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Origin of Large Scale Structure
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a period of exponential expansion in the very early universe, is believed to have taken place some

10�34 seconds after the Big Bang singularity. Remarkably, inflation is thought to be responsible

both for the large-scale homogeneity of the universe and for the small fluctuations that were the

seeds for the formation of structures like our own galaxy.

The central focus of this lecture series will be to explain in full detail the physical mechanism

by which inflation transformed microscopic quantum fluctuations into macroscopic fluctuations in

the energy density of the universe. In this sense inflation provides the most dramatic example

for the theme of TASI 2009: the connection between the ‘physics of the large and the small’.

We will calculate explicitly the statistical properties and the scale dependence of the spectrum of

fluctuations produced by inflation. This result provides the input for all studies of cosmological

structure formation and is one of the great triumphs of modern theoretical cosmology.

1.2 Structure and Evolution of the Universe

There is undeniable evidence for the expansion of the universe: the light from distant galaxies is

systematically shifted towards the red end of the spectrum [4], the observed abundances of the light

elements (H, He, and Li) matches the predictions of Big Bang Nucleosynthesis (BBN) [5], and the

only convincing explanation for the CMB is a relic radiation from a hot early universe [6].
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Figure 2: History of the universe. In this schematic we present key events in the history of the

universe and their associated time and energy scales. We also illustrate several cos-

mological probes that provide us with information about the structure and evolution

of the universe. Acronyms: BBN (Big Bang Nucleosynthesis), LSS (Large-Scale Struc-

ture), BAO (Baryon Acoustic Oscillations), QSO (Quasi-Stellar Objects = Quasars),

Ly↵ (Lyman-alpha), CMB (Cosmic Microwave Background), Ia (Type Ia supernovae),

21cm (hydrogen 21cm-transition).
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Part I

Introduction

“I’m astounded by people who want to ‘know’ the Universe

when it’s hard enough to find your way around Chinatown”

Woody Allen

Figure 1: Fluctuations in the Cosmic Microwave Background (CMB). What produced them?

1 The Microscopic Origin of Structure

1.1 TASI 2009: The Physics of the Large and the Small

The fluctuations in the temperature of the cosmic microwave background (CMB) (see Fig. 1) tell

an amazing story. Measured now almost routinely by experiments like the Wilkinson Microwave

Anisotropy Probe (WMAP), the temperature variations of the microwave sky bear testimony of

minute fluctuations in the density of the primordial universe. These fluctuations grew via gravita-

tional instability into the large-scale structures (LSS) that we observe in the universe today. The

success in relating observations of the thermal afterglow of the Big Bang to the formation of struc-

tures billions of years later motivates us to ask an even bolder question: what is the fundamental

microphysical origin of the CMB fluctuations? An answer to this question would provide us with

nothing less than a fundamental understanding of the physical origin of all structure in the universe.

In these lectures, I will describe the currently leading working hypothesis that a period of cosmic

inflation was integral part of this picture for the formation and evolution of structure. Inflation [1–3],
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supernovae

long-based line experiments

CMB (neutrinos need to free stream)

Existing bounds on neutrino lifetime are very weak 
(for decay into invisible particles)
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future (Euclid, CMB-S4)

Measure neutrino mass & lifetime

Chacko, Dev, Du, Poulin, YT (in preparation, preliminary)

Something not expected??

à CNB Direct Detection 
would need to resolve this
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The Cosmic Neutrino Background Anisotropy - Linear Theory 6

Figure 2. Sky maps of the primary neutrino power spectra, CΘ
l

, with the dipole
included, for mν = 10−5 eV (top-left), 10−3 eV (top-right), 10−2 eV (bottom-left) and
10−1 eV (bottom-right). The maps have been generated with the same underlying
random numbers with the HEALPIX package [35].

masses and Fig. 2 shows sky map realisations for these spectra.
The massless case (i.e. 10−5 eV) is consistent with the result of [30]. At high l

the spectra are almost identical, and do not depend on the neutrino mass. The reason

for this can be understood from the following argument: Above a certain k-value, kFS,

neutrinos are completely dominated by free-streaming and this k-value is proportional to

mν . In order to convert this to an l-value one then uses the relation lFS ∼ kFSχ∗ (where

χ∗ is the comoving coordinate from which the neutrinos originate) and since χ∗ ∝ m−1
ν

for non-relativistic particles [36], lFS does not depend on mν . Inserting numbers one

finds lFS ∼ 100 which is in good agreement with Fig. 1. At smaller angular scales,

l >∼ lFS, the anisotropy comes from the Sachs-Wolfe effect during radiation domination.

For smaller l-values the anisotropy increases dramatically as the mass increases.

This can be understood as follows. As soon as neutrinos go non-relativistic the ϵk
3qψ

d ln f0

d ln q

term in Ψ̇1 begins to dominate the Boltzmann hierarchy evolution. This quickly makes
the higher l modes increase as well, and the final amplitude simply depends on the time

elapsed after neutrinos go non-relativistic.

The effect can be seen in Fig. 3 which shows the evolution of Ψ1, Ψ2 and Ψ10 for

three different neutrino masses and two different k-values. As soon as neutrinos go

non-relativistic Ψ1 immediately begins to grow, and the higher Ψl’s follow with a slight

delay for k = 0.1 h Mpc−1. This exactly matches the low l behaviour seen in Fig. 1.

mn < 0.00001 eV mn ~ 0.001 eV

mn ~ 0.01 eV mn ~ 0.1 eV

Hannestad, Brandbyge (2009)

~CMB w/o BAO
dr/r~O(10-5)



Neutrino Masses from Oscillations
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3 masses
X

3 flavors
(electron, muon, tau)

0.05 eV

0.009 eV

The absolute neutrino masses are not known.

It’s not known at this time whether neutrinos masses are “Normal” or “Inverted”.

OR



Cosmic Neutrino Background

6
Dicke, Peebles, Roll, Wilkinson (1965)

1 sec nn = 112/cm3

Number density:

Tn ~ 1.95K
Temperature:

neutron/proton ratio
@start of nucleosynthesis

Time of decoupling:
tn ~ 1 second

Non-linear distortions Villaescusa-Navarro et al (2013)

Velocity distribution:

<vn> ~ Tn /mn

Radiation ~1/a4

Matter 
~1/a3

Part I

Introduction

“I’m astounded by people who want to ‘know’ the Universe

when it’s hard enough to find your way around Chinatown”

Woody Allen

Figure 1: Fluctuations in the Cosmic Microwave Background (CMB). What produced them?

1 The Microscopic Origin of Structure

1.1 TASI 2009: The Physics of the Large and the Small

The fluctuations in the temperature of the cosmic microwave background (CMB) (see Fig. 1) tell

an amazing story. Measured now almost routinely by experiments like the Wilkinson Microwave

Anisotropy Probe (WMAP), the temperature variations of the microwave sky bear testimony of

minute fluctuations in the density of the primordial universe. These fluctuations grew via gravita-

tional instability into the large-scale structures (LSS) that we observe in the universe today. The

success in relating observations of the thermal afterglow of the Big Bang to the formation of struc-

tures billions of years later motivates us to ask an even bolder question: what is the fundamental

microphysical origin of the CMB fluctuations? An answer to this question would provide us with

nothing less than a fundamental understanding of the physical origin of all structure in the universe.

In these lectures, I will describe the currently leading working hypothesis that a period of cosmic

inflation was integral part of this picture for the formation and evolution of structure. Inflation [1–3],

9
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Tritium β-decay
(12.3 yr half-life)

Neutrino capture on Tritium
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d.
L’idea di base dei “telescopi” a 
trizio è di rivelare indirettamente 
i neutrini del fondo cosmico 
facendoli interagire con nuclei di 
trizio (un isotopo dell’idrogeno). 
Nel processo di cattura di questi 
neutrini (a destra) i nuclei di trizio 
emettono elettroni che hanno 
un picco di energia (in viola nel 
grafico) spostato di 2mˬc2, cioè 
di due volte l’energia di riposo 
dei neutrini, rispetto al valore 
massimo della distribuzione di 
energia (curva blu nel grafico) degli 
elettroni emessi nel decadimento 
beta del trizio (a sinistra). 

Se ciò fosse possibile anche per il caso del Cnb, potremmo 
verificare alcune delle proprietà che, predette teoricamente o 
misurate indirettamente, riteniamo di conoscere: dovremmo, 
per esempio, contare all’incirca 340 neutrini e antineutrini 
del fondo per centimetro cubo (un numero enorme rispetto, 
ad esempio, ai neutrini che provengono dal Sole!), distribuiti 
in maniera “democratica” nelle tre specie note, e di velocità 
molto minore della velocità della luce, per almeno due delle 
tre specie. Il problema di una misura diretta del Cnb sta nel 
fatto che a differenza dei fotoni, che interagiscono con la 
materia (di cui sono fatti gli strumenti di misura) attraverso 
le interazioni elettromagnetiche, i neutrini interagiscono 
esclusivamente attraverso le ben più flebili interazioni deboli, 
il che rende la loro rivelazione estremamente difficile. Da 
decenni, si propongono metodi e si avanzano idee su come 
costruire un telescopio per il Cnb. Quasi tutte, purtroppo, 
sembrano di difficile, se non impossibile, realizzazione 
in un futuro prossimo, con forse un’unica eccezione: un 
telescopio a trizio. Sulla base di una vecchia idea di Steven 
Weinberg, che scrivendo nei primi anni ’60 pensava però 
che l’effetto fosse misurabile per una proprietà dei neutrini 
legata al celeberrimo “principio di esclusione di Pauli” (vd. 
in Asimmetrie n. 14 p. 33, ndr) e non alla loro massa, 
l’esperimento Ptolemy al Plasma Physics Laboratory di 
Princeton si propone di rivelare i neutrini (e gli antineutrini) 
primordiali osservando la traccia che lasciano quando 

interagiscono con nuclei di trizio: catturando un neutrino, 
un nucleo di trizio emette un elettrone di energia cinetica 
superiore a quella massima degli elettroni prodotti nel 
normale decadimento beta del trizio (vd. fig. d). Si stima 
che un bersaglio di 100 grammi di trizio possa produrre 
circa 10 eventi all’anno di cattura di neutrini primordiali. La 
sfida sperimentale è notevole, perché si tratta di costruire 
un rivelatore con una risoluzione in energia inferiore all’eV, 
ma un prototipo in scala è già in funzione e capiremo presto 
se siamo sulla buona strada per osservare i più antichi 
messaggeri dell’universo.

Biografia
Gianpiero Mangano è un ricercatore dell’Infn della sezione di Napoli. 
Si occupa di cosmologia, fisica del neutrino e gravità quantistica. 
È autore di oltre 120 articoli scientifici e di una monografia, “Neutrino 
Cosmology” pubblicata dalla Cambridge University Press.

Link sul web

http://ithaca.unisalento.it/nr-7_2016/index.html
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• Basic concepts1 for relic neutrino detection were laid out in 
a paper by Steven Weinberg in 1962 [Phys. Rev. 128:3, 1457]

1Finite neutrino mass, tritium and other isotopes studied for relic neutrino capture in this paper:
JCAP 06 (2007) 015, DOI: 10.1088/1475-7516/2007/06/015 by Cocco, Mangano, Messina

Gap (2m) constrained to 

m < ~0.2eV
from Cosmology

What do we know?
Electron flavor expected with 

m > ~0.05eV
from neutrino oscillations
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Neutrino physics with the PTOLEMY project,
M.G. Betti et al., JCAP 07 (2019) 047 DOI: 10.1088/1475-7516/2019/07/047
e-Print:  arXiv:1902.05508
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New Concept:  Transverse Drift Filter
18.6 keV à 0.01 eV in 0.7 meters

respect to the magnetic field line. The perpendicular component is often referred to as the drift
velocity, V

D

. In equation (1), the four drift terms, from left to right, are given by (1) the E⇥B

drift; (2) the external force drift (such as gravity); (3) the gradient-B drift; and (4) the inertial
force drift.

The GCS description is valid in the limit that the E and B fields vary slowly spatially relative
to the cyclotron radius, ⇢

c

, and slowly in time, through the motion of the particle, compared
to the cyclotron period, ⌧

c

, namely:

⇢

c

⌧
����
B

rB

���� ,
����
E

rE

���� ; and (2)

⌧

c

⌧
����

B

dB/dt

���� ,
����

E

dE/dt

���� ; (3)

where the total variation per unit time seen by the particle comes from the variation in time
at a fixed point in space and the variation due to the displacement while the field is fixed in
time: d/dt = @/@t + V ·r. These conditions, if satisfied, allow the motion of the electron to
be accurately described by adiabatic invariants, and, in particular, the first adiabatic invariant.
The derivation of the first adiabatic invariant is found in these references [15,16] and follows from
the action-angle variable description of the Hamiltonian in terms of the gyroaction J ⌘ (mc/q)µ
canonically conjugate to the cyclotron phase angle, where µ, with magnitude µ, is the orbital
magnetic moment of the electron with respect to a magnetic field B. Starting with a non-
relativistic treatment, µ in the GCS frame is given by

µ =
mv

⇤2
?

2B
(4)

where v⇤
? is the instantaneous velocity of the electron perpendicular to the magnetic field line in

the GCS frame (starred quantities) and are related to the inertial frame instantaneous velocity
v = v? + vk by v

⇤
? = v? � V

D

and v

⇤
k = vk � Vk ⇡ 0. The angle, ↵, between v and B, also
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is the pitch angle of the electron.

