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Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Who | am?

Adrian William Romero Jorge

CUBA

opicof Cancer e

otot

e @

0SS Antorctic Circte

Theoretical Physics

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)



Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Motivation

* Photon propagation with an external magnetic field
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* Photon propagation with an external magnetic field
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* Relevance L Quantum Hall Effect J ~ Faraday Effect J L Cotton-Mouton Effect J
* Heavy lons Collisions * Physics of Materials « Comunications
 Astrophysics and Cosmology * Condensated Matter

e Experiments to detect vacuum effects (birefringence)

1- J. Schwinger, 1951 3- B. Shabad, 1972 5-S. Masood, 2020 7- Euler and Kockel, 1935.  9- Rizzo, 2014
2- Johnson and Lippman, 1949  4- H. P. Rojas, 1975 6- V. Katkov, 2016 8- Mignani, 2016 10- Rojas, 2018
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Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Experiments

B, =4.41x 1013 G

Generate intense magnetic fields Birefringence

N A ﬁ :}
. /\/\‘ " na#xEn, >1

[a] B = B,z 0

* PVLAS Experiment
* OVAL Experiment [b]
* Others L]

B~10*G 1~10%WwW/m3

[a] Ejlli, 2020. [b] Xing Fan, 2017. [c] Karbstein, 2021.
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Experiments

Generate intense magnetic fields

e PVLAS Experiment [
* OVAL Experiment [b]
* Others L]

B ~10*G

[a] Ejlli, 2020. [b] Xing Fan, 2017.

[c] Karbstein, 2021.
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Experiments

Generate intense magnetic fields

B, =4.41x 1013 G

Use lasers to induce the photon dispersion

e PVLAS Experiment [
* OVAL Experiment [b]
* Others L]

B~10*G 1~10%WwW/m3
\ \" { 'R ‘ 1

[a] Ejlli, 2020. [b] Xing Fan, 2017. [c] Karbstein, 2021.

 BMV Experiment [d]
e HERCULES Experiment  [el
e Others [c]

[ ~ 1025 W /m3
B ~101°¢G

small At

[d] Rizzo, 2014. [e] Tommasini, 2009.

Adrian William Romero Jorge

Institute of Cybernetic, Mathematics and Physics (ICIMAF)



Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Astrophysical Observations

Measure photon time delay

B, =4.41x 1013 G

 BeppoSAX satellite, GRBs [f]
 EGRET and GLAST Detectors [g]
* OLFAR Antennas At ~ms [h]

* Rossi X-ray Timing Explorer At ~ us [i]
* Ooty radio telescope at RACAz ~ ms[j]

Aty ~ns  Denisov, 2017.

Aty ~ ms

0T ~ 10 — 100 ns
Bailes, 2009.

[f] Kumar, 1994. [h] Bentum, 2016. [j] Bhardwaj, 2016.
[g] Katz, 1994 y Wang, 2004. lil Vaughan, 1997.
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Astrophysical Observations

B, =4.41x 1013 G

Measure photon time delay Evidence of Birefringence
* BeppoSAX satellite, GRBs [f] . Very Large Telescope [1]
* EGRET and GLAST Detectors [g] RX J1856.5-4
* OLFAR Antennas Atz ~ms h]

* Rossi X-ray Timing Explorer Az ~ us [i]

i Photon Dispersion in HIC (Experiment)
* Ooty radio telescope at RACAz ~ msf[j]

* Au-Au in RHIC [k]
Aty ~ns  Denisov, 2017.
Aty ~ms Sy = 200 GeV
5t ~ 10 — 100 ns B~ 1018 ¢
Bailes, 2009.
[f] Kumar, 1994. [h] Bentum, 2016. [j] Bhardwaj, 2016.
[g] Katz, 1994 y Wang, 2004. il Vaughan, 1997. [k] Y. Zhong, 2014.  [I] Mignani, 2016.
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Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Motivation

. .. Study photon propagation in the presence of an external magnetic field for two physical
Objetive . : ) )
scenarios: astrophysics (pulsars) and condensed matter (Dirac materials).

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)



Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Motivation

[

Objetive

|

L Photon Propagation

Adrian William Romero Jorge

Study photon propagation in the presence of an external magnetic field for two physical
scenarios: astrophysics (pulsars) and condensed matter (Dirac materials).

—

H. P. Rojas, 2010

e Vacuum Cruz Rodriguez, 2016 L Fa raday }
. Romero Jorge, 2021
/ e Medium g [ Hall }

H. P. Rojas, 2014

\ * Vacuum gomero jorge, 2020 [ Birefringence }
* Medium L Time Delay J
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Motivation

L Obieti J Study photon propagation in the presence of an external magnetic field for two physical
Jetive scenarios: astrophysics (pulsars) and condensed matter (Dirac materials).

H. P. Rojas, 2010

* Vacuum Cruz Rodriguez, 2016 L Faraday J
m . Romero Jorge, 2021
/ e Medium g L Hall J

L Photon Propagation ~ H. P. Rojas, 2014 n—
* Vacuum gomero jorge, 2020 L Birefringence J

* Medium L

Time Delay J

L Aplications J
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Methodology [ Natural Units }

Propagation of light in a vacuum: Maxwell's Classical Theory h=c=1

1.0}
[=—1p puw k?ak(x) =0
4 KRV » 0.8} F,,, — Electromagnetic field tensor
VU —
3 A, — Cuatri-potential vector
041
Fuv — E)VAP — (’)pAv u,v=0123 ol Y, — Cuatri-spinors field
' [— k?=0 (Cono de qu)} y#* ->Gamma matrices
0.0t
: - : : : : e, m, — Electron charge and mass
0.0 0.2 0.4 0.6 08 1.0
J 2 [1,, — Polarization Tensor
1

Kk — Eigenvalues of the Polarization

Propagation of light in the magnetized vacuum of QED Tensor

a, — Cuatri-potential vector of the wave

1 KAflxt — External Cuatri-potential vector/

F F* — ey, Ap +LEH

4
A, = Azxt +ay, \ M

Euler-Heisenberg Lagrangian
LEH

L =iy (O —ieAu) —meli) -

@ _ @ @
pvav = Ky ap W
k? — w? =k, (w,k,,B)

[I

Romero Jorge, Bsc. Thesis, 2021 Euler and Kockel, 1935.
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Methodology

Propagation of light in the magnetized vacuum of QFT

=~ Fu " — i€y, At — o e—mes [(es)Qchoth(eas)cot(egs) _ e
0

Adrian William Romero Jorge

Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Natural Units
h=c=1

i= [ +e) A

b — [(f2+g2)1/2— F]H?

-

F G - Gauge and Lorentz Invariants of the

Electromagnetic field

E,, B, — Electric/Magnetic Field of the wave

E,B y E;, B, — Total and External
Electric/Magnetic respectively
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Methodology L Natural Units }

h=c=1

i=|(F2+63)" + F| v

Propagation of light in the magnetized vacuum of QFT

100 2
[EBH _ _EFW,FW — ey A — S%fo %e_mis [(BS)Q&Bcoth(e&S)Cot(egs) _ (Bg) (&2 - 52) — 1}
b= |(F2+g%)2 - A

B: B2 EZ ( )
F=—=4+—+B, - B——= g =—-E,B F G — Gauge and Lorentz Invariants of the
2 2 2 e
Electromagnetic field

E,, B, — Electric/Magnetic Field of the wave

‘ W =2 Me J ‘ Bw’Ew KB J E,B y E;, B; — Total and External
[EH _ (1—213?-) (Ez B(%) N (1 L?)(B Bw) 4 Ler LfFT (B Bw)z LGG (B Ew)2\ Electric/Magnetic respectively )
L Dispersion Equation J \ Phase Velocity J \
2
kP = £oB2 k2 | v = (1— Lgp(B) BY)Y? s T T )
k® = LrrB? K2 v = (1 - Lge(B)B2)Y/? _ 8’ Sa_
§ = 45mc> 45B?
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Methodology

Propagation of light in the magnetized medium

o F,+1I,a,=0

M,,al

kf—w

[k?g,y +11,,]a” =0

~ 1 g

2 = KI(Wi) (w,k,,B,u,T)

Adrian William Romero Jorge

G(ZC, xllAecct)

t _
Ac*t = B

Ne, Ny

€= \/psz, + m2 + 2eBn,

Natural Units
h=c=1

-

Ne, Ny, — FD Distributions fore" y et
Juv — Metric Tensor: Minkowski
I, — Polarization Tensor
Kk — Eigenvalues of the Polarization Tensor
u, T = Chemical Potential and Temperature
Aﬁxt — External Cuatri-potential vector
a, — Cuatri-potential vector of the wave

p3; = Momentum in x5 of the fermios
n; = Landau Levels

~
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Methodology [ Natural Units }

Propagation of light in the magnetized medium h=c=1
o,E,+1,,a, =0 [k?g,, +,]la" =0
v P o o G(ZC, lellAext) g Ne, My, — FD Distributions fore~ye™ h
(l) . (l) (l) Aea:t — Bxr 9w — Metric Tensor: Minkowski
Hpva KM 0 H 1 I,, = Polarization Tensor
Ne, np Kk — Eigenvalues of the Polarization Tensor
kJZ_ — w? = KM) (a) kJ_r B, u, T) u, T — Chemical Potential and Temperature
= \/psz, + m2 + 2eBn, At — External Cuatri-potential vector
a, — Cuatri-potential vector of the wave
‘ Transversal Modes J p3; = Momentum in x5 of the fermios
n; = Landau Levels
(23) _ g+t + t 5 N p
Ky = + — \/ —t)% —4r
L Longitudinal Mode J _— ) = Klg) (w, ky, B, 1, T)
* Degenerated Gas limit
1
K = (T < p) w-m | = pt(w,B,u) =
M _ f
Jorge Acosta & H. P. Rojas, 2023. e
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Photon Dispersion in Pulsars
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“;"WW‘" Sources
2 : :
- Cosmic Rays
Ié,)éz At \_ J
beTecTor ~ Neutron Stars
At~ f
[ Black Holes }
[ Galaxies ]

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)



Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

= Sources [ Galaxies ]
Lo - Black Holes
€3z gt
- [ Cosmic Rays ] [ Neutron Stars J
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Physical Scenario: Neutron Stars

.'~;__ -'T_' ——— -

B

Kw ~ Radio wawrs amd
Ga. mwma KA}}

R, T — Radio and Temperature

B,y — Superficial Magnetic field

Q, w = Angular Velocity and frequency

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)



Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Contributions to time delay . , N
Attotqr — Total Time delay

At — Time delay by Birefringence
Atp — Time delay by Dichroism

ATtO tal — ATB’ ATD ) ATM’ ATG ATy, = Time delay by Medium

At; — Time delay by Space-Time Curvature

/ / \ \ E., Ey — Critical and Superficial Electric Field
- y

AT DA s
/\/\/\/\/\/\/\A.
F E_)k g @
NOAAABRCY B @ o~
MO ¢ . E°<<Ec 22%° | ®
Ly 2% ) N
\ I
8
0
Ate 0 At o ~ O Ate << Otm ANts
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Contributions to time delay

1 — Chemical potantial

)

B — External magnetic field }

ATiorqr = AT, ATy, Atg

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Our Magnetosphere Model

\ Magnetized Medium ]

- N

Toroidal Magnetic Field

B(r,t) = By-2tanh(¥(6, 9, x,2,t)) @ [m]

. . . Pétri, 2016.
 Variable Chemical Potential

(Bmax—Bmin)Sech®W+umin To
tanh ¥ T

u(r,t) =
e Star with rotation effects

Y = cosf cosy + sinf siny cos(¢ — (1t) t=ty, =0

« Magnetosphere ofan e~ —e™ gas g Umax, tmin — Max. and min. Chemical potential W
* Space-Time Curvature Magnetic Field to — Chemical Potential to far distance
o 1t lines, like a Parker M, r — Mass and radio of the sta.r
ds? = (122 g2 — (12222 dr? — r2(d*0 + sin? 0d%¢) Spiral X — Angle between Q and magnetic
r r moment of the star
\ / 0, ¢ — Azimuth and polar angle
.. N Q — Angular velocity of the star )
[m] Bogovalov, 1999. Michel, 1991. Corotini 1990.  [n] Pétri, 2011, 2016, 2018.
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Our Magnetosphere Model

[ Magnetized Medium J

.

Toroidal Magnetic Field
B(r,t) = By-2tanh(¥(6,9,x,Q,t)) @ [m]

e Variable Chemical Potential

(Emax—Hmin)sech*W+umin To

* Magnetosphere ofan e~ — et gas
* Space-Time Curvature

oM aM\ !
ds® = (1 — —) dt? — (1 — —) dr® — r?(d®0 + sin® 0d*¢)

r T

-

ur,t) = tanh W r + Ko [n]
» Star with rotation effects
Y = cosf cosy + sinf siny cos(¢p — Qt) t=ty =0

~

/

[m] Bogovalov, 1999. Michel, 1991. Corotini 1990.

L Parameters J

4 N
 L=25n
s y=0=m/6
* 1o=10km
« My=2M,
Hmin = Ho = 2 M,
Hmax = 50 m,

\.

At(w,L, M, B, 1) jlmd ( L 1)(1 M
T\w,L,M,Db,lUl) = r — -
R vf((,l),B,,u) r

[n] Pétri, 2011, 2016, 2018.
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Photon Time Delay: Results

Phase velocity in the medium

.....

B << B,

rl'r,
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Photon Time Delay: Results

B<< B

Phase velocity in the medium

R+L

At(w,L,M,B,u) = J
R

Adrian William Romero Jorge

Institute of Cybernetic, Mathematics

and Physics (ICIMAF)



Results

Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials
Photon Time Delay:

Time Delay in the medium
et ks b
ColAR s 20 2 . 0
. .:.:. e o L L e
..... \I 30 ‘-‘-‘-___,.-
[ o
L g 29 —— wim,=05
‘l
2 e w/my=0.3
: ' 2.0} /
G~10  gai0o” B << Be T S w/me=0.1
. . . Iﬁ. ’l
Phase velocity in the medium S1sf
1
!
1oF e
[ e
e
0.5¢ 1 Vi
= -' ,’
s> 1,
—— wime=05| 0.0 , ) , .
—— w/m,=0.2
r/r,

rl'r,
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Photon Time Delay: Results

Olausen, 2014

T = Ptilsar B, (10" G) | Ary(ns)
10 J010043.1-721134 3.9 180
. 4U 0142461 1.3 33.5
| SGR 041845729 0.061 0.104
g° SGR 050144516 1.9 61.6
s} J164710.2-455216 0.66 10.4
o SGR 1900+14 7.0 401
- 1E 1547.0-5408 3.2 135
B X(épc) 5 10 15 J1808-2024 20.6 1548
Aty (ms)
Pulsar B, (10" G) | 1 keV | 5keV | 10 keV | 50 keV | 100 keV | 500 keV
J010043.1-721134 3.9 123.7 | 24.0 11.6 1.92 0.99 9.2 x10~2
4U 0142+61 1.3 993 | 192 | 926 | 161 0.37 ~0
SGR 041845729 0.061 248 | 300 | 08 | ~0 ~0 ~0
SGR 0501+4516 1.9 1125 | 218 | 105 | 201 059 |52 x 107
J164710.2-455216 0.66 513 | 100 | 536 | 025 | 0.032 ~0
SGR 1900+14 7.0 119.6 | 232 | 11.2 1.80 0.78 |74 x 1073
1E 1547.0-5408 3.2 1218 | 236 | 114 | 193 | 095 | 3.7x 107
J1808-2024 206 699 | 136 | 666 | 1.11 0.47 0.05

