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Abstract: The Universe offers environments with extreme physical conditions that cannot be realized in laboratories on Earth. These environments
provide unprecedented tests for extensions of the Standard Model. | will describe three such \"astrophysical laboratories\", which are likely to
represent new frontiers in cosmology and astrophysics over the next decade. One provides a novel probe of the initial conditions from inflation and
the nature of the dark matter, based on 3D mapping of the distribution of cosmic hydrogen through its resonant 21cm line. The second alows to
constrain the metric around supermassive black holes based on direct imaging or the detection of gravitational waves. The third involves the
acceleration of high-energy particles in cosmological shock waves. | will describe past and future observations of these environments and some
related theoretical work.
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No, & will not discuss the ‘dark enerqy”.
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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: >

« Cosmic Accelerators:
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Avi Loeb
Harvard Astronomy Department




21cm Cosmology:




11, H .34 9.157-  of the Universe

Astronomers are trying to fillin
the blank pages in our photo album
of the infantuniverse
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On small scales the universe is clumpy

Early times ) .
Density perturtiation i
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Current Composition of the Universe

74% Dark Energy

74




Current Composition of the Universe

74% Dark Energy

4% Atoms

Stlk damping of small-scale fluctuatons m the baryon-photon

fhuid prior to cosmic recombmation mmplies that galaxies could
not have formed m our Universe without dark matter!




The First Dark Matter Objects in the Universe
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Smallest dark matter chomps: "% s A o - £
~{. 1 Jupiter mass Diemand, Moore & Stadel
astro-ph/0501589

Loeb & Zaldarriaga,
astro-ph/0504112




Emergence of the First Star Clusters

Yochido et
al 2003
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21 cm Absorption by Hydrogen Prior to Structure Formatio
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Largest Data Set on the Sky
Number of mmdependent paiches:

~10 (') ()

while Silk dampimng imits 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
Slicing Swiss Cheese
PN
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Observed wavelength < distance
21cm 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

r

Tb =2 (TSTT) i

i

‘eculiar velocity changes / [Ur

\

— 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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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

1, 1 o
Tb 5 T( 1+,:T) Y
\
n —n(l+0 -
>eculiar velocity changes T X ﬁ ~ ET((I 1()5) / T‘UT.\
. -3

—> Power spectrum is not isotropic (“Kaiser effect”) 9 k
‘f;’" > 5U(E) — — cos’ O X 5(E) \C
Pr, = [cos” 0x8(k) + 8iso(K)]?
g — b0 oy —Fdy

— 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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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 Telescape) =

"

India/CITA/Pitisburg

*SKA (Square Kilometer Array)

International




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

of 16 dipole antennae, 80-300MHz
* 500 antenna tiles with total collecting area 8000 sq.m. at
OYME 3 15188
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Primary challenge: foregrounds
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Primary challenge: foregrounds

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

1lthough the sky brightness (~10K) is much larger than the 2Icm
ignal (<I10mK). the foregrounds have a smooth frequency dependenc
vhile the signal fluctuates rapidk across small shifts 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 = 108)y : Required: ~ 10pJy



a-ferrestrials can see us wiin an MiwA-like
observatory out to 50 light years!

Freq
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Terrestrial Radio Frequency Interference




a-lferresiriais can see us wiin an MiwA-like

observatory out to 50 light years!

Frex
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~a-terrestrials can see us wi
observator

...and we have been broadcasting for 50 years!
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2lcm Gasmology Afler (Reionization?

Damped Lya absorbers:  Qppa ~ 1073

Whyithe & Loeb 2007
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2]om Gasmology A fier (Roionization?

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

08"‘40.25&13:2;'\_44

Wvyithe & Loeb 2007



2]om Gasmology Afier (Reionization?

Jamped Lya absorbers: Qpr.A ~ 103
Jur = (Qpra/Q) = 3%,at : 2 < 6
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2]om Gasmology A fier (Roionization?

Damped Lya absorbers:  Qppa ~ 103
Jur = (Qpra/Qp) = 3%,at : 2 < 6
og~02,at:z2~4 > (5778@1&1 ~ 0.1lmK  on 10cMpc

Wyithe & Loeb 2007



2]om Gasmology A fier (Roionization?

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

og~02,at:z~4 > (5T)Signal ~ 0.lmK  on 10cMpc
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2lcm Gasmology Afler (Reionization?
Damped Lya absorbers:  Qppa ~ 103
for = (Q2pra/Q) = 3%, at : 2 < 6
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2lem Gasmology Afler (Reionization?
Damped Lya absorbers:  Qppa ~ 103
for = (Q2pra/Q) = 3%,at : 2 < 6

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

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

Whyithe & Loeb 2007



Acoustic Oscillations
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Acoustic Oscillations
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Acoustic Oscillations
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Inflation: =0

Gas is freed to fall 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
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Acoustic Oscillations
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Acoustic Oscillations
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So far, the hydrogen was only probed by quasars
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Supermassive Black Holes:

D robing strong fiold grasity

a={. r=6M







The Black Hole in the Galactic Center:

SerA*

VLT with Adaptive Optics
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Hypervelocity Stars

Ten unbound stars in MW halo with v ~ 10° km/s
(Brown et al. 05-07; Edelmann et al. 05; Hirsch et al. 05)

Proposed mechanisms:
i) Disruption of stellar binaries by SMBH (Hills 1988)
ii) Scattering stars by IMBH/SMB
binary (Yu & Tremaine 02)
iii) Scattering stars off stellar BH

which are segregated around SgrA™
(O’Leary & Loeb 06)

~ 1076 yr—1
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Sherwin, Loeb, & O’Leary 2007
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 Expect ~1000 HVS in MW halo

Sherwmn, Loeb, & O’Leary 2007




 Expect ~1000 HVS in MW halo

+ Tens of giant HVS wisible out to ~100kpc in M31
Sherwin, Loeb, & O’Leary 2007




QSgrA * is the largest black hols on the sky




Is general relativity a valid description of strong gravity?

a=0, r=6M

Brodernck & Loeb. 2006. MNRAS. 367. 9305
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Is general relativity a valid description of strong gravity?
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Is general relativity a valid description of strong gravity?
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The Forthcoming Collision Between the
Milky-Way and Andromeda
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The Forthcoming Collision Between the
Milky-Way and Andromeda

 The merger product 1s the only cosmological object
that will be observable to future astronomers m 100
billion years

+ Collision will occur during the lifetime of the sun
+ The might sky will change

+ Simulated with an N-body/hydrodynamic code (Cox
& Loeb 2007)

+ The only paper of mine that has a chance of being
cited in five billion years...
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X-ray Image of a binary black hole system in NGC 6240

HussLE OFTICAL CHANDRA X-RA

7=0.025 -

Komossa et al 2002




Gravitational Waves

kick velocity from galaxies

Wla et al.
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Gravitational Waves

kick velocity from galaxies

J.Centrella et al.
e ———T—— 2007




Gravitational Wave Amplitude from a Black Hole Bmary at 7=1
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Galaxies as “Bubble Chambers”
or BHs ejected by sravitational wave recoil
IL ] Y &

Loeb, PRL, 2007; astro-ph/0703722




Galaxies as “Bubble Chambers”
or BHs ejected by sravitational wave recoil
IL ] y &

Schnittman & Buonanno 2007

-=-=-=- lonization trail

taisk ~ 10 yr
d ~ Uejtdisk ) 10kpc

Loeb, PRL, 2007; astro-ph/0703722




Galaxies as “Bubble Chambers”
or BHs ejected by sravitational wave recoil
IL ] y &

Bonming, Shields & Salviander 2007
Quasar Velocity Offset

-=-=-- lonization trail

7
tdisk ~ 10 yr
d ~ Veit disk ~ 10kpc b <49 with Kicks >500 ki s

ks <) I, with =>1000 K s

Loeb, PRL, 2007; astro-ph/0703722




Hierarchical Black Hole Triples

+ Gravitational radiation kicks provide » < 500km s—

~ Shingshot 1s a mechanism capable of ¢jecting
SMBHs out of galaxy cores with v ~ 10° km/s

(Hoffman & Loeb
astro-ph/0612517)




Cosmic Accelerators:




EGRET All Sky Map (>100 MeV)




“Accelerator Beam Dump” for collisionless shocks in galaxies




“Accelerator Beam Dump” for collisionless shocks in galaxies

Ultraluminous Infrared Galaxies (ULIRGs):
Factories of High-Energy Neutrinos

ULIRGs discovered by IRAS i mid 80’s

» - L
LF]I{ > 102 L ] i Lopti:al (dUStY) S
| | o i 7
Dasturbed Morphologies: Mergers
e e So
Powered by nuclear starbursts &/or = 1 ) -

obscured AGN (much debated)

Ultraluminous Infrared Galaxies
Hubbie Space Telescope = WFPC2

Key phase in growth of elliptical BB o s
galaxies and massive black holes —_




Fate of Injected Cosmic-Rays

* The energy loss time of a relativistic proton
Tloss ~ (0.5m0,,¢) 1, 0,, ~ 50mb
e The starburst lifetime (a few dynamical
times)
tayn ~ (300pc/300km/s) ~ 10°%r
« SN njected protons will dissipate all their
enetpy i 7o < Lagn — Yigns > Yocrit

Yerit = mp: — = ) T ( L ) g/cm?

O 10 3¢

Matches the minimum surface denstty of starburst galaxies




Cosmic Background of High-Energy Neutrinos
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UHECRs

* Present-day energy production rate of relativistic
protons 1n starburst galaxies

121/(63;}’)(3}13 ~ 10"ergs/Mpc®/yr

1s comparable to the energy production rate of ultra
high-energy cosmic-rays, potentially because the
former applies to  Yga5 > it

and the latter to ~ Xgas < 2icrit, with the two
matching at D ens ™ Licrit




Highlights

' Redshifted 21cm from 3<z<200 provides the largest data
set on the initial conditions of the universe

- Direct imaging of the nearest supermassive black holes
might become feasible within the next decade

- Cosmic shocks and starburst galaxies accelerate particles

to energies well above those accessible by the Large
Hadron Collider



