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The (NGS laboratories environment

The experiments are performed in the low-backgrovnd environment of the underground

Gran Sasco National Laboratory of INFN:

o "‘«;‘,..\m

® overburden correcponding to a
minimum thicknecs of 3100 m w.e.

® the muon flux is reduced by almost
cix orders of magnitude, n flux of
three oom.

® the main backgrovnd source
consicts of Y -radiation produced

by long-lived Y -emitting primordial

icotopes and their decay products.



Models of w.f. dynamical reduction

Why the quantum properties of microccopic syctems, most notably, the pocsibility of being in
the superpocition of different states at once, do not ceem fo carry over to larger objecte? A

debate which is as old as the quantum theory itself.

Even pertectly icolating a quantum cystem, regardlese its cize, will the finear and deferminictic

chroedinger evolution manifest forever? -> direct impact on Quantum Technologies

Superpocition principle may progrecsively break down when afoms glve together to form larger
cystems [Kdrolyhazi, Didci, (ukdcs, Penrose, Ghirardi, Rimini, Weber, Pearle, Adler, Milburn,

Bagsi ]
But what triggere the w.f. Co//a,bs'e?

Feynman in lectures on gravitation: breakdown of the quantum superposition at macroccopic

ccale, possibility that gravity might not be quantized.



Gravity induced collapse: the Diosi-Penrose model

Didei: QT requirec an abeolute indeterminacy of the gravitationa field, -> the local gravitational
potential shovld be reqarded ac o stochastic variable, whose mean valve coincides with the MNewton

potential, and the correlation function ic:
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Penrose: When a system is in a cpatial quantum superpocition, a correcponding cuperposition of
two different cpace-times ic generated. The superposition is vnstable and decays in time. The more
massive the cystem in the superpocition, the larger the difference in the two space-times and the

faster the wave-function collapce.
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L. Di6si and B. Lukéacs, Ann. Phys. 44, 488 (1987), L. D106s1, Physics letters A 120 (1987) 377, L. Di16si, Phys.
Rev. A 40, 1165-1174 (1989), R. Penrose, Gen. Relativ. Gravit. 28, 581-600 (1996), R. Penrose, Found. Phys.
44, 557-575 (2014).



Gravity induced collapce
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Gravity induced collapse

The DP theory is parameter-free, but the gravitational self enerqy difference diverges
for point-like particles -> a chort-length cutoff R ic infroduced to reqularize the
theory.

Didci: minimom length R limite the cpatial resolvtion of the mass density, a chort-length cutoff to
reqularize the mase density. E6 becomes a function of R the larger R the longer the collapee
Cime.

Penrose: colution of the stationary Shroedinger-Newton equation, with R, the size of the particle

mass density.  (r) = m|i(r, )

Direct teste: creating a large cuperpocition of a mascive system, to quarantee

that decay time ic chort enough for the collapce to become effective before any kind of
external noice disruptc the measurement, matfer-wave /‘uterf’eromefrg with
macromolecules, phononic states, experiments in space: no gravity ---> more time (MAQRO, CAL

ete..).

Kovachy, T. et al. Quantum cuperposition at the half-metre ccale. MNature 528, 530-533 (2015). Fein, Y. Y. et al. Quantum superposition of molecules beyond 25 kDa. Nature
Phycies 15, 1242-1245 (2019). Lee, K. (. et al. Entangling macroscopic diamonds at room temperature. Seience 334, 1253-1256 (2011).



Jecting collapse modelc by means of Gamma ray
cpectroscopy

Indirect tects of collapse models exploit an unavoidable side effect of the collopse:
a Brownian-like diffusion of the system in space.

Collapse probability is Poicsonian in t -> Lindblad dynamics for the statictical operator

-> free particle average square momentum increaces in time.

Then charged particles emit spontanesvs radiation. We cearch for cpontanesvs

radiation emiscion from a germanivm crystal and the surrovnding materials in the

experimental apparatus.

Strafeqy: cimulate the background from all the known emission processes -> perform
a Bayesion comparison of the residual spectrum with the theoretical prediction ->

extract the pdf of the model parametere -> bound the parameters.



[heoretical prediction
GAMMA RAYS spontaneous emission € > 0.5 MeV

\
® (SL- ¢ e phofons rate:
d_]"_ B : (N2 LN ) . Lhe? In range AE = [’l— 4)MeV
dE S 2 4 d2eomirécE electrons are relativistic, only the
> contribution of protons N) ic

® DP-c e photons rate: considered.

dIy 2 GeN°N,

daop 3 73/2e0c Ry y

N - collapse strength

¢, - correlation length

ceee. 9. S (. Adler, JPA 40, (2007) 2935, Adler, S.L.; Bassi, A.; Donadi, S, JPA 46,
(2013) 245304.

R - Sieg of the particle mase density. See e.g. Dioci, (. ]. Phys. Conf. Ser. 442, 012001 .
(2013)., Penrose, R. Found. Phys. 44, 5572-5%5 (2014).