In the presence of a non-uniform magnetic field, the Hamiltonian term U = �µ ·B gives rise
to a total net force given by

f = �rU = �µrB . (6)

The parallel component, fk, is the well-known mirror force responsible for magnetic adiabatic
collimation and the magnetic bottle e↵ect for trapping charged particles in non-uniform mag-
netic fields. The perpendicular component, f?, is the source of the gradient-B drift. This drift
is particularly interesting for a filter since only non-electric drifts can lead to a change in total
kinetic energy. Drifts due to electric fields are always perpendicular to E by construction and
therefore cannot do any work – electrons under E⇥B drift follow surfaces of constant voltage.

More precisely, when accompanied by E ⇥ B drift, the gradient-B drift can do work on the
electron and reduce the internal kinetic energy of gyromotion for a corresponding increase in
voltage potential. This is described by, inserting terms from equation (1),
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where T? is the internal kinetic energy of gyromotion in the GCS frame. The implementation
of this basic principle into a filter for PTOLEMY is described below.
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The parallel component, fk, is the well-known mirror force responsible for magnetic adiabatic
collimation and the magnetic bottle e↵ect for trapping charged particles in non-uniform mag-
netic fields. The perpendicular component, f?, is the source of the gradient-B drift. This drift
is particularly interesting for a filter since only non-electric drifts can lead to a change in total
kinetic energy. Drifts due to electric fields are always perpendicular to E by construction and
therefore cannot do any work – electrons under E⇥B drift follow surfaces of constant voltage.

More precisely, when accompanied by E ⇥ B drift, the gradient-B drift can do work on the
electron and reduce the internal kinetic energy of gyromotion for a corresponding increase in
voltage potential. This is described by, inserting terms from equation (1),
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Cosmic Neutrino Telescope
Step 1:  Quality of Lens Surface
• Choice:  Graphene – atomic flatness
• Hosts “Lepton nàe⎼ shifting material” (tritium 3H)
• Low binding energy (<3 eV)
• Ferromagnetic at 50% coverage

11

PTOLEMY: tritium target
• Use atomic 3T

• No ro-vibrational modes in final state like for 3He-3T final state.
• Limit to energy resolution not determined by target itself

• dE/dx of electrons requires extremely thin targets
• We investigate 3T  loosely bound to graphene (or Cu, or Au) 

• Theoretical maximum is about 0.2 mg tritium per m2

Max 1-tritium for every C

Molecular
Smearing

~Graphene



Cold Plasma Loading

12

H Plasma

Figure 3 Probabilities of reflection, transmission, and adsorption as a function of incident kinetic energy.

Figure 4 Positions of reflection, transmission, and adsorption events for the quantum-classical calculations. In a representative graphene
hexagon, using SCC-DFTB. Adsorption (left) shows clustering of hydrogen atoms around the lattice carbons. Reflection (center) is most probable
at the perimeter of the hexagon where interactions are strongest. Transmission (right) can occur at most points in the lattice for high energies
but tends to occur at the hexagon center due to the low barrier.

Ehemann et al. Nanoscale Research Letters 2012, 7:198
http://www.nanoscalereslett.com/content/7/1/198

Page 5 of 14

Below 1eV

Ehemann et al. Nanoscale Research Letters 2012, 7:198

Y. Raitses et al.

XPS Hydrogenation Results from Princeton

36% H 
Coverage
àWorld
Record



Sticking Probability of H on Graphene

13
Imaging covalent bond formation by H atom scattering from graphene, 
Jiang et al., Science 364, 379–382 (2019) 26 April 2019.

This technique repeated for 
3He and 3H would provide data 

on final-state 
T-Graphene à 3He-Graphene

molecular smearing.

EnEI

Data

Predictions

New ideas for magnetic transfer!



Hydrogen	doping	on	
graphene	reveals	
magnetism

Gonzalez-Herrero,	H.	et	al. Atomic-scale	control	of	graphene	magnetism	by	using	
hydrogen	atoms.	Science	(80). 352, 437–441	(2016).

Polarized Tritium Target

Point at the Sky with Tritium Nuclear Spin

nL
Lisanti, Safdi, CGT, 2014. 



Cosmic Neutrino Telescope
Step 2:  Geometric Focus

• Choice: Reflector – Electrons guided by EM fields
• Reflection by voltage potential for electron pinned 

on magnetic field lines
• Angular deflection by ExB drift across B field lines

15



Cosmic Neutrino Telescope
Step 2:  Geometric Focus

• Choice: Reflector – Electrons guided by EM fields
• Reflection by voltage potential for electron pinned 

on magnetic field lines
• Angular deflection by ExB drift across B field lines
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Target Geometry

17

• Collect electrons over a 
large target area (end-on 
view in orange, normal to 
magnetic field yellow).