Adrian William Romero Jorge

Atps]

1.5}

0.5¢

0.0t

L
s
I
i
1
|
0.100} « E

0.010} —— SGR 1900+14 (b=15.8)

c00tf T 4U 0142461 (b=2.94) i

Time Delay in the vacuum

-

----- J1808-2024 (b=46.7)

—— SGR 0418+5729 (b=0.13)

10

107°

5 10 15 20 25
A

Time Delay in the medium

________
-
-
-
—-
-
-
-
-
-
-
-
-
-

-
———
e
-

—— SGR 1900+14 (b=15.8)
————— J1808-2024 (b=46.7)
----- 4U 0142+61 (b=2.94)
——— SGR 0418+5729 (b=0.13)

rl'r,
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Photon Time Delay: Results

Plsar Bs (10 G) | A7y (ns) Aty (ms)
J010043.1-721134 3.9 180 Pulsar B, (10 G) | 1 keV | 5keV | 10 keV | 50 keV | 100 keV | 500 keV
AU 0142461 1.3 335 J010043.1-721134 3.9 123.7 | 240 | 116 | 1.92 | 099 | 9.2 x1073
SGR 041845729 0.061 0.104 4U 0142+61 1.3 99.3 19.2 9.26 1.61 0.37 ~0
SGR 041845729 0.061 24.8 3.00 0.86 ~ 0 ~ 0 ~ 0
SGR 0501+4516 1.9 61.6
SGR 050144516 1.9 112.5 | 21.8 10.5 2.01 0.59 52 x 1074
J164710.2-455216 0.66 10.4
J164710.2-455216 0.66 51.3 10.0 5.36 0.25 0.032 ~ 0
SGR 1900+14 7.0 401 SGR 1900+14 7.0 1196 | 232 | 112 | 180 | 078 |74 x 1073
1E 1547.0-5408 3.2 135 1E 1547.0-5408 3.2 1218 | 236 | 114 | 1.93 095 | 3.7x 10~®
J1808-2024 20.6 1548 J1808-2024 20.6 69.9 13.6 6.66 1.11 0.47 0.05

Comparison with observational data

g Cygnus X-2 N [ J1808-2024 A /./0332+5434 PSR BOS31+21\
ATstollman ~ (1 —4) ms At(2,3)penisov ~ 0.3 us AT ~ms
w~1-—10KkeV AT(2,3)teo = 1.40 ps Bentum, .2016.
ATieo ~ (1 — 102) ms Bhardwayj, 2016.
N Stollman, 1987. )L Denisov, 2017 )L 6T ~ 10 — 100 ns Bailes, 20145
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Photon Dispersion in Dirac materials
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Brief introduction to the materials

* High Conductivity
‘ Metals J ' 1 « Resistivity ~ 1078 Q- m

| |

* Conductivity between metal and insulator

L Semiconductors J # 1+ Resistivity ~ 1076 — 10~* Q- m

\f

‘ * Low Conductivity
L Insulators J * Resistivity ~ 108 — 10%2°Q - m

|||

* Relativistic fermions
L Dirac Material J ‘ 1 * Lineal Relation energy-momentum

Pb,_,Sn,Te Bi; _,Sby
x=0.2 '

E . ~
Conduction 1 Lineal Energy € = Vpp A =0
Band Vp & 106m/s A+0
Valence
Band g, p = Energy and momentum of the fermions
MeTa | MoTevial de  Somi conducTe ; vr — Fermi Velocity
Divac min el Ll A — Band gap

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Dirac materials. Motivation.

A=0 High electrical conductivity, as in high-speed electronic devices.
__hivelde
Fermi Controlling the flow of electrons is required, especially in devices such as
A+0 . . . L
transistors, diodes and integrated circuits.

They are studied to test the effects of magnetized vacuum

< Graphene [f] TasAs; [g] Pb;_,Sn,Te [h] J

[f] Novoselov, 2004.  [g] Kesser, 2021. [h] Dziawa, 2012. [i] Liu, 2008.

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Dirac materials. Model Considerations
\ Simple Model ]

Graphene: 6 nodos

TaAs: 12 pares de nodos

PbSnTe: 14 (cub.) y 7 (hex.) nodos
BiSb: 19 nodos

* All nodes are equal
 The energy gap is independent of

the material characteristics and \deal graphene  Distorted graphene
constant. ‘2‘
- a
A#+0 Ay = =Ay i \
N Y, : |
4 -

What defines a type of material? DESY Hamburg, 2018

E —> AI

Agrar = 100 — 250 meV Villalba-Chavez, 2022

L UF,A J ) aD,BC

Sahu and Rout, 2017
[ Agraf = 100 meV ]

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Relativistic Electrons and Dirac Materials

- - : E., B, — Critical Electric/Magnetic Field )
~ 6 a — Fine Structure Constant
A - m*mevlg vp ~ 10 m/s ap — Dirac Fine Structure Constant
m2cd m* — Efective mass
E,. = eeh 1,3 x 10® V/m —~ 10° V/m - J
C 2 Vg
mgc2 13 4
B, = oh 44 x10° G 5~ 100 G=1T
e? e?
a = e h_vp A(meV)|ap/a|l B. (T) |b<3n/ap
EDC 10 1 |4.4x 107 1291
N bk
Pby_,.Sn,Te| 31.5 580 5.0 2.22
2 Biy_,Sbh, 7.75 188 0.036 6.86
E.(A) = vpB.(4) = o TasAss 21 | 357 | 095 3.61
F
Grafeno 100 301 15.4 4.28
[j] Helayel, 2023. [k] Kesser, 2021. b=B/B.(A)

Adrian William Romero Jorge
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Dimensional reduction 3D —2D.

% D3 = 27T8/L3 Oply modes with s = 0 are relevant,.whlcr.\
— effectively reduces the theory to two dimensions.
L3 s=in (fa=7—‘"‘/Ls)
AgEserrLe_——— §=0 (f5=4) N
s . - g S JdpgeZEo
L€ s (=) 20 MoTeria|
i L; — Material Height
0 E, — Base State Energy
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Dimensional reduction 3D —2D.

Only modes with s = 0 are relevant, which
effectively reduces the theory to two dimensions.

Fy ps = 2ms/ L3

L3 s=in (r’a=7—“"‘/Ls)

Ay =0 (f5=0) v
D - - [,/ """"""""""" / fdpg —>ZE0

§ 5 R 2.0 MoTeria| 5=0
i L3 — Material Height
0 E, — Base State Energy

Dispersion Law
k) =0

* Small deviations (p,r << t) KO — = h k2
— v

2 AT  (2eB(2n+1) — w?)(2eB — w?)
* Energy Spectrum € = \/AZ + 2en;Bvp Ky = —2apeB ZO - |:Fn (k1) (1 PR
ny=
* Relativisticelectrons a - ap ¢ - vp AN (k) 263—5,2 |
4w?pg -
« Degenerated gas limit T < u ™ "[zT]

Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Results: Phase Velocity

k% — w? = KI(/Z)(k_L, B) + K,(V,z)(kl, B,w,uT) K](/Z) = L;-B%*k?

Phase Velocity

' ' ' — L Parameters ]

- N
Graphene Type
: U w1
] — = — =0.1
| A 3 A
B/B. =1
\_ Y,

B/B,(A)
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Results: Phase Velocity

2 2
k2 —w? =Pk, B) + kP (ky,Bw,u,T)
Phase Velocity Phase Velocity
1.0 T —
- 1 S N\
A B T T Biy_, S,
----- Pby_,Sn,Te
| 05 s ----- TagAss
. —---\""--.
L N Rt Grafeno
— Bi;_,Sh,
m— Pby_,Sn,.Te
02F.____ — TazAs;
f:f:‘:-;:;:: ~——  Grafeno
"“--._‘:::: s e—
L 1 ' 5 10
& 10 B/B(A)
4 N\ 4 N\
w w
“1_01 HL_3 (continue) “1_01 H"_o5 (continue)
{ Parameters ] A A A A
2 Uz : : 2 Uz . .
—~=0.01 —= =2 (Discontinue) —~=0.01 —= =2 (Discontinue)
Graphene Type A A RN A )

Adrian William Romero Jorge
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Resultados: velocidad de fase

2 2 _
ki —w* =k

)(kl,B) + K,(V,Z)(kl,B, w, 1, T)

K](/Z) = LGGBZkJZ_

Velocidad de fase

S— Bll_mem
e Pb,_,.Sn,Te

— T(IgAS{,

e (Grafeno
e owOwEe—

L Parametros ]

______________

Graphene Type

—=0.1 (Continue)
Tz = (0.01 (Discontinue)

B/B, =2
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Resultados: Tiempo de Retardo

B
A A A A A é'l'
hw, *
/ V'V
hw, <A*l
/ \VAV/\VAVAVAVS

[ Parameters ]

P
e Al=1mm
* wy/m,=0.1/0.01
* B/Bc(A) =1/2
ol u/me =2/3

Adrian William Romero Jorge

At[ns]

0.20

0.10

0.05

| Tiempo de retardo

-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
"_._
-
L -

I
o"l
,,,,,, : WIB=2, WPID?=0.1
- 1
...... D] === pAS3, uPlA?=0.1
—"‘ '
- : plA=2, w?/A?=0.01
E _____ plA=3, w?/A?=0.01
i
1
1
1
1
"l
//
| ) |

4 6 8
B/B.(A)
Al — Al Graphene Type
vf(w, pu, B) At < ns
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Resultados: Tiempo de Retardo

B Tiempo de retardo ,,,,, Ty
A A A s s . 4 A IA=3, W?IA2=0.1
éT e | ZHZ =001 | AT((.(), U, B) = Al < _ 1)
hw, 44 /—“"’—‘ e pIA=3, ﬁ/M:om vf ((1), U, B )
0.20[ =
\/ VVVVVV -
£ Graphene Type
hw > i
YN VALANYYYYY, At <mns
o 0T ~ 10— 100 ns
2 4 6 8
Tiempo de retardo N
[ Parameters ] et 7 I
0.20 BIB::A;;: wzmz;u:m —i L
4 N | |- BIB,(A)=2, w?/A2=0.01 i
* Al=1mm z
+  w,/m,=0.1/0.01 | e
e B/Bs(A) =1/2 I
° m, = 2 3 005 _ I ]
0 u/me =2/ )™ : | 4
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Resultados: Tiempo de Retardo

