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HELVEILICA PHYSICA ACTA

Volumen VI Fasciculus Secundus.

Die Rotverschiebung von extragalaktischen Nebeln
von F. Zwicky.
(16. 11. 33.)

Inhaltsangabe. Diese Arbeit gibt cine Darstellung der wesentlichsten N
male extragalaktischer Nebel, sowic der Methoden, welche zur Erforschung
selben gedient haben. Insbesondere wird die s0g. Rotverschicbung extrag
tischer Nebel cingehend diskuticrt. Verschiedene Theorien, welche zur Erkla
dieses wichtigen Phanomens aufgestellt worden sind, werden kurz besproc
Schliesslich wird angedeutet, inwiefern die Rotverschiebung fiir das Stuc
der durchdringenden Strahlung ven Wichtigkeit zu werden verspricht.

§ 1. Einleitung.

Es ist xchon seit Janger Zoit;:l.békdn'ht, dass es im \W&A
gewisse Objekte gibt, welche, wenn mit kleinen Teleskopen e ¥
achtet, als stark verschwommene, selbstlenchtende Flecke erse
nen. Diese Objekte hesitzen verschiedenartige Strukturen.
sind sie kungelférmig, oft elliptisch, und viele unter ilmen ha

Rotverachicbung extragalaktischer Nebel.

-m, wie beobachtet, einen mittleren I)opple.reffe!ci
km/sek oder mehr zu crhalten, miisste also die mit
Jm Comasystem mindestens 400.mal grisser sein als di
von Beobachtungen an leuchtender Materie abgeleit

.ch dies l)cwahr]W Wiinde sich also .das il
Resultat ergeben,gdass dunkle Materighn schr viel gros

vorhanden ist als® e ferie,

2. Man kann auch annehmen, dass das Comasystem sich

nicht 1m stationdren Gleichgewicht hefind('zt, §0mlern (]a.s.s die

ganze verfiighbare potentielle Energie als kinetische Energie er-
1 - T ___ee
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Cosmological distortion field projected
on the sky
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Discovery of Cosmic Acceleration

Type Ia supernovae that
exploded when the Universe
was 2/3 its present size are
~25% fainter than expected

Nearby SN 1994D (Ia)




Hubble diagram SNIa
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CURVATURE ENERGY-MOMENTUM
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dark matter

Large-scale structure (BAO): DM

CMB fluctuations: DM +DE

DM - DE

Supernovae:
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Dark Matter is weakly

B \WMAP 5-year Springel, Frenk &
200 T(uK) +200 White 2006




Dark matter is not baryons

baryon density

FIRAS data
2.725 K Blackbogy

COBE 1990

Intensity

abundance

L1 T2 T4
2 1 0.67 0.5
Wavelength [mm]




Dark matter is not MACHOs

massive compact halo objects

OGLE—IIl LMC upper limit
(2 events due to self—lensing) _
— 95% c.l. i |
— 90% c.l. - '
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Dark matter is not neutrinos

primordial neutrinos as hot dark matter

dark energy
Qyh’=Zm,/92eV 14
Hubble parameter h= 0.65 (65 km/s/Mpc) _: cold dark mS‘ 9
O« n9n - 3
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Dark matter most likely is

a weakly interacting (massive?) particle
Eg WIMP (or LSP) motivated by theory of supersymmetry

Favoured SUSY candidate isa WIMP in mass range 0.01-10 TeV

The WIMP miracle: relic abundance if <ov>~3x102° cm3/s ~1/Q,
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WIMPS or nonWIMPs
| ..sneutrino |

neulralino y-

\

netrino v
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NEUTRALINO DARK MATT

DETECTION IN SPACE OR DEEP UNDERGROUND
OFFERS STRATEGY TO PROBE MASS RANGE
THAT COMPLEMENTS ANY FUTURE COLLIDERS

~103° GeV/s in total annihilation power in energetic gamma rays, e+, pbar,v




DIRECT DETECTIQN

many WIMPs pass through
us every second

MdEmy

WIMP Nucleus O WIMP

From galactic halo in laboratory

O Elastic WIMP
C scattering O ‘
9
Nucleus Reoss

\

Jopization
/. \

(v ~ 250 km/s) (v=0km/s)

E(recoil) ~ 20 keV

Muon Intensity, m“ y
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INDIRECT DETECTION

halo WIMPS occasionally
annihilate today

into energetic particles: v,y,p,e*




COSMIC RAYS

search for antiprotons

No surprises so far!