The experimental setup

The experimental apparatus is baced on a coaxial p-type high purity germanium detector

(HPGe):

Figure 1: Schematic representation of the experimental setup: 1 - Ge crystal, 2
- Electric contact, 3 - Plastic insulator, J - Copper cup, 5 - Copper end-cup, 6 -
Copper block and plate, 7 - Inner Copper shield, 8 - Lead shield.

Exposure 129 kg * day, m. ~ 2kg
passive shielding: inner - electrolytic
copper, outer - lead

on the botfom and on the cides 5

em thick borated polyethylene plates
give a partial reduction of the
neutron flux

an airfight cteel housing encloses
the shield and the cryostat, flushed
with boil-off nitrogen fo minimize

the presence of radon.



Meagcvred cpectrvm and background cimulation

The experimental apparatus is characterised, through a validated MC code, based on
the GEANT-4 coftware library. The background is dve to emicsion of residual
radio-nuclides:

® the activitiec are meacured for each

70 component
60| | ® the MC simvlation accounts for:

A0 1. emission probabilities and decay

% —

é 40;_ integral measvred counte cchemes
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Efficiency Ge crystal

Efficiency Cu block + plate

{ower bound on 'ea

expected signal contribution

The expected number of photone spontaneoucly emitfed by the nuclei of all the materials
of the detector are obtained weighting the theoretical rate for the detection

efficiencies:

0.25 '- = MC simulation Ez 0.025[= . I‘.AC simulation
f o ® 107 photfons generated for each energy
g e for each maferial
0.10
T e ® cefficiency functions are obtamec/ by
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{ower bound on 'ea

expected signal contribution

The expected cignal of spontfaneously emifted photons by the nuclei of all the materials
of the detector is obtained weighting the theoretical rate for the detection efficiencies:

0.0012 Euergy distribution of the ex,becz‘ea/
cignal, resufting from the sum of the
emission rafec of afl the materialt,

weighted for the eciency functions.
The area of the dictribvtion ic normaliced
to the wnity (n. u.)
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{ower bound on ,Qa

pdf of R

. . . . A;CG_AC
Zc Ig dlS’trlbuted accor(/lhg 2‘0 a p(zC‘Ac) — '~ ' WI‘tA AC(R0> - Ab +A§(RO)

Poicsonian

The pdf of R ic then given by probability inversion:
~ _ p(zc|Ac(Ry)) '130 (Ac(Ro))
PR IplzelAe(Ra))) = T 4 (Ra)) - holAe (Ro)) dIA(Ro)

The prior po(A(Ry)) = 0(AT* — A(Ry)) accovnts for previous limits from gravitational
wave detectors and neutron stars data analyses [Phys. Rev. D 75, 089054 (2017),

Phys. Rev. (ett. 123, 080402 (2017)]. i
y(zc + 1,A¢)

—= (.95
V(ZC % lﬂAIcndk)

P (Ac) =
A bound on ,Qa ic obtained from the cumvlative pdf:

,ea >0.5¢ 107 m
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{ower bound on 'ea

EXPERIMENTAL : R, > 0.59 - 107 m
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If R is the cize of the nuclevs’e wave

Function as cuggected by Penrose, we

have fo compare the limit with the

properties of nuclei in matter.

Inacrystal R® =) ic the mean square dicplacement of a nucleus in the lattice,

which, for the germanivm cryctal, cooled to liguid nitfrogen temperature amouvnts to:

THEORETICAL EXPECTATION R = 0.05 - 107 m

‘Undergrovnd tect af?mw'ty-ke/afed wave function collapse " Nature P hysice 17,
pages ?4-78 (2021)

14



The tutvre of Gravity-related collapse

22/’ i¢ rovled ouvt in present fokmu/atian./

collaboration with Sir R. Penrose, (. Dioci, A. Bacsi, §. Adler ... for the
development of generalized models e.g. :

® add dicsipation ferms to the master equation and stochastic nonlinear

Sehroedinger equation of the DP theory, to covnteract the runaway energy

imcreace,

® non-Markovian correlation function.

generalized modele lead to dramatic dependence on the ¢ E. enerqy in

relation to the atomic structure!

15



Similar analysis leads fo bounds on the strength and correlation length of the CS(

Constrainte on the CS(

(Eur. Phys. ]. C (2021) 81: 773)

TR 4t AN L
10720 fgemeeee e e e o :
o™ 16~ 1078 1§ 1072 {0°

A/I’cz <52m?¢’

Fig. 4 Mapping of the A — rc CSL parameters: the proposed theoret-
ical values (GRW [6], Adler [24,25]) are shown as black points. The
region excluded by theoretical requirements is represented in gray, and
it is obtained by imposing that a graphene disk with the radius of 10 pm
(about the smallest possible size detectable by human eye) collapses in
less than 0.01 s (about the time resolution of human eye) [31]. Contrary
to the bounds set by experiments, the theoretical bound has a subjec-
tive component, since it depends on which systems are considered as
“macroscopic”. For example, it was previously suggested that the col-
lapse should be strong enough to guarantee that a carbon sphere with the
diameter of 4000 A should collapse in less than 0.01 s, in which case the
theoretical bound is given by the dash-dotted black line [36]. A much
weaker theoretical bound was proposed by Feldmann and Tumulka, by
requiring the ink molecules corresponding to a digit in a printout to col-
lapse in less than 0.5 s (red line in the bottom left part of the exclusion
plot, the rest of the bound is not visible as it involves much smaller
values of A than those plotted here) [37]. The right part of the parameter
space is excluded by the bounds coming from the study of gravitational
waves detectors: Auriga (red), Ligo (Blue) and Lisa-Pathfinder (Green)
[30]. On the left part of the parameter space there is the bound from the
study of the expansion of a Bose—Einstein condensate (red) [28] and
the most recent from the study of radiation emission from Germanium
(purple) [22]. This bound is improved by a factor 13 by this analysis
performed here, with a confidence level of 0.95, and it is shown in
orange
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The Futvre of sponfaneous radiation

as an evidence of w.f. collapse

The go0d new: the interest of the community is strong!
e.9. MAJORANA DEMONSTRATOR - PHYS. REV. LETT. 129, 080401 (2022)

/Von -Markovian extension
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X-rays cpontaneouvs radiation

the CS(

In the low-enerqy regime, the phofon w.l. ic comparable to the atomic orbits dimensions

e.9. }‘46[6:75 kell) = 0.8 A
Q,=0025A; 0, - 1.5 A

o J[F }‘Y greater than particles
distances -> they emit coherently

® JF correlation length greater
than particles distances -> the
ctochastic field vibrates them

coherently

v
CANCELLATION
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X-rays cpontaneouvs radiation

the CS(

In the low-enerqy regime, the photfon w.l. ic comparable to the atomic orbits dimensions

l eg. N (E=15kel) = 0.8A

general expression for the rate applies: o, = 0.025 A; o w 1.5 A

dE |95+ A qi qj sin(bi;)
—Natoms' ng%:mfw(#) b

dE

Do) <
. 674 egc : 5

= = 7
(r; —T; +s’ —5)“

, Z api(s) (s’
fI\ . / r { J
= fds / e N ( ask ) ( ds’k )

hOh—MAI’kUViAh CSL e x'im,b/er:

mM;m; the stochastic fluctvations ACLWAYS

rc > Ifi_fjl fz’j(ﬂ):?’ 2 ‘
C vibrate electrons and profons coherently
2
_ 27 |r; — 1 : al’ _ (N2 N ) Are
Ny =g Ay — if Mye<Q, gy = Netoms X (NatNa)x dm2eomaréc3E
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X-rays cpontaneouvs radiation

the CS(

In the low-enerqy regime, the photfon w.l. ic comparable to the atomic orbits dimensions

l eg. N (E=15kel) = 0.8A

general expression for the rate applies: o, = 0.025 A; 0, - 1.5 A

CSL B\ sin(b;;)

qi q;
N : i Ey
A aoms  6m2eg3m2E ; mim,; fis (1) b

dl’
dE

2 = 2
(ri—r; +s' —5)*

, = y. d (S) d A'(S,)
k L / 4r i M j
fij () ._/ds/dse c ( 2 ok )( Y )

hOh—Mal’kUW.Ah CS[ e S’l.h\P/veI’.’

Falu= LUl the stochacstic fluctvations ALWAYS
j re vibrate electrons and profons coherently

rc > |Ti — Tyl

&K \xg=x5)

g "F Aa/8>07s’

A electrons and protons emit coherently
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X-rays cpontaneouvs radiation

the CS(

both electfrons and protons contribute:

AT [E25 _N h A Z sin(2w|T;p — er|//\A,)
dE|, ~— U™ 4n2¢,Em2riE G div "~ orT, —T;|/\

| ip,jp

nuclear emiscion

SN (27 |Tip — Tje|/Ay)
_|_ : S — — —|-
2 GG 27[Tip — Tjel /Ay

$in(27[Tie — Tjp|/Ay)
£ Z e 27[Tie — Tjp|/ Ay i

g Z Gie 4je - == =
s 27|Tie — Tje| /Ay
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X-rays cpontaneouvs radiation

the CS(

both electfrons and protons contribute:

CSL
dl’

dE|,

=N

h A Z sin(2m|Tip — er|//\A,)
ome An2egBm2rL E G dip "~ onTF, — ;| /A,

| ip,jp

SN (27 |Tip — Tje|/Ay)
2 Gin e 2 [Tip — Tje| /Ay

$in(27[Tie — Tjp|/Ay)
£ Z e 27[Tie — Tjp|/ Ay i

3in(2w[Tic — Tjel/Ay) , .,
+ Y Giegje - s, — TN electronic emission
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X-rays cpontaneouvs radiation

the CS(

both electfrons and protons contribute:

AT [E25 h A sin(2m|Tip — r]p|//\7)
T ] = Natoms : 2 3 E , Gip 95p * _
dE |, Am2egEmiri E 27|T; —T;| /A

zp jp

SIN(2m|Tip, — Tiel/A
S gy - ST ~Tiel/A)

ip.je 27[Tip — Tjel/ M electrons-profons
% N sin(2n{Fie = Fipl/Ay) coupled emiscion
ie,jp i Qﬂ'llze IJPI/)"T

3in(2w|Tic — Tje|[Ay)
+ ) GieGje - =
zeza:e S 2mfTie — Tl /A,
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X-rays cpontaneouvs radiation

the CS(

both electfrons and protons contribute:

CSL
dl’

dE|,

= Natoms :

i 1
h A Z . sin(2m|T; r]p|//\7)
Am2egPEmiri E o s /‘mﬂf—rﬂ/)\q
3¢ Z i sin( 27r|r,p7/1{:|/)\
ip 4je ” @}/ rJeI/A
ip,je 1
Sin(2m|T;e~<Tipn| /A " tA& /I.MI‘ A >2>
4 Z Gic Uip (27| inl/ M) i 7‘ dB Q(/P

ie ip W— Tipl/ Ay

1

sin(2m Z Ticl/A
S gy ST Tiel/A)

iee /7""{ — Tje|/ Ay
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X-rays cpontaneouvs radiation

the CS(

both electrons and protons contribute:

. 1

T — iVatoms ° i
dE |, Am2egPEmiri E o pup /mﬁ‘f—rﬂ/)»)

sin(2m|r )\
- Z Gip Do | ”’7/]{:'/

A E
1

S ey - ST T/ 0) | In the mit N\ 829,

ie jp W— Tipl/ Ay

L

sin(2mw Z Ticl/A
Y gy ST Tiel M)

iee ﬂ{ —Tjel /Ay

l In neutral matter
dl [ he2 )\

Sl o s
dE |, T An2¢oAmiTE E

[N2—2.N,N.+N2,] complete cancellation /
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In the general case:

X-rays cpontaneouvs radiation

the CS(

CSL 22 %

= Natoms * ’
S Am2eAmiEri E

dE

t
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X-rays cpontaneouvs radiation

the CS(

In the general case:

CSL
he? \

ar | _
S 2o 3m2rS E

dE|,

(Po—p1) E

sin[ = ] si (ﬂ'—E E
{N§+Ne+2 Z NeoNeo’ " +2Neo ] )'[COS(pO )—QNp]

1l
C
po E
hc

. [(po—pof)E] B e
00 palrS

he

at each enerqy the atomic structure inflvences the chape
of the expected S.E. cpectrum
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X-rays cpontaneouvs radiation

the DP

The DP ic more complicated! both [ri-vifve Ny and [ri-rfve Ro

are to be considered.

Notice : no cancellation occurs if gravitational stochastic fluctuations do not vibratfe

e & p coherently, but we brought Roin the domain of the atomic ctructure

’eo >0.5A

Formal exprecsion for S.E. rate obtained in analogy to (Eur. Phys. ]. C (2021) 81: 773):

dE|, woms 6n2eg 3 E 5 mim; " i bi; \
[vi- vl ve Ro [vi- vl ve N

28
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X-rays cpontaneouvs radiation

the DP

fiiw) =) /ds"" [/d3r|r—1r’| 8;1,-(;; r)]

k=z,y,z

by integrating by parts and vsing: / d°r p;(T; — r)|

1

Opi(Ti — ')
or;,
re — T Fir(r’)
r—r|3 G

fij (1) = Ve Z /d3""Fk(r') ar

k=z,y,z

()] _

1 o3 g ,« OF%
2l Z /dr[_#z(rz_r) or’

k=z,y.z

1 e
s /d3’r'ui(f,- —1r')VF(r'

Finally applying the Poicson equation:

)

6#i(fi — I‘,) .

fij(p) =4m /dsr'#i T —1') - p(T; — ')
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X-rays cpontaneouvs radiation

the DP

T; —T;| >> Ry fij(p) =4m /d37"#z T —1') - p;(Tt; —1')

IF the mass distributions (arovnd vi and
vi) are narrow with recpect te Ro

and |T; —T;| >> Ry

their contribution to the spontaneous

radiation is negligible.

On conlrary f T — fj| << Ry

15 be sch hat :
it can be shown tha if the particles are vibrated coherently

m'?.

271—1/2}?3

fi(p) = and afco  |Ti — T;| << Xy

they emit coherently -> CANCECLATION *



The Hameroff-Penrose scheme for the emergence of a conscious

moment: Orch OR theory
Physics of Life Reviews Volume 11, Issue 1, March 2014, Pages 39-78

e Moments of conscious awareness (choice) depend on biologically ‘orchestrated’
coherent quantum processes in collections of microtubules within brain neurons,
e these quantum processes correlate with, and regulate, neuronal synaptic and

membrane activity,
e continuous Schrodinger evolution of such process terminates in accordance with

the specific DP scheme of objective reduction!