[ Parameters }

1
p N At(w,u,B) = L( B 1>
, U, B
e L=1m e ®)
* wy/m,=0.1/0.01 At = 10% ns
* B/Bcs(A)=1/2 6T ~ 10 — 100 ns
N * .u/me :2/3 )

Possible experimental setups
* Use an array of N parallel two-dimensional plates in series
e Use mirrors in the emitter and detector to reflect the wave

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Conclusions

1.

Adrian William Romero Jorge

The perpendicular propagation of photons with respect to an intense magnetic field was
studied, using QED and nonlinear QED. An analytical dispersion law was obtained in the
degenerate gas limit.

. Two physical scenarios of interest were studied: The magnetosphere of neutron stars and Dirac

materials.

. The phase velocity for photons emitted from the pulsar surface was obtained using the proposed

magnetized medium model.
The time delay for some magnetars of interest was calculated for photons in the X-ray and
gamma ray spectrum, for both the vacuum and medium contributions.

. They were compared with the experimental data and are in the expected order. Additionally,

higher energy photons experience a shorter time delay.

. Photon propagation was studied in novel two-dimensional graphene-type Dirac materials. The

dispersion law containing the contributions of the vacuum and the medium was obtained.

. The phase velocity and delay time were calculated in the case of photon bombardment against a

2D sheet of the material.

Institute of Cybernetic, Mathematics and Physics (lCIMAF}
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Recommendations

For neutron stars:

1. Estimate the distance from the radiation source by measuring the different delay times. Build a
method to measure the distance to pulsars.

2. Build a more complete model to compare theoretical results with observational data. Consider
the additional delay that photons experience as they move away from the neutron star due to
the nebula arm and the interaction with the interstellar remnant on their journey to Earth.

3. Consider the mass-radius values that have been obtained from models that take the magnetic
field into the equations of state for some pulsars to improve the model when calculating the

delay time.

For Dirac materials:

1. Include the dependence of the forbidden gap on temperature, chemical potential, Landau levels
and other material parameters.

2. Additionally, consider the node structure of each material.

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Thanks

for your
attention

" Theoretical and experimental physicists are studying nothingness, the
vacuum. But that nothing contains everything~, Heinz R. Pagels

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Pregunta 1.:

éLa velocidad de fase de los fotones que se propagan en el medio considerado en un campo magnético,
mayor al critico, siempre es menor que la velocidad de la luz ? ¢ Qué sucede con la velocidad de grupo en

el vacioy en el medio? o o -
Brillouin (1946) “que en un medio, si también se

w produce absorcion, la velocidad del grupo deja de tener
Ve = — v <1 un significado fisico claro.” 1
T o (a(Re{kl})>
g ow
dw 1 L
vg — ﬁ — (6 /0 ) Dispersion normal dn/dw >0 Vg < Uy <1
;| nt+w(dn/ow
an(B) v Dispersion anémala  9n/dw < 0
— 1,V
Vacio = Ve =V
[ ] dw g n i v, >1,<0,>
E Vg puede no ser una
[ Medio ] onk,, B, T) +0 v}/ =+ vg L cantidad bien definida o
dw Lo puede no ser una
e Kl)— cantidad significativa.
c=299792458m/s N = Vg Shabad, 2021. w Jw_
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Pregunta 2:

éPor qué la velocidad de fase en el medio magnetizado posee una tasa de cambio mayor en el rango menos
energético para los fotones? é Por qué se dice que al aumentar el campo magnético por encima del valor critico
la velocidad de los fotones tiende a la velocidad de la luz, si al aumentar este es donde se observa la dispersion

mas fuerte (Figura 1.5)?

1.0,

o8l |

06} Ag| |

0.4

B/B.=1 B/B.=5

Adrian William Romero Jorge

Eom, = ng + 2eBn;

Ae = |€O,nf i EO,nil

Los fotones de menor
energia tienen una

el medio

probabilidad mayor de ser
absorbidos o emitidos por collf

20

w ~ As

B/B,=1, plme=4

1.0

0.8

0.6

0.2

0.01 0.05 0.10 0.50 1
t.uz:fme2

Landau's Levels
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Pregunta 2:

éPor qué la velocidad de fase en el medio magnetizado posee una tasa de cambio mayor en el rango menos
energético para los fotones? é Por qué se dice que al aumentar el campo magnético por encima del valor critico
la velocidad de los fotones tiende a la velocidad de la luz, si al aumentar este es donde se observa la dispersion

mas fuerte (Figura 1.5)?

