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Motivation
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Motivation

* Primordial black holes (PBHs) are exotic compact objects that originated in the early moments of the

universe, born during the primordial era.

 Possible origin of PBHs

= Large primordial fluctuation on small scales  [Carret. al., MNRAS 168 (1974) 399-415]

» Preheating after inflation [Bellido et. al., 9605094]

e Recent works on PBHs

. gravitational lensing [Niikura et. al., 1701.02151 , 1901.07120 ]

signatures from gravitational waves [Sasaki et. al., 1801.05235]

mass distribution [Carr, Astro. J. 201 (1975) 1-19]
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PBH constraint
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Parker bounds
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Parker bounds on MBHs

* Parker introduced an idea focusing on estimating bounds on the flux of the magnetic monopoles based on
the survival of galactic magnetic fields.

* Magnetic monopoles traveling in the galactic magnetic fields undergo acceleration and subsequently
deplete the energy stored in the magnetic fields.

e It can also be used to find the bounds on the dark matter fraction fp,, contained in MBHs.

« We estimate stringent bounds on f based on survival of intergalactic magnetic fields in cosmic web
filaments and cosmic voids .
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Parker bounds on MBHs (cont.)
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Parker bounds on MBHs (cont.)

e For the fast unclustered MBHs, bounds are

le M Q2 B2l2
< c’c BH ) Agfast unclust ~y B l
fDM - GNOAgktregUpDM QBH cona + 2M
* Bounds from magnetic fields in cosmic void, (Bai et.al. 2007.03703]
ffast ,unclust < 10 8 fastmelust. < 10-9 Mgy A-m DM (9<10 )
kg Qen

B4 = 0(107®)G, "9~ O(1—10)Mpc, ¢~ @(10) Gyr . [H.E.S.S. Fermi Lat collab. , 2308.16717]

reg

* Bounds from magnetic fields in cosmic web filaments,

faSt un(ﬂust < 10_4 ffast ,unclust < 10 5 <MBH) (A-m)
f kg Qeu

i~ 0107 G, M ~0O(1)Mpc, ti ~ ©@(10)Gyr. [Carettiet.al., 2202.04607]

reg

Lalit S. Bhandari, PPC 2024 9



Faraday Rotation

X
* Alinearly polarized electromagnetic wave passing Ferriere et.al., 2106.03074 Eas‘vli F

through a magneto-ionized medium experiences a

rotation of its polarization plane, known as Faraday .

rotation.

* Faraday rotation observations from point sources

are widely used to probe astrophysical magnetic
fields along the line of sight.

OBSERVER

 The spatial variation of the polarization angle in the plane perpendicular to the observer's line of sight
depends on the configuration of the source's magnetic field.

* We observed a distinct Faraday rotation signature characteristic of magnetic black holes (MBHs) and
compared it to that of a neutron star.
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Faraday Rotation due to an MBH

S > A > dy
* Magnetic field by a magnetic black hole, eSS et
A d.
— Q ~ dQS \‘~~‘ ; ‘/'/"\\0-.. _____ . <
B (7“) = HFo&pay . .........................................................
BH T 47'(' T2 : T
MBH
* Refractive index for a wave , . :
1/2
- W2 (w2 w?) _ . C0<f<n/2, Opy(r) = o B_,(r) .
w? (wag;(DQBH sin? 0:&(%&)4]311 sin? 6+ (w? —w32)? wsz cos? 0) )
BH —
LNE 1/2
2
w2 (w2 —w? 2 — € Ne(’l")
1— b p) —~ 73 , m/2<0<T. w, = Py
w? (w2—wg—%£;2BH sin® 0¢<%§)4BH sin® 04 (w2 —w2)? ~BH cos? 9) )
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(D 1 toeQsx W
BH - ~2 2 r > TBH ~
w > 2 —|_ 2 \/wBH —|_ 4wp 3 ~ ' cut 47_‘_me (CUQ o UJE)
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Faraday Rotation due to an MBH

* Change in polarisation and Rotation measure,

dq
) d
pol. — 2C

—dgs

* Inahigh frequency limit, w > max(w,,Q)

63>\2 dQ
s N [ e N B O ()

pol. 87T260m263 dQS

3 dQ
RMBH<>‘) = e—/ dz Ne(T>BBH,z(?) + O (B]?;H> :

 8m2e,m2c3
0™Mg das

* Galactic profile for plasma density,

Y

NI () = Naw = ((2=das)/AT™)" | o= (5= das—245™) /451)7

[Cordes et. al. Nature 354, 121-124 (1991)]
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Rotation measure
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Comparison between an MBH and a neutron star

* Integral measure M

= [(75 4005 0)) — 2035 (o) 0

BH — 1 9
e = | (f avun @) —2mum | <o

B, (T) | NS or BH Qpu(A—m) Oup | Voo (r = rEHES) MBHES)
or m(A —m?)