For tubulins in superposition of size of the C nucleus radius, considering our limit on
Ro, the required number of neurons in coherent superposition would be:

25ms - (4 X 1023)
neur (.00]) (109)

—4 x 10"

Physics of Life Reviews Volume 42, September 2022, Pages 8-14


https://www.sciencedirect.com/journal/physics-of-life-reviews
https://www.sciencedirect.com/journal/physics-of-life-reviews/vol/11/issue/1
https://www.sciencedirect.com/journal/physics-of-life-reviews
https://www.sciencedirect.com/journal/physics-of-life-reviews/vol/42/suppl/C

Thank you




Spare slides




NEW Bounds on N and r » parameters of the CS( model
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Global time uncertainty and decoherence
Disci, (. (2005), Braz. ]. Phys. 35, 260, Dioci, (., and B. Lukacs (1987), Annalen der Physik 44, 488, Dioci, (.
(1982), Physics Letfterc A 120, 322, A. Bacsi et al.,Rev. Mod. Phyc. 85,471

Initial ctate of a quantum system ic a cuberpocition of two eigenstates of totfal Hamiftonian
W) = c1|e1) +c2|92)

time evolution
W(t)) = c1 exp(—ih~ Ext) 1) + coexp(ih Eat) | g2)

(et us add an uncertainty to the

time t —t+ Ot

and as""mg ot o fictriboted Gavssian, with 2ero mean, and dicpercion which ic proportional fo
Mj(ot)”| =Tt
the mew.[g.m).;,] then the density matrix evolves as:

p(t) =M|y())(w()[] =
1 @1) (1] + |e2/?|@2) (2] +
{cic exp(ih ' AEt)M [exp(ih—]AE&)] Q2) (Q1] +

+
- h.c. } .
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Global time uncertainty and decoherence

Initial ctate of a quantum system ic a cuberpocition of two eigenstates of totfal Hamiftonian
W) = c1|e1) +c2|92)

time evolution
'w(t)) = crexp(—ih " Eit)|@1) + caexp(ih™ ' Eat)|@2)

If we add an uncerfainty to the

time t —t+ Ot

(et assume that is dictributed Gaussian, with zero mean, and dispercion which i¢ proportional fo

the mean time, then the densily matrix evolves ag:
M[(8¢)?] = 1t ~
/ 3 —1 __ —t/t
p(t) = M[w(0)) (w(t)[] = M [exp(ih™'AES)] = e~/

= |c1[*|@1) (1] +|c2)|@2) (@2| +

s , ) hZ |
AEt)M [exp(ih

T (AE)?

- J

Ip =




Global time uncertainty and decoherence

The time evolvtion for the density matrix

A

plt+7)=exp —:%Lt pltlexp L7
Deccribed by the von Neumann equation dp
= —th~ [H* p]
dr
turng to
d |
=2 =il [H,p] — 5 2[H, [H, p]

6] Milburan PryS’. Rev. A 44 5401 [7?77)
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éaca/ fime uncertm'uty and decoherence

Jo generalize the concept for a local time tr — t + Oty

one defines the correlation M[01r0ty/| = Trpit

Galileo iuva.riaué{/mtia/ correfation

function

IF the total Hamilfonian is decomposed in the cum of the local ones

d
df ik~ [H, p]——ﬁ ZZ’fn [Hr, Hy pl]

The master equation supprecses s'uper/:arsznr of eigenstates of local

enerqy
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Reminder .. proper time interval

( 1 0 0 0 \
o -1 0 o
=10 0o -1 o0
In special relativity the Minkowski metric is \0 0 0 -—1)
1.2 .3
(2%, 2", 2%, 2%) = (ct, z,y, 2)

the coordinates of the arbitrary Lorentz frame are

ds® = ?dt? — da® — dy® — dz* = Mpde” de”
the infinitesimal time-like interval is

due to invariance of the interval, if we consider the coordinates of an inctantaneous rest frame

ds® = ?dr? — da? — dy? — d22 = Adr?



Reminder .. proper time interval

The proper time inferval ic then the integral on the world-line

d 1
Ar= / dr= | £2 AT = / — \/nuydw“da:'/
P C " p C

In general relativity the analogous exprescion for the generic metric fensor yielde

1
A — d — - Vd/'l’dy
T /P T /pc\/g“ ! dx

and when constant coordinates are chosen

1
AT:/dT:/ —mdxo
P pC



local time uncerfainty and gravity

2¢
goo =1+ —
In the /Vewtom’an limit c?

Here then comee the crucial point ... it is ascumed that the qravifational potential should not be

quantized

BUT that QM requirec an abeolute indeterminacy of the qravitational field.

LE. the gravitational pofential ic a c-number ctochastic variable, whose mean value is to be

identified with the clossical Newtonian potential.
Then (ocal tfime flvctuation is related to a fluctvation of the local gravitational

t
6/ dt'g 1/7 —c‘2/ dt'®(r,t")
0

potential



. ¢0 correlations of local uncertainties of Newtonian gravity
can fead to correlation of local time vncertfainties.

Can the gravitational field be measured with unlimited

prec icion?

Ao(r,t) = —4AnGp(r,t) g(r,t) = —-Vo¢
Disci and (ukacs [ Ann. Phys. 44, 488 (1782)] apply the argoments of [ N. Bohr and (. Rocenteld

K. Dan. Vidensk. Selck., Mat.-Fys. Medd. 12, 1 (1933)]:

The apparatus. obeuina QM. ic characterized bu barameterse m. R. T. In realictic measurements only

1
g(r’,t)d*r'dt with |r—1|<R, |[t—t|<T/2

a time-gpace §(r,1) = -

The target is a point-like particle (of mass m) at rest a: )" g T wmersed in the field 3. Detector

D
measures momentum changes. In the time T the B ¢
op="nh/R ~ o(g) ~ mRT




AT LV1C yruwcuuanul (01U JC IMCASUT CU WILTL UN(IINI{CA

prec icion?

It usefecs fo increace R and T, cince this would decreace the error on average field, not on the

instantaneove local field -~ +' - 41~ 2 theory. me¢ ' G ed, till its own field dees not
,berfukb 9 i.e. till: U(g) o mRT 5g'm. o R2
Given the apﬁma./ mag: N E 1/2 (&)~ Xe 1/2

‘opt QT g VT

g(r,t) = gn(r,t) + gs(r,t)
IF the limitation is univercal then the actfval gravitational field is:

/

colution of Poiscon Eq.

ctochastic fluctuation



Uncorrelated gravitational field flvctuations

Itc usefecs fo increase R and T eince thic would decronce +ho zezor on average freld, not on the
. ’ m
instantaneove local freld 0(8) ~ ~RT theory. m c 08m ~ 55 ed, till its own field does not

perturb g, i.e. till:

Given the optimal mag. —  \GT VT

g(r,t) = gn(r,t) +gs(r,?)

2 N -

IF the limifation is univere. ~

) P Ye
<gg>=0 : <g5>:V—T

The squared dispersion of the averaged g ic inversely proportional fo the space-time cell volume ->

hence g5 ic uncorrelated in time and space

< gs(r,t)gs(r',t') >= hGo(r —r')d(t —t)



Gravitational potential as a ctochastic variable

In terms of the potential, this can be reqarded as o ctochastic variable, with momenta:
< o(r,t) >= on(r,t)

< o(r,t) o(x',t') > — < @(r,t) > < o(r',t") >~ o(t —t')

r—r

The covariance function for the gravifational potential ic not dependent on the paramefers of the

gedanken apparafus (m, T, R), which may cvggect univercalily of the potential intrinsic flvetuation.

Going back to the searched correlation of the local time fluctvag 131[8’ Oty = Typit

GE ._a
r—r|

t t
&ty = 8/ dr’g(])(/)z(r,t') ~ —0"2/ dt'®(r,t') . Type=CONSEX
0 0



Macter eqaatfau

Gh =
Ir—r'| T the local time correlation

ic extremely small

Tpr = CONSt X

dp 1

E = —ih™ [Ha P] 3 gh—z Ztrl" [Hr: [Hr’: p”
cubstitvted in the master equation =« o

_yre/c/S’ @: - ih_l[H,p]




Master equation

Dencte the configuration coordinatec (clascical and spin) of the dynamical cystem by X. The

corresponding mass density az‘f,(.‘.'l:’\;)aint roic

Given the coordinate eigenstate [x> we hav ST X)X = X) = (X 1/(r) 1 X

the macter equation becomes ; _
(X1p()| X' > =(—i/h) (X|[Ho, p(D]| X'

—[7a(X, X')] 7 CX1A(D) X" .



Enerqy decoherence

CKIBIX > = (—irh) (X [Ho, H(D] 1 X [ra(X, X') Zh//d*' dr' x
[f(x|X) — FEXFIX) - £01X)
[ —Teal%, X <XTBITX ] -1

IF the difference between the mase distributions of two ctatee [X> and [X> in superposition

becomes big
the corresponding damping time becomes short
the corresponding off-diagonal terms of the density operator vanich

this QM violafing ,bltenomenan is ENERGY DECOHERENCE

in Diosi approach.
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Other theoriec of space-time
uncertainly indvced
decoherence ..

an incomplete list



Other theories of space-time
uncertainty indvced
decoherence

- Milburn assumes that Planck-time is the smallect time,

- Adler derives quantum theory in the special limit of a hypothetical fundamental dynamics,

they chare the same master Eq.

- Penrose focuses on the conceptual uncertainty of location in space-time,

Penrose and Diosi model chare the same ‘decay time”

The theories have different mathematical apparatuses, interprefations, metaphysics, e.t.c., but have
common divicors. “The Fact that they are similar but not identical cuggests that the involvement of
gravity in

wave-vector reduction ic strongly indicated, but the exact mathematical freatment remains to be

found.” A. Bacsi (referred to Gravity-related collapse)



The model of Penrose

Consider a quantum system which consiste of a linear cuperposition of fwo wefll-defined stationary

ctafec having the same enerqy E V) = ala) + b|3)

If gravitation is :’9harec/, a¢ ie done in standard quantum theory, the superpogition (¢ alco

ctationary, with the same energy € 1Y) _ 1 )
ot v

BUT when gravitation ic infroduced in the play, there will be a nearly classical spacetime associated
with the state  and a Killing vector associated with it which represents the time displacement of
s’taz‘ionarifytﬁnd the same for  .The two Killing vectors can be identified with each other only if
the two space-times can be identified point by point. BUT general covariance forbids that, cince the
matter distributions acsociated with the two ctafec are different, in the presence of a background

gravitational field. ’
a

-8




The model of Penrose

On the other hand, unitary evolvtion in quantuvm theory requires and ascumes the exictence of a
Schloedinger operator which appliec to the superposition in the same way that it applies fo the

individual states.

Its action on the superpocition ic the caper,boriﬁT of ite action on individual states.

Conflict between the demands of QM and of General Relativity.

Imagine to make an approximate point-wise identification between the fwo spacetimes -> clight
error in the identification of the Schlloedinger operators for the two cpace-times -> clight
uncertainly in Tthe energy of the superpocition. In the Newtonian approximation of the order of the
gravitational self-energy of the mase distributioi |, | o e Two superposed states.

(ifetime: (the same as for Diosi model)

beyond which time the cuperposition will decay.



hypotheses:

- wave function collapse takes place in an average time tor given by Plank’s
reduced constant divided by AEor

For a superposition for which each mass distribution is a rigid translation of
the other ,the gravitational self-energy difference is the energy it would cost
to displace one component of the superposition in the gravitational field of
the other, in moving it from coincidence to the quantum-displaced location.

- the quantum superposition has to be 1) Orchestrated (capable of
integration and computation) 2) isolated from non-Orchestrated
environmental decoherence:

That is to say there would be needed to be coherent superpositions of
sufficient amounts of microtubule material such that AEor, undisturbed

by environmental decoherence, results in a collapse on a timescale of

the general order for a conscious experience tau =0.5s — 10*-2s, such
as particular frequencies of EEG, visual gestalts, and reported

conscious moments
29



- If the system is entangled with the environment reduction is random

- If we require that consciousness is triggered by a non-random
(non-computable) phenomenon, than entanglement with the environment
inducing collapse before the DP OR is effective is to be avoided within tau

HP in their paper Phys. of life reviews (2014) review several studies reporting how
Quantum-coherent behavior is relevant, in biological systems, at surprisingly warm
temperatures in wet and noisy environment. We didn’t deepen the item of
environmental decoherence.

In quantum computers information is represented not just as bits of either 1 or O,
but during the deterministic process also as quantum superposition of both 1 and 0
together (qubits). Moreover large-scale entanglements among many qubits enable
complex parallel processing. At some point a quantum state reduction occurs ->
the output is a definite state classical bit ->

In a pretty same fashion non-computable DP reduction would induce
consciousness

And according to decennial studies of Hameroff the perfect actors of the coherent
superposition would be

microtubules within neurons, suitable candidate sites for qguantum
processing. 30


https://en.wikipedia.org/wiki/Microtubule

a moment of conscious experience emerges from (or is identical
to) a collapse event that destroys coherence in a previously
deterministically evolving coherent quantum state of tubulins in
neurons.

coherent quantum processes correlate with, and regulate,
neuronal synaptic and membrane activity

So AEor is to be calculated from the difference between the mass
distributions between two states of tubulin in coherent
superposition

but the use of an average density is not adequate since the mass
IS concentrated in the nuclel

So they calculate AEor for tubulin separated from itself at three
possible levels of separation: (a) the entire smoothed-out protein
(what they call “partial separation”), (b) its atomic nuclei, and (c)
its nucleons (protons and neutrons). They say that the dominant
effect is likely to be (b), i.e., separation at the level of atomic
nuclei, or 2.5 Fermi for carbon nuclei

ORDER OF ONE MILLIONTH OF ONE BILLIONTH OF m

31



WHY CARBON NUCLEL:

- carbon is a substantial component of the chemical composition of
tubulin.

- certain physical mechanisms in tubulin may be able to
dynamically prepare Carbon nuclei into coherent spatial
superpositions on the order of a Fermi

separation at the level of atomic nuclei (2.5 Fermi length for carbon
nuclei) is the same as that predicted to be caused by electron charge
separations of one nanometer, e.g. London force dipoles within
aromatic amino acid rings

T~ h/Eg choose 7 as 25 ms for ‘40 Hz" gamma synchrony conscious moments

Since the carbon nucleus displacement is greater than its radius, the
gravitational self-energy for superposition separation of one carbon
atom is

(A — sz/ac
32



With mc the carbon mass and ac = 2.5 fm

To obtain the required number of tubulins in superposition we then
have to divide by the number of carbon atoms in one tubulin (10%4)
and by the number of searched tubulins in coherent superposition.

- HP find 2 x 10210 tubulins, for bigger values of tau we would we
would find a smaller Ntub

Neurons contain ~1079 tubulins, but only a fraction per neuron are
likely to be involved in consciousness (e.g., a fraction of those in
dendrites and soma). If 0.1% of tubulins within a given set of neurons
were coherent for 25 ms, they compute that 20,000 such neurons
would be required to elicit OR.

Tibetan monks have found to have 80 Hz gamma synchrony, than Eg

requires twice as much brain involved for such intense conscious
experience! FASCINATING 39



Assuming that microtubule quantum states occur in a specific brain

neuron, how could it involve microtubules in other neurons throughout
the brain?

OrchOR proposes that quantum states can extend by entanglement
between adjacent neurons through gap junctions

32



- given the currently available (simplest) dynamics in DP theory, and
the available experimental constraints on it, we have the occasion to
examine and constrain a variant of Orch OR in which the collapse
time for coherent superpositions of microtubule material (ignoring
environmental decoherence effects) is determined by the DP
equations and parameters. In the present formulation this is one
parameter Ro

32



Now the crucial point is that the three levels of (spatial) separation
contemplated by HP, correspond to the levels of (spatial) resolution
represented by RO, and the collapse time depends on RO. That is to
say:

partial separation level (a), atomic nuclei separation (b), and nucleon
separation (c) correspond respectively to internuclear (or larger),
nuclear, and subnuclear levels of RO. In particular the results of HP for
option (b), summarized before, require mass density resolution as fine
as RO = 2.5Fermi

But we put a limit on the lower possible value of RO

| Ro>54x10""m
that is of the order of 10uuu umes pigger tnan the carbon nuclear

radius!
The larger RO the longer the collapce time
33



For a superposition state of size a., due to Ro >> a., the contribution
of mass m. of a carbon nucleus to AEor is concentrated no longer in
spheres of radius ac but in spheres of radius ~ Ro. Since the
separation | X-X'| = ac is kept small, the potential U(X-X’) starts
quadratically to grow with X=X". So the collapse rate becomes very

) ey
~ 10726 g1

. 2
small: JaccRy _ Om2 (a)
% hRo \ Ro

Which means that the collapse time for one tubulin is huge:

ac<Ry._ _ | 1 N( _4>' 26)_ b
S =l (10%5) =10 s

l.e. the number of tubulins required to be in coherent superposition for
a collapse time of 25ms is:

a.< Ro 22
N25ms e B . 10°s

N 23
b = o255 — 0255 — <10

34



Now recall that there are ~ 10° tubulins/neuron and ~ 10"
neurons/brain, if 0.1% of tubulins per neuron are involved in
conscioushess we would need

25ms __ (4 X ]023)

- —4 x 10"
neur (.00] ) (]Og)

Even if we assume that all tubulins are involved in coherent
superposition, we would need 10'* neurons !

These considerations seem to rule out tubulin separation at the level
of the atomic nuclei (and it certainly also rules out separation at the
level of the nucleons in which case the collapse time would be even
larger).

34



Finally having in mind our limit [ X=X = Ro=5.4 - 10" m, we
approximated the entire smoothed-out protein as a homogeneous
bulk of size L and we examined the two cases of the entire

smoothed-out protein (partial separation):
L for the smallest tubulin structure is 3x10”*-9 m (actin filament)

o [ >>|X-X| - roughly 10% of the neurons comprising the brain
would have to be involved (for collapse time 25ms)

e L~|X-X| - requires 4 - 10° neurons (for collapse time 25ms) or
about

10° neurons (for collapse time 500ms).

despite second case vastly exceeds any of the coherent superposition
states achieved with state-of-the-art optomechanics or
macromolecular interference experiments, biological matter might find
some different way for long term superpositions to develop (Hameroff
S., Penrose R. Consciousness in the universe - a review of the ‘orch
or’ theory. Phys Life Rev 2014;11:39-78.) 35



Did we rule out Orch Or in general”? NO!

We analyzed the predictions of a variant of Orch OR in the light of the
simplest (currently the only) dynamical DP theory of gravity-related
collapse.

If a spontaneous radiation free gravity-related collapse will be
developed by Penrose, Diosi or Others, such a theory would
represent a significant breakthrough in our understanding of Nature,
and would make the tubulin superposition scenarios considered by
Hameroff and Penrose, and by our analysis, far more plausible.

Not only! Even the current DP dynamics is being improved in order to
include dissipation and non-Markovianity, we are presently analyzing
such variants, and re-examining the Orch Or in this light.

36



CSL (Continuous Spontaneous Localization)

2 ‘ : AT e
LS [‘ﬁH S / dx(N(x) — (N (x))0)dWe(x) — 5 / (N (x) — (N (x>>t)~(1f] )e)

i
.

System’s Hamiltonian NEW COLLAPSE TERMS =) New Physics

| choice of the
Nix) — ('IT(X)([( x) particle density operator preferred
basis

(N (x))e = (¢

N (x)|1)e)

nonlinearity

Wi(x) = noise E[W,(x)] =0, E[W;(x)W,(y)] = §(t — s)e~(e/Dx-y)" stochasticity

two

A = collapse strength rc = 1/v/a = correlation length
I 5 C / S parameters

the only possible modification of the Schrodinger
equation, compatible with the non-faster-than-light signaling condition!