1.0,

o8l |

o6l As | | _'

0.4

B/B. =1

B/B, =5

Adrian William Romero Jorge

Eom, = ng + 2eBn;

Ae = |€O,nf i EO,nil

Los fotones de menor
energia tienen una
probabilidad mayor de ser
absorbidos o emitidos por
el medio

w ~ As

1 A

K~— Po = 5
Do 20

A = ((wz _ wZ,I)(wZ _ wZ,H))l/Z

w' = A&, w' = Ae_
w—}ci‘)r’r,lw” Po ~ 0
Jm e> 1 = <l

Institute of Cybernetic, Mathematics and Physics (ICIMAF)




Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Pregunta 2:

éPor qué la velocidad de fase en el medio magnetizado posee una tasa de cambio mayor en el rango menos
energético para los fotones? é Por qué se dice que al aumentar el campo magnético por encima del valor critico

la velocidad de los fotones tiende a la velocidad de la luz, si al aumentar este es donde se observa la dispersion
mas fuerte (Figura 1.5)?

Ume=10
s u? — ma [u’z —1
D S T - wim=0.2 n,=0 0< fl=——| <1
1 Y e im0, L 2eB ] 2b
i b =B/B,
-1 Se observa |
o.4-§.i\ 1 <B/Bc <—=4’9;5 .eo se-t:\/a a,
R 2 dispersién mas fuerte
02} | 2 La velocidad de los
. ue—1 :
——— < B/B, fotones tiende a un
0 20 40 60 80 100 2 valor cercanoa 1
B/B-

Adrian William Romero Jorge
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Pregunta 3:

En cuanto al modelo considerado para la magnetdsfera de los pulsares, épor qué no usar la métrica de Kerr
en vez de la de Schwarzchild, si los efectos de rotacién son esenciales para describir la dindmica de los
pulsares? ¢ Por qué dice ademas que el campo magnético es toroidal en todo el espacio?

oM oM\ !
[ Métrica de Schwarzchild ] ds? = — (1 — —) dt? + (1 — —) dr? + r2(d*60 + sin® 0d*¢)

T r

4 N\

T ~107%2 —10's AT = 1ms

C~1O6m/s AL=30T0
N\ J
_ . . ., a?
[ Métrica de Kerr ]  Forma Elipsoidal, Rotacion Y =17+ — cos? 0,

C
2
2GMr 4aGMrsin® 0 b a?  2a’Mrsin? 6 9 2GMr a

2 _ . 2 42 1.2 2 2 @ .. 9 9 — _

ds® = (1 2y )c dt s cdtdg + Adr +¥de* + (r — 2 + iy )sm Od¢ A=r = + 2

C ético toroidal : : .
[ UL U DDSE S s ] * Forma Dipolar, poloidal, toroidal

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Pregunta 4.

éComo se tiene en cuenta en el calculo del tiempo de retardo la curvatura del espacio-tiempo, si se
consideran trayectorias rectilineas?, épor qué considerar el parametro de impacto cero en el calculo?

. —1
L oton ds? = — (1 - %) dt? + (1 - g) dr? + 12(d20 + sin? 0d%)
\\I’R b
: de -1 dr 1/2

3 nea de Visién —=(1- —_— = — 2 _ 2

we, Clieaacngsio EB (1-rs/r) o [1-0" (1 —rg/r) [r7]
, _/““)dt_/wﬁ@@_/% LM MNP
v t(R) Jr dhdr v Jp W r r2 r

ro+L -1
AT(w,L,M,u,B):f d'r( ! —1) (1—%>
o vr(w, 1, B) r

Se utilizan trayectorias radiales para el fotén

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Pregunta 5:

Discutir en la fig. 2.4 la region de la magnetdsfera donde ocurre la mayor dispersiéon

I 6 = 1t/6, x=71/6

I

[] Capa polar
0.8}

/

[] Gap exterior

0.6}

< I Il Gap interior
s
041 I — WIm.=05 [ ] Magnetésfera cerrada
I — wimg=0.3
0.2t I w/me=0.2 Lineas del campo magnético abiertas
I ........ w/me_o 1
' k | =c/0 10%
5 10 15 20 25 . =c/ Ty~ Iy
I rlr,
B(r =101,) u(r =101y Region de a magnetdsfera donde ocurre la
B = = 0. — =0.13 mayor dispersion r /1y < 10
(r =19) u(r =)

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Pregunta 6:

Definir la estructura de banda a partir de la relacion de dispersion en el modelo considerado, équé sucede
si el potencial quimico se encuentra entre la banda de conduccién y la banda de valencia?

[ Limite de gas degenerado ]

€= i\/p%v,% + A% + p2v2  pi =2eBn
Reduccidon
dimensional

€= i\/AZ + pivi

pr =+/u2 — A% —2eBn; > 0

—1”2_A2>0 > A
W= T2eR |7 H=

Hay electrons libres de conduccién

conA=0

> A (2eB(2n + 1) — w?)(2eB — w?)
P+ &) =—20peB Y = {Ff)(kl) (1 - R )
¢ = xvrp, Relacion Lineal -

—AN{V (k) (K—pw?)] (ne +np)

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Pregunta /:

En el montaje experimental considerado, écdmo se tiene en cuenta que la lamina en un material de Dirac?

B
A A A A éT vf — a)/kl ki — (1)2 = KV(kJ-’ B) + KM(kJ_; Buu)
hw,
hw, L 1.0
VAN T e
L e Tahs
iy — BiSb

— PbSnTe
— TaAs
—— Grafeno

B/B.(A)

Adrian William Romero Jorge
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CIER

por su
atencion

“Los fisicos tedricos y experimentales estan estudiando la nada, el
vacio. Pero esa nada lo contiene todo”~, Heinz R. Pagels

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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1. Motivacion
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Adrian William Romero Jorge
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y tiempo de retardo

Conclusiones

Institute of Cybernetic, Mathematics and Physics (ICIMAF)



Seminar: Photon propagation in neutron stars magnetosphere and Dirac materials

Ley de Dispersion. Materiales de Dirac 2D

[ Campo Fuerte, n=0 ]

e=A  F® e H/2B 51 2 /2B N, —0

nnl

°B K2\ 1 (2e B — w?)?
2 __°P 1— —L ) =2(1=-
" 4 ( QeB) 5 ( 4w?pd ) (ne + )

S 200p (w? — 2eB)(ne + ny)
ph dapeB(n. + ny) + 7((w? — 2eB)? — 4w?)

B/Bq(A)
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—— M, (Bio.9Sbo 1)
----- M, (Pbg5Sng5Te)
—— M, (PbgsSngsTe)

Adrian William Romero Jorge
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-
.=

-="
-
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=
v
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2_
0
0
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Propiedades de los materiales de Dirac

0.8 :
""" M, (Big 9Sbg 4)
—— M, (Big oSb
06 1(Big 9Sbg 1)
""" M, (PbgsSngsTe)
o
294 —— M, (Pbo5SngsTe)
£
v
02
00| Femr e iiiiieeeeeeeeeeeeeeeeeeeeoee |
0 1 2 3
B (T)

Comparar con las mediciones experimentales en busca de una correccion de vacio!

Adrian William Romero Jorge

0
0 10 20 30 40 50

B/B.(4)

10715,

Agrad]

10-19L
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Metodologia

Ley de Dispersion: Medio

2 2
V4 . — m
* Limite Gas Degenerado (T <K ) n, = “Z_Be
e
BIB,=1, ulme=4
Landau's Levels s ‘ — —
20 T | T T T T T T T T T T T T T T T 7 1
- - 08l Re{vpn}
----- Im{vpn}
15 1 osl —— Abs{vpn}
: i%0,4
T 10| :
L 02+
j ! NS
I 00 :‘ ,:“__..: PR N ~ .
y g | ot
I 001 T os o010 T
L —a ‘211'”792
D- - - ~ ; B
0 2 4 6 8 10
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Ley de Dispersion. Materiales de Dirac

Caso Grafeno 2D (A =0)

o B 1 [FP (k) ( (2¢B(2n + 1) — w?)(2eB —wz))
M =——3 2.2 1- 573
) , [ 4 4w?p§
Ky =t=h—Fkig 2eB — w?
lim lim g,h = 0 Nyw =0 €=+2enB mHp ;
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Ley de Dispersion. Materiales de Dirac
Caso Grafeno 2D (A =0)

E_r,r(l),lli_r%g»h=0 Ny, —+0 &€ =+2enB »

i
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Ley de Dispersion. Materiales de Dirac

Caso 2D, campo fuerte en el nivel de Landau mas bajo (n; = 0)

e = /A2 + p3v} + 2enB — /A? + pu3, FQ)E _y e~k1/2eB oy 1 _ k% /2eB  Nyw, — 0

nn
o _ Bk
42 2eB

[T (e BBy
4

foo E 4w?(p3 — pg)
°B k) 1 (2e B — w?)?
2 _ ¢ 1
T T ( B 26—3) c (1 O dw?p? ) (1e +7p) Quitar np

1+ 200p (w? — 2eB)(ne + ny)
v =
Ph dapeB(ne +n,) + 7((w? — 2eB)? — 4w?)
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Pregunta 1.:

éLa velocidad de fase de los fotones que se propagan en el medio considerado en un campo magnético,

mayor al critico, siempre es menor que la velocidad de la luz ? ¢ Qué sucede con la velocidad de grupo en

el vacioy en el medio?

w
— wime=0.3 Vf = k_ Uy <1 Informacién, velocidad
1 de la fase
§ w _ I avf Energia, velocidad de
ety ok, dk, |laenvolvente
|
04 dvs( B) vV
\ f — .V
- Vacio 0 Ve =7V
e | | dk;, rg
0 20 40 60 80 100 dv-(k ,w,B, T
L . o g dk,
Brillouin (1946) “que en un medio, si también
se produce absorcion, la velocidad del grupo
deja de tener un significado fisico claro.” d(Re{k,})

-

c=299792458m/s N =v; " ow

Adrian William Romero Jorge

-1
) Dispersién anémala v, > 1,<0,— oo
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Mode 2 Mode 3
y4 Z
11'; Be ‘:“ BE.’
A EW r BW
k k
B, 0 o y E, 0 o y
X X

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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Aplicacion Astrofisica: Estrellas de neutrones

0 = 11/6, x=11/6

-10

Adrian William Romero Jorge

P/ Pmax

0 = 11/6, x=711/6
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photon that
materialises

b) Compton scattering:

-
pair produced \Hl) _r\-‘J
= E_/ N

S~
‘ nucleus

Adrian William Romero Jorge Institute of Cybernetic, Mathematics and Physics (ICIMAF)
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