10° BH 1020 — 2.4 x 1077 0
NS 1024 0 3.7 x 10710 0

/4 2.6 x 1071° 0.9 x 107%
/2 3.5 x 1071 1
108 BH 10%3 — 2.4 x 107 0
NS 1027 0 3.7 x 10712 0

/4 2.6 x 10712 3.0 x 1073
/2 3.3 x 1071 1
101 BH 1026 — 0.24 0
NS 1030 0 3.5 x 1079 0

/4 2.7 x 107° 0.86 x 107*
/2 3.3 x 10710 1

dgs = 107° pc, dg = 10 kpe, A = 1 m, N2V =0.025 cm ™3, NV =02 em ™3, AYW = 20 kpc, and AYW = 2 kpc .
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Summary

MBHs may evade Hawking radiation due to zero hawking temperature, leading to their significant
population even for masses, My, < 10'°g which is not possible for Kerr black holes.

 The most stringent constraints on the population of MBHs originate from magnetic fields in cosmic voids
(fou < 1078)and cosmic web filaments (f,,, < 107*), which are considerably stronger than previous

limits set by galactic fields.

. . X. —6 o1 .
e For extremal MBHs with a magnetic charge QF3 > 10?2 A-m ormass Mgy = 1077 My, | exhibit
rotation measure values that are detectable by Earth-based radio telescopes.

e For 7 <r.;, themagneticblack hole will be completely opaque to the observer.

 There is an integral measure for Faraday rotation that distinguishes MBHs from other astrophysical
sources.

Lalit S. Bhandari, PPC 2024
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PBH constraint
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Metric:

Outer Horizon :

Extremal Condition:

Temperature :

T =

MBH properties

2
ds® = —f(r)dt® + dr” + r2d0?

f(r)
2My, | Qi su
f(r)=1-— " + 2

Tow, = MBH -+ \/MlgH — 2BH

out.

Qpy = VATG /oMy, (in S.I. units)

\/MlgH B %H

(MBH + \/MgH o %H)z
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Parker Bound

* Equation of motion: dv _ Qpu
at M,
2. .B?
* Gainin Energy: AE, = Q. (B, -0, At + <B1"c A2
2M

* Depletion of fields energy: ‘ df;eld = 42 AE, F,

B2l
* Bounds on MBH’s flux: F c’e

<
eE GNOAgktreg

f < BCZZCMBH
oM 6M0A£ktregUpDM

* Boundson fpj,

t

<t

reg — “dep

BH

mag

UpDMfDM

BH

C C

2Q .4l .B

BH
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* FastMBHs v~ >0, ¢ A& ~Q (B -5 )+

* Fastclustered MBHs :

Bounds on fpy

e Fastunclustered MBHs:

Bounds on fp,

DM

Parker Bound Cases

2 272
BHBC lc
¢ 2M V2
2 272
Agfast,clust ~ BHBC lc
k - 2
2]\4'BH,Uin
2
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DM ~ 2
SIU’OQBchtrengM
2 B2l2
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2
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Parker Bounds

 Cosmic voids magnetic field:

> Primordial or void galaxy: B ™™ 2 0(107'°)G, [P~ O(1—10)Mpe, tigh ™™ ~ O(10) Gyr
Bounds on fDM . ffast ,unclust < 10 8

> Galactic ﬂU.X leal<age . 0(10*12) G S Bvoid7 out S (9(1078) G , lzoid7 out 0(1) MpC, tVOid’ out 0(10) Gyr .

reg
ast,unclus 1 _5
Boundson fpy Jom et <1000 — 10

* Cosmic web filaments magnetic fields:  B® ~ 9(107°)G, I ~O(1)Mpc, t& ~ 9(10)Cyr

reg

ast,unclus 4
Boundson fpy; Jom et < 107



Faraday Rotation general

Equation of motion :

Magnetic Field : B_ (7)) =
S =2(0) 4 = (1) —iwt
: o= T rHe
Perturbations : ~ e i— ,
E(7) 0+ £ (7)eiwt
B<7_d)> T Bext <?> + B(l) (77)6_7,&}1; ?
eE M) rew —
: _ . 2=2(1 = (1 =
e EOM after perturbations : - W1 + - (7“( ) x B, (7“>>
2 ~x~ + z _ x~z+
o | z, ‘ -2 e e (B
* Oscillations amplitude : [ 4 | = Zx Gy T, _ 9 _ Sye i, g
! m, (w? — ?) L w2 . 2 w2 by
z Wy W, +iw,, —0, 0, +1Why &2 E
! o w? w? 1 w2 b
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Faraday Rotation general

1— wg (w?—&2) wf) (&xd)y iwcf;z> wg (wxcf)z zwtf)y)
; ; w? (w2 —Jