
P r Ground level
excitation rate— (atomic colli?ians)—t—(mcit: ative couplmg to CMB)
Couple TS fo Tk Couples to
spin
2lcm = (1.4GHz) ! o1
B lS 1 /2
P e

(91/90) =3

Fi B = ™ -y —w a Tt i = T



& =iectron N il

Ip 3N alecTran Sarrm amnrad The same

pton with 3 wavelengrh of

f ALIGNED SPINS
ANTIALIGNED SPINS /

Q1IN L . t

1 centimeters

-an be represented in ferms of tfemperature

The unet gy ENercy and spn energy
vers thres recsrrowrs that interchanged snergy by At the start of the Dark Ages
2 INenc and spin Temper ature
er 3 while, the spin temperature
BACKGROUND RADIATION reatve
ENERGY i
' . 1000 — ————
* s P o i _“-“"""'--. I
T i _; .
5, 9, 2 E
' % e = N AfOmiC Spins
» X T 1 ~—
= Atomic motion
KINETICEMERGY - = SPIM ENEREY = . a & - 1
10000 N G ] Page 22/1
10

AT 3 :
i ~ailie1a e el =ER 3 =
Time




21 cm Absorption by Hydrogen Prior to Structure Formatio
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oeb & Zaldarriaga, Phys Rev. Lett, 2004;
‘cotf & Rees, MNRAS, 1990
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Largest Data Set on the Sky
Number of ndependent paiches:

3
~ 10 (%) (8

while Silk damping limits the
primary CMB anisotropies to

only ~ 107

Noise due to foreground sky brightness:

Loeb & Zaldarriaga, Phys. Rev. Lett., 2004, astro-ph/0312134




HTING UP THE COSMOS
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21cm Tomography of Ionized Bubbles During Reionization is like

| ,\S'licing Swiss Cheese

>

Observed wavelength < distance
2lem x (1 + 2)
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Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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—— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Power spectrum is not isotropic (“Kaiser effect”)

— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Line-of-Sight Anisotropy of 21cm Flux Fluctuations
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— Barkana & Loeb, astro-ph/0409572; see also Bharadwaj & AL, astro-ph/0401206



Experiments

*MWA (Murchison Wide-Field Array)
MIT/CfA/Australia

*LOFAR (Low-frequency Array)
Netherlands

*21CMA (formerly known as PAST)
China

*PAPER
UCB/NRAO

*GMRT (Giant Meterwave Radio Telescope) ==
India/CITA/Pittsburg

*SKA (Square Kilometer Array)
International




Murchison Wide-Field Array: mapping
cosmic hydrogen through its 21cm emission
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Primary challenge: foregrounds
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Primary challenge: foregrounds

+ Terrestnal: radio broadcasting
+ Galactic synchrotron emission
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+ Terrestnal: radio broadcasting
+ Galactic synchrotron emission
+ Extragalactic: radio sources




Primary challenge: foregrounds

+ Terrestnal: radio broadcasting
+ Galactic synchrotron emission
+ Extragalactic: radio sources

Although the sky brichtness (~10K) is much larger than the 2lcm
ignal (<10mK). the foregrounds have a smooth frequency dependenc
vhile the signal fluctuates rapidlk across small shiffs m frequency
=redshift). Theoretical estimates mdicate that the 2Icm signal is
letectable with the forthcoming generation of low-frequency arrays
Zaldarriaga et al. astro-ph 0311514; Morales & Hewiit astro-ph 0312437)




Power-Spectrum Sensitivity
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Terrestrial Radio Frequency Interference

200dB = 10%)y ; Required: ~ 10uJy



a-terrestrials can see us wiin an MiwA-like

observatory out to 50 light years!




Terrestrial Radio Frequency Interference

200dB = 108)y : Required: ~ 10pJy



a-lferresiriails can see us wiin an iwA-like

observatory out to 50 light years!

r Bandwidth | |




a-terrestriails can see us wiin an iwA-like

...and we have been broadcasting for 50 years!
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Wyithe & Loeb 2007



2lem Gasmology Afler (Reionization?

Damped Lya absorbers:  Qppa ~ 103
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2]om Gasmology A fier (Roionization?

Damped Lya absorbers:  Qppa ~ 103
Jar = (QDLA/Qb) = v a2 h

08N0.253t:zm4

Wyithe & Loeb 2007



2]om Gasmology After (Roionization?

Jamped Lya absorbers: Qpr.A ~ 103
fur = (Qpra/Qp) = 3%,at : 2 < 6
os~02. at:z~4 > (D)signar ~ 0.1mK . iz,
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Wyithe & Loeb 2007
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2]om Gasmology A fier (Roionization?

Damped Lya absorbers:  Qppa ~ 103
Jrr = (Qpra/Q) = 3%,at : 2 < 6

og~02,at:z~4 > (5T)Signﬁl ~ 0.lmK  on 10cMpc
(0T) noise o< (1 + 2)*°

Wvyithe & Loeb 2007



2lcm Gasmology Afler (Reionization?
Damped Lya absorbers:  Qppa ~ 102
fur = (2pra/Q) = 3%, at : 2 < 6

agg 02 3 atrz~4 > (ézjsignal ~ (0.1lmK on 10cMpc
(0T) noise o< (1 + 2)°

Whyithe & Loeb 2007



2lcm Gasmology Afler (Reionization?
Damped Lya absorbers:  Qppa ~ 103
fur = (Q2pra/Q) = 3%, at : 2 < 6

gg 02 - atrz~4 > (5I)Signal ~ (0.1lmK on 10cMpc
() e ¢ (1 -1 2)~"°

Acoustic peak: constrain dark energy at 2<z<I5

Wvithe & Loeb 2007
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Acoustic Oscillations
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Inflation: =0
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potential fluctuations at 7—1000




Acoustic Oscillations
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Inflation: =0

Gas is freed to fail info dark matter
potential fluctuations at 7—1000

- Correlation across the radiation sound horizon, left over from
coupling of gas to CMB at z> 1000.




Acoustic Oscillations
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Acoustic Oscillations
z = 150, 100, 30(solid); 35, 20, 15(dashea
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Acoustic Oscillations
— 150, 100, aO(SOlzd) 35, 20, 13(dash6
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Acoustic Oscillations
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Acoustic Oscillations
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Supermassive Black Holes:

D robing strong fild grasity

a={. r=6M







The Black Hole in the Galactic Center:

SerA*

VLT with Adaptive Optics
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Simultaneous fit of orbits implies:

1. BHmass: Ay, = (3.74-0.2) x 10Mg;d = 74 +0.2kpc
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