* PAMELA
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positrons

et/(et+e)

10

107

Could be a dark matter

h|gh energy signature, but the rise

plausibly has
an astrophysical origin

1
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Bergstrom, Edsjo & Zaharijas 2009
= 3.65 TeV, Model N3, E=2500 -
Mors =" et+e

HESS (x0.85)
HESS LE (x0.85)

massive neutralino requires large boost since flux ~ p/m 2
QM counterpart to gravity

PARTICLE PHYSICS SOLUTION S=Sol 1+{(Ves/V)?]

. - . due to DM bound states
with annihilating dark matter

Arkani-Hamed et al 2008
Lattanzi and JS 2008

Sommerfeld effect provides boost March-Russell and West 2809
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The WMAP microwave haze

Finkbeiner 2007

Hooper and Zaharias 2007

GLAST no bckgd AN
GLAS . bckgd extrapol

EGRET
Excluded by

EGRET

Log[(av/3%10-26)JAQ]

2.5

I W WMAP 5-year )
y Log[m,,, (GeV)]

-200 T(uK) +200




Fermi 1-5 GeV Haslam 408 MHz

Fermi haze is inverse
Compton of e*e- on
Interstellar radiation

keVecm?s”! sr!

Su et al. 2010
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angle from GC
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Fermi haze revived

spectral data require a second
diffuse component. DM?

| LS|

10.0 20.0

E? dN/dE (GeV em @ s

spectral fit: 8 GeV WIMP
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Cumberbatch et al. 2010

Spectral index variations in WMAP residual haze




annihilation y-rays from the centre of the Galaxy ??

predict y ray “smoking guns”: e.g. morphology

FERMI (2009 launch): 0.02 - 300 GeV, 5°- 5, AE/E~ 0.1

2-Year All-Sky Map, E>1 Ge\

Counts Map




y rays from dark matter-dominated dwarf
galaxies

1,0'0'0: Mggzresolution

- weighted by density? /v2
R le+2009

Kuhlen + 2009
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FERMI/HESS prediction: final state gamma rays
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FERMI galactic centre residuals
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Did we prematurely abandon a dark matter
ontribution in the Galactic Centre?

CDM cusp steepens by adiabatic growth
of IMBH: pocr™ = pocr ™, with v/ = 92

Annihilation rate is amplified within a
radius GMbh/a2 ~ 0.003(17\/13}1/1051\"'1.:.;)1)0

a local boost is natural in gravitationally bound
spike around Sag A* black hole 4x10° M,

Dynamical heating reduces peak density

DM predicts exponential cut-off + no variability
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Genzel 2010

Qrcum-
nuclear
adisk

S-star clustcgr »
radips ™ 1 light idnth’

late (re@orange) —early (blue) — no id (grey)




G359.95-0.04

FIGURE 1. Chandra X-ray and NACO Near-infrared Com-
posite of the Galactic center region [4]. The circle marks the
systematic (and therefore irreducable) H.E.S.S. uncertainty re-
gion of 67.




Horns 2007

‘% 104 =4 51 - .- PKS 2155-304
2 ET e
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Fig. 2. Radial surface brightness profile of the gamma-ray emission (number of gam-
ma-ray events per solid angle) from the Galactic center: The solid points indicate
the number of gamma-ray events detected from the Galactic center and the envi-
ronment up to an angular separation of # = 0.4° while the open points show the
surface brightness after subtracting off the diffuse emission from the Galactic ridge.
The solid line represents the expected distribution of gamma-rays for a point-like
source taking into account varying zenith angles of the observation. As an exam-
ple for an observation of a point-like source, the signal obtained from the Active
Galactic Nucleus PKS 2155-304 is shown in the inlaid figure.