• Electrons are accelerated 
into a high magnetic flux 
region that is an order of 
magnitude smaller in 
cross section green.

• Through reflections and 
transverse drift (EM 
optics) e⎼ ’s enter the RF 
region (out of the screen).

e⎼

Magnetic Field Lines in Iron
(Front View)

Iron Yoke
(Side View)

Coil

3H



Target Geometry
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• Collect electrons over a 
large target area (end-on 
view in orange, normal to 
magnetic field yellow).

• Electrons are accelerated 
into a high magnetic flux 
region that is an order of 
magnitude smaller in 
cross section green.

• Through reflections and 
transverse drift (EM 
optics) e⎼ ’s enter the RF 
region (out of the screen).

e⎼

Magnetic Field Lines in Iron
(Front View)

Iron Yoke
(Side View)

Coil

3H



EM Optics

19

Iron/Coils/
Electrodes/
Vacuum

Magnetic

Electrostatic

Electron trajectory



EM Optics

20

Iron/Coils/
Electrodes/
Vacuum

Electron trajectory

RF Tracker

Electron motion

Target

New ideas multi-layer design!



Cosmic Neutrino Telescope
Step 3:  Dynamic Aperature

• Choice:  RF tracking system – Project 8
• Estimates total momentum (w0/g), p⟂, p|| to ~ 3eV

21

D. M. Asner et al., 
Phys. Rev. Lett. 114, 162501



Dynamical Simulation of RF Signal

Psignal~0.1 fW

Initial calculations using CST RF modeling tools:
à Antenna configured to transition from 
Parallel Plate Waveguide to Rectangular Waveguide
à Working on FPGA-accelerated parameter fitting

22

TLNA ~6K
Dicke Radiometer eqn. 
à SNR~10 for 10-5s

Normalization to Project 8
(https://arxiv.org/abs/1703.02037)

Electron moves in 
cyclotron motion 
between plates



e⎼ enters

RF Tracking System

23

PTOLEMY: RF pickup 
• Transport electrons through ExB field
• RF emission with 𝑓𝑓 = 1

2𝜋𝜋
𝑒𝑒𝐵𝐵
𝑚𝑚𝑒𝑒 𝛾𝛾

≈ 24𝐺𝐺𝐻𝐻𝐺𝐺 → 𝛾𝛾 = Energy

• Power 𝑃𝑃 = 1
4 𝜋𝜋𝜖𝜖0

2 𝑒𝑒4𝐵𝐵2

3𝑚𝑚𝑒𝑒
2𝑐𝑐 𝛾𝛾2 − 1 sin2 𝜃𝜃 ≈ 1 𝑓𝑓𝑓𝑓 →𝜃𝜃 is angle between B and 𝛽𝛽
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e⎼ bouncing
& slowly drifting

e⎼ bouncing
generates
RF signal 

à Real-time extraction of 
trajectory and momentum 
parameters



II: μB2 ∇𝐶 × 𝐶 drift, with magnetic moment  𝜇𝜇 = 𝑚𝑚𝑒𝑒𝑣𝑣⊥2

2𝐵𝐵

PTOLEMY: two types of drift

I: E × 𝐶 drift
1. net drift, 𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐸𝐸/𝐵𝐵

2. no work, drift along equipotential planes

cyclotron motion – detectable RF

1. net drift, 𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜇𝜇 ∇𝐵𝐵
𝐵𝐵

2. Allows E field to work (!): 𝑑𝑑𝑇𝑇⊥𝑑𝑑𝑑𝑑 = 𝑒𝑒𝐸𝐸 ⋅ 𝑣⃗𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

Cosmic Neutrino Telescope
Step 4:  Fine Adjust

• Choice:  Transverse Drift Filter – New Concept

24

Auke Pieter Colijn (PATRAS 2019)



Transverse Filtering

PTOLEMY: Transverse drift filter

∇𝐵𝐵

𝐸𝐸 𝐸𝐸 × 𝐵𝐵 drift

∇𝐵𝐵 drift

Total drift
18.6 keV, 𝛽𝛽 = 𝛽𝛽⊥

0.01 eV 

After filter, only component of 𝛽𝛽 parallel to B is left.

Can be reduced by retarding potential

arxiv:1810.06703

25
Important Properties for Calorimeter Stage:

Low magnet field, Small Area



Transverse Filtering

PTOLEMY: Transverse drift filter

∇𝐵𝐵

𝐸𝐸 𝐸𝐸 × 𝐵𝐵 drift

∇𝐵𝐵 drift

Total drift
18.6 keV, 𝛽𝛽 = 𝛽𝛽⊥

0.01 eV 

After filter, only component of 𝛽𝛽 parallel to B is left.

Can be reduced by retarding potential

arxiv:1810.06703

26
Important Properties for Calorimeter Stage:

Low magnet field, Small Area



Magnetic Fields for Transverse Drift

27

Proposed configuration using Iron Return Yoke
w/ small gap

Rc

Published magnetic field configuration:
DOI: 10.1016/j.ppnp.2019.02.004

~1m5 orders of 
magnitude in 

~1m



Cosmic Neutrino Telescope
Step 5:  Eye Piece

• Choice: TES Microcalorimeter ~22meV resolution
• World-record resolution on IR photons
• ~10 nm of material to stop eV electrons

28

e-

E
C

Gt =
C

Thin sensors:
~1 eV electron 
can be stopped 

with very small C

Fast time 
response:

Time response (t)
also small (<µsec)



MicroCalorimeter R&D

PTOLEMY Collaboration Meeting, LNGS, June 19-21, 2019 – M.Rajteri 3/17

Now: 0.11 eV @ 0.8 eV and 106 mK and 10x10 µm2 

TiAuTi 90nm  [ Ti(45nm) Au(45nm) ]
F 5x reduction requested

∆E∝T3/2 F

F

∆𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹≈ 2.36 4𝑘𝑘𝐵𝐵𝑇𝑇𝑐𝑐2
𝐶𝐶𝑒𝑒
∝

𝑛𝑛
2
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PTOLEMY: Energy 
• Energy measurement from Δ𝑉𝑉and calorimeter: 

𝐸𝐸𝑒𝑒 = 𝑒𝑒 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑐𝑐𝑒𝑒 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐

• Calorimeter energy resolution must be O(50meV)
1. Transition Edge Sensors
2. State-of-the-art 2019 O(100meV@100eV)

• Voltage stability over experiment better than 10mV

• NOTE: internal voltages are actively adjusted for each
interesting electron

𝐸" = 𝑒 𝑉&'( − 𝑉*'+,"* + 𝐸&'( + 𝑅𝐹&0++

Eugenio Monticone - Workshop on Axion Physics and Experiments 2017 11/37

Coupling:
• alignment through the chip 
• small core fibers

3-axis stage, controlled by DC stepper motor

Eugenio Monticone - Workshop on Axion Physics and Experiments 2017 19/37

ΔΕFWHM= 0.12 eV
@ 1545nmtetf = 147ns

1 mm × 1 mm

C. Portesi et al, IEEE Trans App Supercond, 25, 3, (2015)

DEFWHM = 0.022 eV @ 0.8eV

(t ~137 ns)

PTOLEMY Collaboration Meeting, LNGS, June 19-21, 2019 – M.Rajteri 3/17

Now: 0.11 eV @ 0.8 eV and 106 mK and 10x10 µm2 

TiAuTi 90nm  [ Ti(45nm) Au(45nm) ]
F 5x reduction requested

∆E∝T3/2 F

F

∆𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹≈ 2.36 4𝑘𝑘𝐵𝐵𝑇𝑇𝑐𝑐2
𝐶𝐶𝑒𝑒
∝

𝑛𝑛
2

Design Goal (PTOLEMY): DEFWHM = 0.05 eV @ 10 eV
translates to ∆𝑬 ∝ 𝑬𝜶	(𝜶 ≤ 𝟏/𝟑)



MicroCalorimeter R&D
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PTOLEMY: Energy 
• Energy measurement from Δ𝑉𝑉and calorimeter: 

𝐸𝐸𝑒𝑒 = 𝑒𝑒 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑐𝑐𝑒𝑒 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐

• Calorimeter energy resolution must be O(50meV)
1. Transition Edge Sensors
2. State-of-the-art 2019 O(100meV@100eV)

• Voltage stability over experiment better than 10mV

• NOTE: internal voltages are actively adjusted for each
interesting electron

𝐸" = 𝑒 𝑉&'( − 𝑉*'+,"* + 𝐸&'( + 𝑅𝐹&0++

PTOLEMY Collaboration Meeting, LNGS, June 19-21, 2019 – M.Rajteri 10/17

� Tc of TiAu vs Ti thickness
for a constant Au layer of
27 nm.

� Tc=42 mK with:
Ti=11 nm and Au=27 nm

� The red curve is
calculated by Usadel
equation.

Au Film thickness
constant vs Ti

PTOLEMY Collaboration Meeting, LNGS, June 19-21, 2019 – M.Rajteri 6/17

AuTi

SiSiN

AuTi

SiSiN

AuTi

SiSiN

We start from 

Best solution in terms of heat capacity

PTOLEMY Collaboration Meeting, LNGS, June 19-21, 2019 – M.Rajteri 11/17

20 x 20 µm2



Recent Publications
[PTOLEMY COLLABORATION]

31

http://ptolemy.lngs.infn.it

Experiment Design:
A design for an electromagnetic filter for precision energy 
measurements at the tritium endpoint, M.G. Betti et al.,
Prog.Part.Nucl.Phys. 106 (2019) 120-131,
DOI: 10.1016/j.ppnp.2019.02.004, e-Print: arXiv:1810.06703

Physics Program (CNB, Mass, Sterile,..):
Neutrino physics with the PTOLEMY project, M.G. Betti et al.,
JCAP 07 (2019) 047,DOI: 10.1088/1475-7516/2019/07/047
e-Print:  arXiv:1902.05508



Neutrino Mass SensitivityPTOLEMY: 𝑐𝑐𝜈𝜈 expected performance

• Neutrino mass as first result

1. Small exposure already gives 
sensitivity to O(10meV) 𝑐𝑐𝜈𝜈

2. Crucial for design of full scale 𝐶𝐶𝜈𝜈𝐵𝐵
PTOLEMY with 100g tritium

• Mass hierarchy

1. Clearly decided with 100g yr
exposure

2. Up to masses <100meV

arxiv:1902.05508

32

(Normal Ordering)
Assuming a scalable design (~0.1 mg/m2) à 100m long

No systematics!

Neutrino physics with the PTOLEMY project,
M.G. Betti et al., JCAP 07 (2019) 047 DOI: 10.1088/1475-7516/2019/07/047
e-Print:  arXiv:1902.05508



3+1 Sterile Sensitivity

JCAP07(2019)047

Figure 6. Statistical significance for a detection of �m2
41 from measurements of the � spectrum,

assuming various fiducial values for the new squared mass di↵erence and mixing angle, considering
10 mg yr (top panel), 1 g yr or 100 g yr (bottom panel) of PTOLEMY data. Black contours denote
the 3� constraints from NEOS and DANSS [71], while the red line shows the 90% CL sensitivity
which is expected for KATRIN [102].

– 20 –
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No systematics!

Δ=0.1eV

Neutrino physics with the PTOLEMY project,
M.G. Betti et al., JCAP 07 (2019) 047 DOI: 10.1088/1475-7516/2019/07/047
e-Print:  arXiv:1902.05508



Linearly Repeating Geometry

34

e⎼ e⎼ e⎼e⎼ e

Repeated to reach 10mg à ~100 meters

OR…

suitable for underground tunnel



Circular Geometry

35

w/ microcalorimeter at center



PTOLEMY R&D at LNGS

36

PonTecorvo Observatory for Light, Early-universe, Massive-neutrino Yield

Small but intense R&D effort hosted 
at the Gran Sasso National 

Laboratory in Italy

Experiments under a mountain

Dark matter, Relic neutrino’s and why I believe in the BB

We are here at the 
moment 

Exploring possible future sites that can host telescope operation
with a 10mg tritium target



Laboratori Nazionali del Gran Sasso

PTOLEMY World-Wide Collaboration

Telescopio di neutrini cosmologici

Cosmic neutrino telescope

Telescopio de neutrinos cósmicos

קוסמייםניטרינים טלסקופ

Kosmische neutrinotelescoop

Kosmisk neutrinoteleskop

2015 Targeted Grant Award from the 



Inflation à Hot Big Bang

38

5.1.2 Flatness Problem Revisited

Recall the Friedmann Equation (41) for a non-flat universe

|1 � ⌦(a)| =
1

(aH)2
. (49)

If the comoving Hubble radius decreases this drives the universe toward flatness (rather than away

from it). This solves the flatness problem! The solution ⌦ = 1 is an attractor during inflation.

5.1.3 Horizon Problem Revisited

A decreasing comoving horizon means that large scales entering the present universe were inside the

horizon before inflation (see Figure 2). Causal physics before inflation therefore established spatial

homogeneity. With a period of inflation, the uniformity of the CMB is not a mystery.

‘comoving’

smooth patch

now end

Hubble length
start

Comoving 
 Horizon

Time [log(a)]

Inflation Hot Big Bang

Comoving Scales  

horizon exit horizon re-entry

density fluctuation

Figure 7: Left: Evolution of the comoving Hubble radius, (aH)�1, in the inflationary universe. The

comoving Hubble sphere shrinks during inflation and expands after inflation. Inflation is

therefore a mechanism to ‘zoom-in’ on a smooth sub-horizon patch. Right: Solution of

the horizon problem. All scales that are relevant to cosmological observations today were

larger than the Hubble radius until a ⇠ 10�5. However, at su�ciently early times, these

scales were smaller than the Hubble radius and therefore causally connected. Similarly,

the scales of cosmological interest came back within the Hubble radius at relatively recent

times.

5.2 Conditions for Inflation

Via the Friedmann Equations a shrinking comoving Hubble radius can be related to the acceleration

and the the pressure of the universe

d

dt

✓
H�1

a

◆
< 0 ) d2a

dt2
> 0 ) ⇢ + 3p < 0 . (50)

The three equivalent conditions for inflation therefore are:
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Nonthermal cosmic neutrino background Standard C⌫B

Standard picture

⌫th

(T '
M

e

V

)

⌫L

C

M

B

B

B

N

end of inflation

today

C

⌫B

• CMB (measured)
T� ' 2.73 K ' 2.35 · 10�4 eV
n� ' 412 cm�3

• standard C⌫B (predicted)
T⌫th ' T� · (4/11)1/3 ' 1.95 K
n⌫th ⇠ 336 cm�3

• Ne↵ = 3.2 ± 0.5
Ade et al. (2016)

Michael Ratz, UC Irvine Erice 2017 3/ 23

Baumann
(TASI 2012)

Matter-Radiation
Equality

(75,000 years)

What happened here?



Inflation à Hot Big Bang
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5.1.2 Flatness Problem Revisited

Recall the Friedmann Equation (41) for a non-flat universe

|1 � ⌦(a)| =
1

(aH)2
. (49)

If the comoving Hubble radius decreases this drives the universe toward flatness (rather than away

from it). This solves the flatness problem! The solution ⌦ = 1 is an attractor during inflation.

5.1.3 Horizon Problem Revisited

A decreasing comoving horizon means that large scales entering the present universe were inside the

horizon before inflation (see Figure 2). Causal physics before inflation therefore established spatial

homogeneity. With a period of inflation, the uniformity of the CMB is not a mystery.
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the horizon problem. All scales that are relevant to cosmological observations today were

larger than the Hubble radius until a ⇠ 10�5. However, at su�ciently early times, these

scales were smaller than the Hubble radius and therefore causally connected. Similarly,

the scales of cosmological interest came back within the Hubble radius at relatively recent

times.

5.2 Conditions for Inflation

Via the Friedmann Equations a shrinking comoving Hubble radius can be related to the acceleration

and the the pressure of the universe

d

dt

✓
H�1

a

◆
< 0 ) d2a

dt2
> 0 ) ⇢ + 3p < 0 . (50)

The three equivalent conditions for inflation therefore are:
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Nonthermal cosmic neutrino background Summary & outlook

Standard picture + nonthermal Dirac neutrinos
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What happened here?

Neutrino density 
fluctuations
(1 second)
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Tritium source Transport section

1010 e- /s

e-

3He

Pre spectrometer
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e-
e- e-

Spectrometer

1 e- /s

e-

Detector

ΔE = 0.93 eV

3H

E > 18.3 keV

E = 18.6 keV
1010 e- /s

e-

3H

β decay

  

ve

3He

The Karlsruhe Tritium Neutrino Experiment 
KATRIN - overview

Sensitivity on m(νe):

2 eV  →  200 meV

new

KArlsruhe TRItium Neutrino (KATRIN)
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Project8 —

A D I A B AT I C  I N VA R I A N C E
Adiabatic invariance 

• Φ = B⋅A = B π rcycl
2 

     ≃ p⊥
2 / (q⋅B) = const 

Slowly changing B 

• p⊥ →  p||

36

Filter energy resolution (MAC-E)
~0.93 eV

Adiabatic Invariance

1010 e-/s 103 e-/s 100 e-/s1011 e-/s

10m

https://indico.cern.ch/event/740296/contributi
ons/3160751/attachments/1738496/2812624
/neutrino_town_meeting_weinheimer.pdf

Future of Neutrino Mass Measurements: 

http://arxiv.org/1909.06048
New Result!  mn <1.1 eV (90% CL)



Difference in Scales
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KATRIN
~1200m3

Tritium	Target

RF	Antennas

Transverse	Drift	Filter

Calorimeters

Electron	Trajectory

PTOLEMY

~1m3



Difference in Scales
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Tritium	Target

RF	Antennas

Transverse	Drift	Filter

Calorimeters

Electron	Trajectory

PTOLEMY

~1m3

~0.5 eV

Stereo 27 GHz RF feeds
à Digitally select endpoint electrons


