
Materia Oscura: 
alla Ricerca di una Tenue Luce



Capitolo 1 

Misurare la Massa  dell’Universo 
o almeno di una galassia



Notte Stellata sul Rodano (V. van Gogh 1888) 



Cosa Possiamo Misurare Direttamente?

• Fino a poco tempo fa non molto oltre: 

• la distanza angolare apparente fra due galassie 

• l’intensità luminosa apparente di ciascuna galassia  

• il colore apparente di ciascuna galassia



Distanza angolare apparente
• Misure angolari per astrofili dilettanti

Orsa Maggiore

Tenete il braccio completamente teso e guardate il cielo attraverso le mire  

Campioni angolari a portata di mano (letteralmente)

1° 5°
10° 15°



Il Cluster di Galassie nella Chioma di Berenice
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Il Cluster di Galassie nella Chioma di Berenice
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Ammasso di Galassie nella Costellazione “Coma Berenices” (Chioma di Berenice)  
visto dall’ Hubble’s Advanced Camera for Surveys



Il Colore di Una Galassia

• Lo spettro delle onde elettromagnetiche su 20 ordini di grandezza



Radiazione di Corpo Nero



Spettri di emissione degli elementi



Hubble



Effetto Doppler: misure di velocità & distanza

Spettro dell’Elio (sorgente in lab)



Ammasso di Galassie nella Costellazione “Coma Berenices” (Chioma di Berenice)  
visto dall’ Hubble’s Advanced Camera for Surveys

Distanza valutata dal red shift 
Velocità lungo la linea di vista valutata dall’effetto Doppler 
Dimensione valutata dall’estensione angolare dell’ammasso



Fritz Zwicky al telescopio da 18 pollici del Palomar Observatory negli anni trenta.



L’Interpretazione di Zwicky
THE ASTROPHYSICAL JOURNAL 

AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND 
ASTRONOMICAL PHYSICS 

volume 86 OCTOBER 1937 number 3 

ON THE MASSES OF NEBULAE AND OF 
CLUSTERS OF NEBULAE 

E. ZWICKY 

ABSTRACT 
Present estimates of the masses of nebulae are based on observations of the lumi- 

nosities and internal rotations of nebulae. It is shown that both these methods are 
unreliable; that from the observed luminosities of extragalactic systems only lower 
limits for the values of their masses can be obtained (sec. i), and that from internal 
rotations alone no determination of the masses of nebulae is possible (sec. ii). The 
observed internal motions of nebulae can be understood on the basis of a simple me- 
chanical model, some properties of which are discussed. The essential feature is a central 
core whose internal viscosity due to the gravitational interactions of its component 
masses is so high as to cause it to rotate like a solid body. 

In sections iii, iv, and v three new methods for the determination of nebular masses 
are discussed, each of which makes use of a different fundamental principle of physics. 

Method iii is based on the virial theorem of classical mechanics. The application of 
this theorem to the Coma cluster leads to a minimum value M = 4.5XioIOAfofor the 
average mass of its member nebulae. 

Method iv calls for the observation among nebulae of certain gravitational lens 
effects. 

Section v gives a generalization of the principles of ordinary statistical mechanics to 
the whole system of nebulae, which suggests a new and powerful method which ulti- 
mately should enable us to determine the masses of all types of nebulae. This method 
is very flexible and is capable of many modes of application. It is proposed, in par- 
ticular, to investigate the distribution of nebulae in individual great clusters. 

As a first step toward the realization of the proposed program, the Coma cluster of 
nebulae was photographed with the new 18-inch Schmidt telescope on Mount Palomar. 
Counts of nebulae brighter than about w= 16.7 given in section vi lead to the gratifying 
result that the distribution of nebulae in the Coma cluster is very similar to the dis- 
tribution of luminosity in globular nebulae, which, according to Hubble’s investiga- 
tions, coincides closely with the theoretically determined distribution of matter in 
isothermal gravitational gas spheres. The high central condensation of the Coma 
cluster, the very gradual decrease of the number of nebulae per unit volume at great 
distances from its center, and the hitherto unexpected enormous extension of this 
cluster become here apparent for the first time. These results also suggest that the 
current classification of nebulae into relatively few cluster nebulae and a majority of 
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mass-weighted means of v2 and the straight means are essentially the 
same. Furthermore, in calculating (34) we have used velocities 
which belong to the bright nebulae, since only these have been meas- 
ured. If brightness can be taken as a qualitative indication of mass, 
the error in substituting (34) for (21) cannot be great. We must, 
nevertheless, remember that, strictly speaking, the determination of 

^#by the virial theorem is subject to the difficulty of calculating v2 

through the application of an averaging process which involves the 
as yet unknown masses. The mass as obtained from the virial 
theorem, can therefore be regarded as correct only in order of mag- 
nitude. 

Combining (33) and (34), we find 

9 X io46gr. (35) 

The Coma cluster contains about one thousand nebulae. The aver- 
age mass of one of these nebulae is therefore 

Jkf > 9 X 1043 gr = 4.5 X io10 M0 . (36) 

Inasmuch as we have introduced at every step of our argument in- 
equalities which tend to depress the final value of the mass ^ the 
foregoing value (36) should be considered as the lowest estimate for 
the average mass of nebulae in the Coma cluster. This result is 
somewhat unexpected, in view of the fact that the luminosity of an 
average nebula is equal to that of about 8.5 X io7 suns. According 
to (36), the conversion factor 7 from luminosity to mass for nebulae 
in the Coma cluster would be of the order 

7 = 500 > (37) 

as compared with about 7' = 3 for the local Kapteyn stellar system. 
This discrepancy is so great that a further analysis of the problem 
is in order. Parts of the following discussion were published several 
years ago, when the conclusion expressed in (36) was reached for the 
first time.5 

We inquire first what happens if the cluster considered is not st-a 
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Curve di Rotazione 
• Ciò che tiene assieme le galassie in un ammasso è ciò 

che tiene assieme le stelle in una galassia

Vera Rubin (circa 1947)



NGC 3198: 14 Mpc, Visual Magnitude 9.15

8.5’ ~ 2.5 mRad



Vera Rubin (circa 1955)
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Lensing Gravitazionale
• La luce (per definizione) segue nel vuoto una traiettoria rettilinea 

• Non sempre la geometria descritta da queste rette è euclidea
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ABSTRACT

We present a weak-lensing mass reconstruction of the interacting cluster 1E 0657!558, in which we detect
both the main cluster and a subcluster. The subcluster is identified as a smaller cluster that has just undergone
initial infall and pass-through of the primary cluster and has been previously identified in both optical surveys
and X-ray studies. The X-ray gas has been separated from the galaxies by ram pressure–stripping during the
pass-through. The detected mass peak is located between the X-ray peak and galaxy concentration, although the
position is consistent with the galaxy centroid within the errors of the mass reconstruction. We find that the mass
peak for the main cluster is in good spatial agreement with the cluster galaxies and is offset from the X-ray halo at
3.4 ! significance, and we determine that the mass-to-light ratios of the two components are consistent with those
of relaxed clusters. The observed offsets of the lensing mass peaks from the peaks of the dominant visible mass
component (the X-ray gas) directly demonstrate the presence, and dominance, of dark matter in this cluster. This
proof of dark matter existence holds true even under the assumption of modified Newtonian dynamics (MOND);
based on the observed gravitational shear–optical light ratios and the mass peak–X-ray gas offsets, the dark
matter component in a MOND regime would have a total mass that is at least equal to the baryonic mass of the
system.

Subject headings: dark matter — galaxies: clusters: individual (1E 0657!556) — gravitational lensing

1. INTRODUCTION

It has long been established that the velocity dispersions and
X-ray gas temperatures of clusters of galaxies are too high to be
explained solely by the amount of visible matter in the clusters
using a physical model with Newtonian gravity and general
relativity. This observation led to the introduction of a dark
matter component of the mass, which interacts with normal
matter and light via only gravity. Recent observations of clus-
ters suggest that the virialized mass is made of "1% baryons
observable in optical and infrared data, "11% baryons ob-
servable in X-ray data (e.g., Allen, Schmidt, & Fabian 2002),
and the remaining "88% in a dark matter component.

An alternative explanation has been that the gravitational
force only follows the Newtonian r!2 law at the level of the
force observed in the solar system and that for smaller forces
the decline with distance is less (Milgrom 1983). This idea
of modified Newtonian dynamics (MOND) has been used to
reproduce the observed rotation velocities of spiral galaxies
without inclusion of any dark matter (e.g., McGaugh & de
Blok 1998) and could also explain the observed velocity dis-
persions and X-ray temperatures of clusters without needing
any additional matter beyond the observed baryons and a small
neutrino mass (Sanders 2003). Several arguments against
MOND have been made using gravitational lensing observa-

tions of galaxies and clusters (Gavazzi 2002; Hoekstra, Yee, &
Gladders 2002; Mortlock & Turner 2001), but because of the
lack of a general relativistic theory giving the strength of the
interaction between light and gravity in the MOND regime,
these observations can be explained by alterations in the
MOND formalism (Sanders & McGaugh 2002).
A definitive test of MOND, however, can be made with

interacting clusters of galaxies. In the standard cold dark
matter (CDM) paradigm, during the initial pass-through the
dark matter particles and the galaxies are effectively colli-
sionless, while the X-ray halo is affected by ram pressure. As a
result, one expects the galaxies and dark matter halo to remain
spatially coincident following the interaction, while the X-ray
halo is displaced toward the center of mass of the combined
system (e.g., Tormen, Moscardini, & Yoshida 2003). In the
CDM paradigm the mass of the X-ray halo is a small com-
ponent of the total mass, and therefore the mass maps created
from weak lensing should have the primary mass peaks in
good spatial agreement with the galaxies. In a MOND regime,
however, the X-ray gas is the dominant component of the total
mass. The weak-lensing mass reconstruction would therefore
detect a primary mass peak coincident with the gas, which is
spatially offset from the galaxy distribution.
The z ¼ 0:296 interacting cluster 1E 0657!558 provides

the ideal case in which to test this theory. First discovered by
Tucker, Tananbaum, & Remillard (1995), subsequent analysis
of ROSAT HRI data revealed that the system is comprised of
two merging subclusters (Tucker et al. 1998). More recent
Chandra and spectroscopic observations further indicate that

1 Based on observations made with ESO telescopes at the Paranal
Observatories under program IDs 60.A-9203 and 64.O-0332.

2 Currently at Steward Observatory, University of Arizona.
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1.1 Gpc (3.7 Gly) 

0.45 mRadX-ray photo (140 hr)



La combinazione delle due foto

Gas caldi in collisione

Collision-less  DM

Collision-less  DM



Radiazione Cosmica di Fondo

Radiazione di corpo nero 
temperatura ~ 2.72 K  



Planck 2018
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Table 17. Cosmological Parameter Summary

Parameter Symbol WMAPa WMAP+eCMB+BAO+H0
a b

6-parameter ΛCDM fit parametersc

Physical baryon density Ωbh
2 0.02264 ± 0.00050 0.02223 ± 0.00033

Physical cold dark matter density Ωch2 0.1138 ± 0.0045 0.1153 ± 0.0019
Dark energy density (w = −1) ΩΛ 0.721 ± 0.025 0.7135+0.0095

−0.0096

Curvature perturbations (k0 = 0.002 Mpc−1)d 109∆2
R

2.41 ± 0.10 2.464 ± 0.072
Scalar spectral index ns 0.972 ± 0.013 0.9608 ± 0.0080
Reionization optical depth τ 0.089 ± 0.014 0.081 ± 0.012
Amplitude of SZ power spectrum template ASZ < 2.0 (95% CL) < 1.0 (95% CL)

6-parameter ΛCDM fit: derived parameterse

Age of the universe (Gyr) t0 13.74 ± 0.11 13.772 ± 0.059
Hubble parameter, H0 = 100h km/s/Mpc H0 70.0 ± 2.2 69.32 ± 0.80
Density fluctuations @ 8h−1 Mpc σ8 0.821 ± 0.023 0.820+0.013

−0.014

Velocity fluctuations @ 8h−1 Mpc σ8Ω0.5
m 0.434 ± 0.029 0.439 ± 0.012

Velocity fluctuations @ 8h−1 Mpc σ8Ω0.6
m 0.382 ± 0.029 0.387 ± 0.012

Baryon density/critical density Ωb 0.0463 ± 0.0024 0.04628 ± 0.00093
Cold dark matter density/critical density Ωc 0.233 ± 0.023 0.2402+0.0088

−0.0087

Matter density/critical density (Ωc +Ωb) Ωm 0.279 ± 0.025 0.2865+0.0096
−0.0095

Physical matter density Ωmh2 0.1364 ± 0.0044 0.1376 ± 0.0020
Current baryon density (cm−3)f nb (2.542 ± 0.056) × 10−7 (2.497 ± 0.037) × 10−7

Current photon density (cm−3)g nγ 410.72 ± 0.26 410.72 ± 0.26
Baryon/photon ratio η (6.19 ± 0.14) × 10−10 (6.079 ± 0.090) × 10−10

Redshift of matter-radiation equality zeq 3265+106
−105 3293 ± 47

Angular diameter distance to zeq (Mpc) dA(zeq) 14194 ± 117 14173+66
−65

Horizon scale at zeq (h/Mpc) keq 0.00996 ± 0.00032 0.01004 ± 0.00014
Angular horizon scale at zeq leq 139.7 ± 3.5 140.7 ± 1.4

Epoch of photon decoupling z∗ 1090.97+0.85
−0.86 1091.64 ± 0.47

Age at photon decoupling (yr) t∗ 376371+4115
−4111 374935+1731

−1729

Angular diameter distance to z∗ (Mpc)h dA(z∗) 14029 ± 119 14007+67
−66

Epoch of baryon decoupling zd 1020.7 ± 1.1 1019.92 ± 0.80
Co-moving sound horizon, photons (Mpc) rs(z∗) 145.8 ± 1.2 145.65 ± 0.58
Co-moving sound horizon, baryons (Mpc) rs(zd) 152.3 ± 1.3 152.28 ± 0.69
Acoustic scale, θ∗ = rs(z∗)/dA(z∗) (degrees) θ∗ 0.5953 ± 0.0013 0.59578 ± 0.00076
Acoustic scale, l∗ = π/θ∗ l∗ 302.35 ± 0.65 302.13+0.39

−0.38

Shift parameter R 1.728 ± 0.016 1.7329 ± 0.0058
Conformal time to recombination τrec 283.9 ± 2.4 283.2 ± 1.0

Redshift of reionization zreion 10.6 ± 1.1 10.1 ± 1.0
Time of reionization (Myr) treion 453+63

−64 482+66
−67

7-parameter ΛCDM fit parametersi

Relativistic degrees of freedomj Neff > 1.7 (95% CL) 3.26 ± 0.35
Running scalar spectral indexk dns/d lnk −0.019 ± 0.025 −0.023 ± 0.011
Tensor to scalar ratio (k0 = 0.002 Mpc−1)l r < 0.38 (95% CL) < 0.13 (95% CL)



Capitolo 2 

Cosa sappiamo della Dark 
Matter 

(capitolo molto breve)
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Capitolo 3 

Ricercare sotto ogni pietra





Darkside  
Obiettivo:   

Ricerca Diretta di materia oscura (WIMP)  

Detector: 

TPC  Argon bifase (liquido + gas) di 20 tonnellate 
con  
rivelazione del segnale di scintillazione e 
ionizzazione 

Strategia per Darkside 20k: 

Osservazione di un segnale su fondo “nullo”  

darkside 50

WIMP

S1

S2
e-



Darkside: Il Segnale
Urto elastico di WIMP 
su nucleo di 40Ar  :

Massima energia 
trasferita :

Ar

WIMP

Ar

WIMP

Segnale simulabile con 
urto elastico di neutroni 1 10 100 1000 104

DMMass (GeV)

50

100

150

40Ar Kin En (keV) In LAr il range del nucleo è < 100µm,  
direzionalità  (forse) su base statistica



Darkside: Metodo Misura



Scintillazione (Immediata)



Scintillazione (Immediata)
Circa 40 fotoni UV (128nm) / keV 
TMP per shift da 128 nm a  ~400 nm 

Segnale S1 con componenti fast e slow.  
Fotoni visibili nei SiPM: 4.7/KeV 

Rapporto FAST/SLOW  dipende dalla 
particella ionizzante (nucleo/elettrone) ⇒ 
potente mezzo per discriminare recoil su 
elettrone (i.e. fondo da neutrini)



Ionizzazione (Tpc) Ritardata



Ionizzazione (Tpc) Ritardata
Ritardo  0-2ms  

Elettroluminescenza letta dagli 
stessi sensori del segnale di 
scintillazione 

Misura della posizione  x, y, z



Fondi Da Neutrini Solari
Two-phase Argon (or Xenon) Time Projection Chamber

“S1”

“S1”

“S2”
tdrift

S1 (scintillation signal) and 
S2 (ionization signal) give
• Energy
• 3D position
• Discrimination between

• Nuclear recoil (NR) 
WIMP or neutron
• Electron recoil (ER) 
beta or gamma

S2 pattern on 
top PMTs



Darkside 50 results



10 luglio 2015 Preventivi Pisa: Darkside

DarkSide-20k New Technology

Seruci Wells
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600

R&D Column
30 cm diameter

350 m height

 

 

 

• Volatilità relative => 1.007 

• Valori tipici >1.5 

• Numero di stadi teorici => ordine delle migliaia 

• HETP = 10 cm 

• H=200-400 m 

• Usuali = 20-30 m 

• Fuori terra 

• A sezioni separate 

32
5 

m
 

Thousands of equilibrium stages reflects in a very tall column
30 tonnes of UAr

…possibly with further depletion.
See A. Renshaw talk Wednesday.

Replaces PMTs with
~13 m2 of SiPM.
See G. Giovanetti talk 
Wednesday
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Decadimento β  39Ar  
(T1/2 ~ 269 anni, Q = 565 keV) 

Darkside 50 usa Argon da miniere 
sotterranee impoverito UAr  
Per Darkside 20k impianto 
distillazione per rimuovere la 
componente radioattiva 

Fondi da contaminazioni  
(U, Th, Rn, …beta),  



Conclusioni
• La natura della Dark Matter rimane a tutt’oggi quasi 

completamente ignota e rappresenta uno dei più affascinanti temi 
di ricerca attuali.