Horns 2007
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The Galactic Centre black hole:

- L EXxponential-spectrum-preferred?
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Fig. 2. HESS J1745—290 spectra derived with the combined Hillas/Model analysis for the whole HE.S.5. GC dataset
covering the three years 2004, 2005 and 2006. The shaded areas are the 1o confidence intervals for the power law with
an exponential cut-off fit (left) and the smoothed broken power law fit (right). The last points represent 95% confidence
level upper limits on the flux. The fit residuals corresponding to the respective fits are shown on the lower panels.



I I UL BRI | 1 I UL B L |

¥ — bb

105 GeV

5 d®./dE, [GeVem s

E

—
—
—
—
—
—
p—
p—
—
—
—
—
—
—
—
p—
p—
—
—
—
—
—
—
—
p—
p—
p—
p—
E_
-
—
p—
—
p—
p—
—
—
—
—
—
p—
p—




E [eV] Regis and Ullio 2007
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MORE EXOTIC
APPLICATIONS TO THE
GALACTIC CENTRE




THE ULTIMATE PARTICLE ACCELERATOR:

dark matter cusp around black hole

Schwarzschild
S ll — 4,12 — -4

3 ) — ll - 4, 12 =-1

43 1 — ll - 2,12 = -2

Orbits of objects
near black hole




Kerr black hole

Banados, West,JS 2009
Ecm
| 1
14 i —_— [1=2, ’3——2(1-“\/2:
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12 \ ,.
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Banados, Hossainen, West,JS 2010
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WIMP ANNIHILATIONS MAY CONVERT A NEUTRON
STAR TO A QUARK STAR if neutron matter is metastable
]

e

A=2 Ny

10 ny=> nAg

82fm.c® > E? (ui(ns).m;. B
f = = “lm('/ i(74) ! Perez-Garcia, Silk and Stone 2010

145 150 155 160 165
8" (MeV)

® Up Quark
. Down Quark
® Strange Quark

—\ CONFINED
NEUTRONS QUARKS QUARKS




low mass (m, ~5-10 GeV) WIMPS are trapped

and fill the solar core.... and modify T(r)

Temperature (10° K)
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13 |

12 |

Cumberbatch et al

2010
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DECAYING DARK MATTER

massive neutralino requires decay time ~ 10%° sec
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Cosmic microwave background temperature fluctuations:

DAMPING BY ENHANCED IONIZATION
FROM DARK MATTER ANNIHILATIONS
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ENERGETIC NEUTRINOS FROM WIMPs TRAPPED IN THE SUN
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Akramietal 2010

——  XENONI100 2010 (161 kg-day)
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TO GO?

ton-scale detectors
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XENON-10 excluded

95% region from current data
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WE MAY HAVE A PROBLEM

on < 10 kpc scales




F GALAXIE
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ADD BARYONS

to make more realistic galaxies
But this creates more problems, e.g.

too many small galaxies, too many big galaxies, too few in the
past....

ADD FEEDBACK

Need reionization, supernovae, tidal disruption, supermassive
black holes

ABOVE ALL, WE DO NOT
UNDERSTAND STAR FORMATION
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supernova feedback
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low mass galaxy luminosity function

Koposov et al 2009
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can we form galaxies? not yet!

A state of the art simulation at high resolution
with star formation but no feedback Taysun Kim 2011
but too many baryons!




DARK MATTER IS AN URGENT PROBLEM

DETECTION IN MULTIPLE WINDOWS IS ESSENTIAL

e COMPLEXITY OF FEEDBACK NEEDED FOR GALAXY FORMATION

* MODIFYING THE NATURE OF DARK MATTER
* MODIFYING GRAVITY




Landau on
Cosmologists

Often in Error,
Never in Doubt!
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