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Celestial Globes
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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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Adiabatic Density Anisotropies d~10-5

at z~1100

Johann Schöner, c.1534 WMAP, c.2009
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Looking Back in Time

https://gravity.princeton.edu/events/gravity-initiative-opening-celebration-november-7-8-2019
Robbert Dijkgraaf | Public Lecture - November 7, 2019

https://iiif.lib.harvard.edu/manifests/view/drs:18260773$26i
Le Sphere du Monde (1549)

https://gravity.princeton.edu/events/gravity-initiative-opening-celebration-november-7-8-2019
https://iiif.lib.harvard.edu/manifests/view/drs:18260773$26i


Evolution from First Light to Today
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https://gravity.princeton.edu/events/gravity-initiative-opening-celebration-november-7-8-2019
Robbert Dijkgraaf | Public Lecture - November 7, 2019

https://gravity.princeton.edu/events/gravity-initiative-opening-celebration-november-7-8-2019
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Figure 8: Conformal diagram of Big Bang cosmology. The CMB at last-scattering (recombination)

consists of 105 causally disconnected regions!

Also recall that in conformal coordinates null geodesics (ds
2 = 0) are always at 45� angles, d⌧ =

±
p

dx2 ⌘ ±dr. Since light determines the causal structure of spacetime this provides a nice way to

study horizons in inflationary cosmology.

During matter or radiation domination the scale factor evolves as

a(⌧) /
(

⌧ RD

⌧
2 MD

. (58)

If and only if the universe had always been dominated by matter or radiation, this would imply the

existence of the Big Bang singularity at ⌧i = 0

a(⌧i ⌘ 0) = 0 . (59)

The conformal diagram corresponding to standard Big Bang cosmology is given in Figure 8. The

horizon problem is apparent. Each spacetime point in the conformal diagram has an associated past

light cone which defines its causal past. Two points on a given ⌧ = constant surface are in causal

contact if their past light cones intersect at the Big Bang, ⌧i = 0. This means that the surface

of last-scattering (⌧CMB) consisted of many causally disconnected regions that won’t be in thermal

equilibrium. The uniformity of the CMB on large scales hence becomes a serious puzzle.

During inflation (H ⇡ const.), the scale factor is

a(⌧) = � 1

H⌧
, (60)

and the singularity, a = 0, is pushed to the infinite past, ⌧i ! �1. The scale factor (60) becomes

infinite at ⌧ = 0! This is because we have assumed de Sitter space with H = const., which means

that inflation will continue forever with ⌧ = 0 corresponding to the infinite future t ! +1. In

29

Big Bang Cosmology
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Incredibly Uniform
d~10-5 at z~1100

Common Past?



Cosmic Neutrino Background
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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
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*
Cosmology's Century (2020)

~50% of the Total Energy Density
of the Universe

PTOLEMY papers:  Over 100+ citations and growing

https://press.princeton.edu/books/hardcover/9780691196022/cosmologys-century


Relic Neutrino Sky Map
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Line-of-Sight

Line-of-Sight

Line-of-Sight

http://arxiv.org/abs/2103.01274
Tully, Zhang, 
“Multi-Messenger Astrophysics with the Cosmic Neutrino Background”, JCAP 06 (2021) 053

https://iopscience.iop.org/article/10.1088/1475-7516/2021/06/053
First citation came from Jim Peebles

Simulation

http://arxiv.org/abs/2103.01274
https://iopscience.iop.org/article/10.1088/1475-7516/2021/06/053


Zone of Avoidance (Blind Spot)
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https://www.nytimes.com/2020/07/10/science/astronomy-galaxies-attractor-universe.html

RB Tully et al. Nature 513 , 71-73 (2014)

http://doi.org/10.1038/nature13674

Milky Way

Neutrinos can see behind the Milky Way!

If relic neutrinos exist in the Universe today, then we can validate 

the over- and underdensities in the nearest 100-200 Mpc

https://www.nytimes.com/2020/07/10/science/astronomy-galaxies-attractor-universe.html
http://doi.org/10.1038/nature13674
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Tritium β-decay
(12.3 yr half-life)

Neutrino capture on Tritium

Neutrino momentum

Neutrino momentum ~ 0.17 meV

For mn = 50 meV,
KE = p2/2m

= 0.17 meV (0.17 meV/100 meV)
= 0.3 µeV

Ultra-Cold!



Detection Concept: Neutrino Capture
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asimmetrie    21  / 11.16  /  next

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 2mకc2, 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 concepts for relic neutrino detection were laid out in a paper by Steven 
Weinberg in 1962 [Phys. Rev. 128:3, 1457] applied for the first time to massive 
neutrinos in 2007 by Cocco, Mangano, Messina [DOI: 10.1088/1475-7516/2007/06/015] 
and revisited in 2021 by Cheipesh, Cheianov, Boyarsky [https://arxiv.org/abs/2101.10069]

Gap (2m) constrained to 

m < ~200meV
from precision cosmology

What do we know?
Electron flavor expected with 

m > ~50meV
from neutrino oscillations

CnB Detection Requires:
few x 10-6 energy resolution set by mn
KATRIN ~ 10-4 (current limitation)

PTOLEMY:            10-4 x 10-2

(compact filter) x (microcalorimeter)

https://doi.org/10.1088/1475-7516/2007/06/015
https://arxiv.org/abs/2101.10069
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The INRIM activity during last months has been devoted to the improvement of the experimental 
setup. It has been added a magnetic shield connected to the 3K stage of the ADR refrigerator. This is 
fundamental to guarantee the proper function of the dc-SQUID amplifier, that is very sensitive to 
stray magnetic field, included the earth field. Preliminary tests shown the effectiveness of the shield. 
A new PCB for the dc-SQUID mounting has been designed and a new SQUID-holder and connection 
with the detector holder is under development. 
At INFN-GE the development of TESs based on Ir is underway. A device with a critical temperature of 
110 mK has been fabricated and a photon counting experiment with a light source of 439 nm (2.824 
eV) shown the capability to count single photon with a standard deviation of 0.37 eV and a pulse 
decay time of 8.3 µs. To reduce the energy resolution toward the 0.05 eV needed from PTOLEMY 
experiment a reduction of the thickness of the Ir film and of its critical temperature will be 
investigated. 
At the INFN-MIB unit a new read out line for TESs is currently in development in collaboration with 
the Princeton and with the StarCryo CryoElectronics groups. This read out is based on low noise dc-
SQUID and will be used to characterize the TESs developed by the INRiM and the INFN-GE Units. The 
group is also designing the needed modifications to the cryogenics system in order to host the 
radiation sources (LED or e-gun) used to test the TESs at very low energies. PTOLEMY will employ 
many TESs, arranged in arrays, to cover a larger area. In order to limit the number of readout SQUID 
channels, the INFN-MIB unit is studying a microwave multiplexing read out starting from the 
experience gained within the HOLMES experiment. 
 
 
 

 
Fig. 4  (a) Drawing of the inner part of the ADR cryostat with the mounted magnetic shield on the upper part; (b) the 
bucket of the magnetic shield; (c) the new PCB for the connection with a two channels dc-SQUID chip; (d) detail of the 
bonding on the chip. 
 
 

 
Fig. 5 Histogram of a photon counting experiment with a light source at 439 nm (2.824 eV) obtained with an Ir TES with a 
transition temperature of 110 mK. The standard deviation of the first peak, corresponding to the detection of one photon, 
is 0.37 eV. The photon number resolving capability is demonstrate by the presence in the histogram of 3 separated peaks. 
In the inset a picture of the device is shown. 
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Target:
Relic Neutrino

Capture

RF Tracker:
Electron Pre-
Measurement

Dynamic Filter:
Selects endpoint 

electron in narrow 
10-4 energy window

Micro-calorimeter:
Measures few eV 
electron to 10-2

energy resolution

https://ptolemy.lngs.infn.it/


Measurement Arm: µCal
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e-

E
C

Gt =
C

Thin sensors:
~1 eV electron can be 

stopped with very small C

20x20 µm

100x100 µm

10x10 µm 50x50 µm

Mauro Rajteri, Eugenio Monticone and others, https://doi.org/10.1007/s10909-019-02271-x
“TES Microcalorimeter for PTOLEMY”, J. Low Temp. Phys. 199 (2020) 138-142.

https://doi.org/10.1007/s10909-019-02271-x
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Energy Resolution: DFWHM~mn
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Resolution of ~ mn :
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à Demonstrate with electrons
C. Pepe, E. Monticone, M. Rajteri



Electromagnetic Filters
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KATRIN
~1200m3

mn < 0.8 eV/c2 (90% CL)
https://arxiv.org/abs/2105.08533

à0.2 eV/c2 Sensitivity Goal
(~1 eV energy resolution)

Magnetic Adiabatic Invariance

Collimation: -!B||B

Reflect for E<Efilter
Pass for E>Efilter

MAC-E filter

https://arxiv.org/abs/2105.08533


Electromagnetic Filters
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respect to the magnetic field line. The perpendicular component is often referred to as the drift
velocity, VD. 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? � VD and v⇤
k = vk � Vk ⇡ 0. The angle, ↵, between v and B, also

equal to

↵ = arccos
vk
v

, (5)

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),

dT?
dt

= �qE · VD = �qE · (qE � µrB)⇥ B

qB2
=

µ

B2
E · (rB ⇥B) (7)

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 e�z/� term is substituted for by the normalized sampled Bx-component along the center
line when the filter voltages are actually set.

Figure 5: rB?, µ, and VrB for a pitch 90� electron with initial transverse kinetic energy 18.6 keV in
a 3T initial magnetic field.

Unlike the analytical conditions used in [4], the non-zero aspect ratio of the filter and the
introduction of a transition region from uniform to decaying field require corrections to the
above voltages until precise drift balancing is achieved. Drift balancing can be calculated
explicitly with the precision magnetic field map. The gradient-B drift is nominally

VrB(z)|x,y=0 = �µ⇥r?B(z)

qB(z)
(17)

where µ is taken to be adiabatically invariant in areas of low magnetic field gradient. In
reality, the transition from uniform to decaying field introduces a region of high gradient at the
beginning of the filter and µ is increased within the level of a few percent as shown in Figure 5,
leading to a corresponding change in gradient-B drift. Along the center line, the By and Bz

components are nearly zero and therefore the magnitude B(z) ⇡ Bx(z), and the transverse
gradient r?B(z) ⇡ dBx/dz, leading to

VrB(z)|x,y=0 = � µ

qBx

dBx

dz
ŷ (18)

The y-component of E ⇥B drift that counteracts the gradient-B drift is

V y
E⇥B(z)|x,y=0 =

E ⇥B

B2
x

=
EzBxŷ

B2
x

=
Ez

Bx
ŷ (19)

The sum of the two drifts should be zero; this is the drift balancing condition and yields
an expression for Ez that leads to the potential (12). If the voltages (16) are used without
correction, the actual net-drift that results is non-zero (Figure 6).

To correct the electrode voltages, the residual between the observed potential and the idealized
potential (12) is added as a correction term to the voltages (16). The adjustment is made
only to the positive-y voltages. This procedure is repeated until a desired level of convergence
with (12) or desired level of filter performance is achieved. Explicitly, the voltages for the ith
iteration, Vy+ [i], are set by

Vy+ [i] = Vy+ [i� 1] + 2 (�ideal � �[i� 1]) (20)

where Vy+ [i � 1] and �[i � 1] are the voltages and potential from the previous iteration, and
�ideal is the solution (12). A factor of two is attached to the residual to reduce the number of
iterations.
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Figure 6: �� and net GCS y-velocity along the center line for several rounds of iteration starting with
a 3T initial field. The quadrupole point of the magnetic field and the end of the filter electrodes are
indicated with dotted lines.

Figure 7: Di↵erence in filter performance for 1T vs. 3T starting magnetic field. The initial transverse
kinetic energy of the electron is 18.6 keV. The final GCS transverse kinetic energy is 1.2 eV for 3T and
9.3 eV for 1T. The growth of the cyclotron radius of the electron as B decreases puts a ceiling on filter
performance for a given y0. The GCS trajectories are calculated from the instantaneous trajectories
by averaging values over one cyclotron orbit. The beginning and end of a single cyclotron orbit is
defined by intervals in which the instantaneous y and z velocities of the electron change sign twice in
an alternating fashion, indicating circular motion.

For dimensions y0/x0 = 1.5/5 cm and a starting field of 3T, the di↵erence in � compared to
the ideal and the net y-velocity along the center line for several rounds of iteration are shown
in Figure 6. It is favorable to minimize the potential di↵erence in the transition region z = 0 to
keep the electron from falling o↵ the center line early on; the net y-drift is not in practice exactly
zero but is nearly constant for the majority of the filter and can be counterbalanced by o↵sets
in the starting y-position of the electron. Figure 7 shows the di↵erence in filter performance as
discussed at the end of the previous section for an initial magnetic field of 1T vs. 3T.
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https://arxiv.org/abs/2108.10388PTOLEMY Collaboration, 
“Low Field Optimization of the PTOLEMY Electromagnetic Filter” (in peer-review)

Improves as B2 for a fixed filter dimension
18.6 keV @ 1T à ~10eV (in 0.4m)
18.6 keV @ 3T à ~1eV (in 0.6m)

https://arxiv.org/abs/2108.10388
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https://www.nwo.nl/en/researchprogrammes/dutch-
research-agenda-nwa/research-along-routes-
consortia-nwa-orc/awards-nwa-orc

Dutch-led Consortium:  *started 9/1/21 (5-year)

https://arxiv.org/abs/1408.5362

https://www.nwo.nl/en/researchprogrammes/dutch-research-agenda-nwa/research-along-routes-consortia-nwa-orc/awards-nwa-orc
https://arxiv.org/abs/1408.5362


RF Tracking

22



Target: Molecular Broadening

23

4.7eV
~1.7eV (T-He3)+*

recoil at endpoint
w/ ~0.3eV spread(*)

T-T à (T-He3)+*

Yevheniia Cheipesh, Vadim Cheianov, Alexey Boyarsky, https://arxiv.org/abs/2101.10069
“Navigating the pitfalls of relic neutrino detection”

Gaseous target not ideal

RAPID COMMUNICATIONS

PUJARI, GUSAROV, BRETT, AND KOVALENKO PHYSICAL REVIEW B 84, 041402(R) (2011)

the energy self-consistency and 0.005 eV/Å for the forces.
Further, to maintain the accuracy, integration over the Brillouin
zone was performed on regular 26 × 26 × 1 Monkhorst-Pack
grids. The band structure was plotted on the lines joining the
M , !, K , and M points, and the individual line segments
were sampled using 50 grid points each. The corresponding
precision was also maintained for the cell optimization carried
out using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
quasi-Newton algorithm. The convergence threshold on the
pressure was kept at 0.1 kBar. The computational unit cell
consisted of two carbons and two hydrogens. A vacuum space
of 12 Å was kept normal to the SSHGraphene plane to avoid
any interactions between the adjacent sheets.

It is worthwhile to review some properties of graphene
and graphane before we discuss SSHGraphene. Graphene is
a one-atom-thick sheet of sp2-bonded carbon atoms that are
densely packed in a bipartite crystal lattice. It has two atoms
per unit cell, which has the lattice parameter of 2.46 Å, with
a carbon-carbon bond length of 1.42 Å. Although graphane
is bipartite and hexagonal, its unit cell has four atoms (two
carbons and two hydrogens) and has a larger lattice parameter,
namely, 2.51 Å.13 In graphane every alternate carbon atom is
attached to a hydrogen atom from alternate sides of the plane.
In response to the addition of hydrogens, the carbon atoms are
displaced out of the plane toward hydrogen atoms. In short,
the carbon atoms in graphane are no longer planar.

The unit cell of SSHGraphene also contains four atoms, two
carbons and two hydrogens. We carried out full optimization
of the unit cell, including both the unit cell geometry and the
atomic positions. The optimized geometry of SSHGraphene
is shown in Figure 1. As seen from the figure, the cell is
similar to that of graphene, except that the lattice parameter
for SSHGraphene is now enlarged to 2.82 Å, which is larger
than graphane (2.51 Å) as well. Notice that the enhancement is
necessary in order to accommodate the hydrogen atoms, as the
unoptimized unit cell of graphene does not favor the complete
hydrogenation. The increase in the lattice parameter is due to
the increase in the carbon-carbon bonds, which is increased
from 1.42 (in graphene) to 1.63 Å. The increase in the bond
length upon hydrogenation is not surprising, as the same effect

1.09

1.63

Å

Å

FIG. 1. (Color online) Hexagonal structure SSHGraphene with
carbon and hydrogen atoms shown in darker and lighter shade,
respectively. The structure has the symmetry of graphene and the
carbon atoms are in a single plane (unlike graphane).

TABLE I. A comparison of graphene and SSHGraphene vs
graphone and graphane as reported in the literature.12,13 a is the
lattice parameter, and "E is the binding energy (eV).

SSHGraphene

Graphene Graphone12 Graphane13 HSE PBE

a (Å) 2.46 – 2.51 2.82 2.83
C-C (Å) 1.42 1.50 1.52 1.63 1.64
C-H (Å) – 1.16 1.11 1.09 1.08
"E/atom 9.56 – 6.56 5.90 5.54

is also seen in graphane. Similarly, as expected, upon single-
sided hydrogenation the carbon atoms remain in one plane with
the hydrogens forming another plane at 1.09 Å. This is a typical
bond length of C-H when bonded covalently. (In methane, for
example, the bond lengths are also 1.09 Å.) To summarize, a
comparison of (available) structural parameters of graphene,
graphone, graphane, and SSHGraphene are given in Table I. It
also shows the binding energy per atom, which is the signature
of energetic stability of the system. The binding energy for
SSHGraphene is calculated using the pseudoatomic energies of
carbon (EC) and hydrogen (EH) atoms and using "E = EC +
EH − ESSHGraphene, where ESSHGraphene is the total energy of
SSHGraphene. Thus, the higher the energy the more stable the
system. The binding energies for graphene and graphane are as
reported in the literature.13 The overall trend is quite straight-
forward. Graphene, having the smallest C-C bond, is the most
stable of all. Although not as stable as others, SSHGraphene is
still strongly bound. To put it in perspective, recall that benzene
has the binding energy 6.49 eV/atom while acetylene has 5.90
eV/atom,13 and both are among the most stable hydrocarbons.
Thus there is no doubt that SSHGraphene is indeed very stable.
Further, we studied the reaction pathway of the hydrogen
detachment using nudge-elastic-band method. Two cases were
considered: desorption of 50% H atoms (one H per primitive
cell) and desorption of effectively single H atom (one H from
2×2 unit cell). The potential energy landscapes obtained, see
Fig. 2, clearly depict one deep potential well at 1.08 Å. The
presence of the deep well and the absence of any other well
in the vicinity clearly favors the formation of SSHGraphene.
(More details in Supplemental Material.30) We would like to
mention that synthesis of the SSHGraphene may be similar to
graphane in which the hydrogen atoms are kinetically trapped
in the potential-energy minimum near the graphene plane.

It is well known that the graphene band structure is very
sensitive to deformations of any kind. As noted before, there
is a clear evidence that upon partial hydrogenation the band
gap of graphene is opened. It is thus easy to conjecture
that the SSHGraphene would be a semiconductor. However,
the most remarkable feature of SSHGraphene is that it is a
semiconductor with an indirect band gap. The band structure
of SSHGraphene shown in the upper part of Fig. 3 clearly
exhibits an indirect band gap. The value of the gap is 1.35 eV
for HSE and 1.89 eV for PBE functional. The qualitative nature
of band structure remains unchanged. This value of the band
gap is of interest as it lies in between the gapless graphene
and the rather wide band-gap graphane (3.5 eV by DFT and
5.4 eV by GW method31). Thus, SSHGraphene becomes a
preferred organic candidate for semiconductor based devices.

041402-2
~1eV binding 

energy
Planar target: Graphene

3H 3H
3H 3H*Many close-spaced 
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a carbon-carbon bond length of 1.42 Å. Although graphane
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of energetic stability of the system. The binding energy for
SSHGraphene is calculated using the pseudoatomic energies of
carbon (EC) and hydrogen (EH) atoms and using "E = EC +
EH − ESSHGraphene, where ESSHGraphene is the total energy of
SSHGraphene. Thus, the higher the energy the more stable the
system. The binding energies for graphene and graphane are as
reported in the literature.13 The overall trend is quite straight-
forward. Graphene, having the smallest C-C bond, is the most
stable of all. Although not as stable as others, SSHGraphene is
still strongly bound. To put it in perspective, recall that benzene
has the binding energy 6.49 eV/atom while acetylene has 5.90
eV/atom,13 and both are among the most stable hydrocarbons.
Thus there is no doubt that SSHGraphene is indeed very stable.
Further, we studied the reaction pathway of the hydrogen
detachment using nudge-elastic-band method. Two cases were
considered: desorption of 50% H atoms (one H per primitive
cell) and desorption of effectively single H atom (one H from
2×2 unit cell). The potential energy landscapes obtained, see
Fig. 2, clearly depict one deep potential well at 1.08 Å. The
presence of the deep well and the absence of any other well
in the vicinity clearly favors the formation of SSHGraphene.
(More details in Supplemental Material.30) We would like to
mention that synthesis of the SSHGraphene may be similar to
graphane in which the hydrogen atoms are kinetically trapped
in the potential-energy minimum near the graphene plane.

It is well known that the graphene band structure is very
sensitive to deformations of any kind. As noted before, there
is a clear evidence that upon partial hydrogenation the band
gap of graphene is opened. It is thus easy to conjecture
that the SSHGraphene would be a semiconductor. However,
the most remarkable feature of SSHGraphene is that it is a
semiconductor with an indirect band gap. The band structure
of SSHGraphene shown in the upper part of Fig. 3 clearly
exhibits an indirect band gap. The value of the gap is 1.35 eV
for HSE and 1.89 eV for PBE functional. The qualitative nature
of band structure remains unchanged. This value of the band
gap is of interest as it lies in between the gapless graphene
and the rather wide band-gap graphane (3.5 eV by DFT and
5.4 eV by GW method31). Thus, SSHGraphene becomes a
preferred organic candidate for semiconductor based devices.

041402-2Too “Localized”

3H 3H
3H 3H

Optimal
“Heavy” Targets

https://arxiv.org/abs/2101.10069


Plasma Heating w/ Reverse Filter
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3T
0.05T

16 keV
1 MeV

2H+ Ion Acceleration w/Reverse Filter

Initial Attempt to Accelerate 2H+

Andi Tan 
(Princeton)



Top/Bottom ITER Ports
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Source: YouTube ITER The Divertor Section, 
XGC code team is lead by CS Chang @ PPPL

https://www.youtube.com/watch?v=fQzy_019Ws8&t=795s


Charged Particle Beam Injector
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ITER Coils

Tapered Dipole + Counter Dipole

Magnetic Geometry:
“Reverse” PTOLEMY filter

Andi Tan 
(Princeton)



First Results w/Toroidal Injection

28

Andi Tan 
(Princeton)



Next Steps for PTOLEMY
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Validate entire measurement arm @ few x 10-6

à Build full-scale iron magnet and filter @ LNGS
à Complete two full design cycles of TES @ INRiM
à Integrate measurement arm with RF tracker

(supported by Dutch Research Council grant)
https://www.simonsfoundation.org/2021/01/11/dutch-research-council-awards-1-1-million-

euros-to-neutrino-hunting-ptolemy-project/

Produce filter and target with a scalable technology
à Design/test a superconducting coil filter magnet
à Design/test a Large-Area target geometry
à Integrate with end-to-end tracking simulations

https://www.simonsfoundation.org/2021/01/11/dutch-research-council-awards-1-1-million-euros-to-neutrino-hunting-ptolemy-project/


Superconducting Coil Design
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Integrate into existing dual-SC magnet setup @ LNGS

Tapered dipole
or with counter-dipole



Large Area Target Design
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Target Area and Quantum Properties are final frontiers for PTOLEMY 

Order of magnitude 

higher target mass 

(as shown) than KATRIN

Yevheniia Cheipesh, Vadim Cheianov, Alexey Boyarsky, https://arxiv.org/abs/2101.10069

“Navigating the pitfalls of relic neutrino detection”

https://arxiv.org/abs/2101.10069


32

Physics Goals:
- Establish experimental baseline for first CnB Experiment

Based on validation of:  
Measurement arm precision
Quantum smearing predictions
Scalability of technology
à Leverage prototype system to explore new physics



Laboratori Nazionali del Gran Sasso

PTOLEMY World-Wide Collaboration

Telescopio di neutrini cosmologici

Cosmic neutrino telescope

Telescopio de neutrinos cósmicos

םיימסוקםינירטינפוקסלט

Kosmische neutrinotelescoop

Kosmisk neutrinoteleskop

2015 Targeted Grant Award from the 



ADDITIONAL SLIDES
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Big Bang Cosmology
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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],

9

Adiabatic Density Anisotropies 
d~10-5 at z~1100

Past Light-Cone

Recombination

Particle Horizon

Conformal Time

Last-Scattering Surface

Big Bang Singularity
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Figure 8: Conformal diagram of Big Bang cosmology. The CMB at last-scattering (recombination)

consists of 105 causally disconnected regions!

Also recall that in conformal coordinates null geodesics (ds
2 = 0) are always at 45� angles, d⌧ =

±
p

dx2 ⌘ ±dr. Since light determines the causal structure of spacetime this provides a nice way to

study horizons in inflationary cosmology.

During matter or radiation domination the scale factor evolves as

a(⌧) /
(

⌧ RD

⌧
2 MD

. (58)

If and only if the universe had always been dominated by matter or radiation, this would imply the

existence of the Big Bang singularity at ⌧i = 0

a(⌧i ⌘ 0) = 0 . (59)

The conformal diagram corresponding to standard Big Bang cosmology is given in Figure 8. The

horizon problem is apparent. Each spacetime point in the conformal diagram has an associated past

light cone which defines its causal past. Two points on a given ⌧ = constant surface are in causal

contact if their past light cones intersect at the Big Bang, ⌧i = 0. This means that the surface

of last-scattering (⌧CMB) consisted of many causally disconnected regions that won’t be in thermal

equilibrium. The uniformity of the CMB on large scales hence becomes a serious puzzle.

During inflation (H ⇡ const.), the scale factor is

a(⌧) = � 1

H⌧
, (60)

and the singularity, a = 0, is pushed to the infinite past, ⌧i ! �1. The scale factor (60) becomes

infinite at ⌧ = 0! This is because we have assumed de Sitter space with H = const., which means

that inflation will continue forever with ⌧ = 0 corresponding to the infinite future t ! +1. In
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Past Light-Cone

Recombination

Particle Horizon

Conformal Time

Last-Scattering Surface

Big Bang Singularity

Reheating

causal contact

In
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tio
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⌧0

0
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Figure 9: Conformal diagram of inflationary cosmology. Inflation extends conformal time to neg-

ative values! The end of inflation creates an “apparent” Big Bang at ⌧ = 0. There

is, however, no singularity at ⌧ = 0 and the light cones intersect at an earlier time if

inflation lasts for at least 60 e-folds.
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If and only if the universe had always been dominated by matter or radiation, this would imply the

existence of the Big Bang singularity at ⌧i = 0

a(⌧i ⌘ 0) = 0 . (59)

The conformal diagram corresponding to standard Big Bang cosmology is given in Figure 8. The
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light cone which defines its causal past. Two points on a given ⌧ = constant surface are in causal

contact if their past light cones intersect at the Big Bang, ⌧i = 0. This means that the surface

of last-scattering (⌧CMB) consisted of many causally disconnected regions that won’t be in thermal

equilibrium. The uniformity of the CMB on large scales hence becomes a serious puzzle.

During inflation (H ⇡ const.), the scale factor is
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, (60)

and the singularity, a = 0, is pushed to the infinite past, ⌧i ! �1. The scale factor (60) becomes

infinite at ⌧ = 0! This is because we have assumed de Sitter space with H = const., which means

that inflation will continue forever with ⌧ = 0 corresponding to the infinite future t ! +1. In
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Where we think there is an initial ti=0 Big Bang Singularity is 
believed to be the “end” of an inflation period that slowly pulled 
out (>60 e-folds a(t)~eHt ) of a “de Sitter”-like spacetime



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.

‘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 ) d

2
a

dt2
> 0 ) ⇢ + 3p < 0 . (50)

The three equivalent conditions for inflation therefore are:

27

Nonthermal cosmic neutrino background Standard C⌫B

Standard picture

⌫th

(T ' MeV)

⌫L

CMB

BBN

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?
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Nonthermal cosmic neutrino background Summary & outlook

Standard picture + nonthermal Dirac neutrinos

⌫th

(T ' MeV)

⌫L

CMB

BBN

LR

equilibratio
n

end of inflation

⌫R

today

C⌫B

⌫nt

Michael Ratz, UC Irvine Erice 2017 15/ 23
Ratz
(Erice 2017)

What happened here?

Neutrino density 
fluctuations
(1 second)



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.
10.1103/PhysRevD.90.073006

Detection (capture) of cold neutrinos:
ds/dcosq (v/c) ~ (1+cosq)

Akhmedov, 2019.
10.1088/1475-7516/2019/09/031

http://doi.org/10.1103/PhysRevD.90.073006
https://doi.org/10.1088/1475-7516/2019/09/031


Critical Temperature and IR Photons
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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

'EvT3/2 F

F

οܧிௐுெൎ 2.36 4݇஻ ௖ܶ
ଶ ௘ܥ
ן

݊
2
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!" = $ %&'( − %*'+,"* + !&'( + ./&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

'EvT3/2 F

F

οܧிௐுெൎ 2.36 4݇஻ ௖ܶ
ଶ ௘ܥ
ן

݊
2

Design Goal (PTOLEMY): DEFWHM = 0.05 eV @ 10 eV
translates to ∆2 ∝ 24 (4 ≤ 7/9)



Achieves Required Magnetic Field Map

41https://arxiv.org/abs/2108.10388PTOLEMY Collaboration, 
“Low Field Optimization of the PTOLEMY Electromagnetic Filter” (in peer-review)

0.5mm electrode misalignment

compensated w/ 2% accuracy voltage adjustment

Tolerance test:

https://arxiv.org/abs/2108.10388


Graphene Hydrogenation
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XPS Hydrogenation Results from Princeton

40% H 
Coverage
àWorld
Record

Y. Raitses et al.

Research support from the 



Reverse Filter
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PTOLEMY Contacts
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R&D_PTOLEMY
Marcello Messina (LNGS)

Chris Tully (Princeton)

TES Film 
development
Flavio Gatti

Uni Genova

and INFN Genova

Multi TES readout
Angelo Nucciotti

Uni. Bicocca

and INFN MiB

TLK
Magnus Schlösser

Karlsruhe Germany

HV electrodes
Nicola Rossi

LNGS INFN

RF readout
Alfredo Cocco

INFN LNGS

RF CST simulation
Luca Ficcadenti

INFN Roma

Theory panel
Gianpiero Mangano

Uni Napoli

LNGS support: 
electronic workshop, 

mechanical workshop,

cryogenic service,

chemical service,

radio-protection service

Electron Gun
Alessandro Ruocco

Uni. RomaTre

and INFN RomaTre

RFA
Auke-Peter Colijn

NIKHEF

ESC/GRT
Gianluca Cavoto

Uni. Sapienza

and INFN Roma

MCA
Mauro Rajteri

INRiM Torino 

EMF
Chris Tully

Uni. Princeton 

USA

DRC/NWO
Auke-Peter Colijn

NIKHEF
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Princeton USA

High Res. TES
Mauro Rajteri
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Deployment

Marcello Messina
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Auke-Peter Colijn

NIKHEF
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Graphene 
engineering 

Fernando Calle
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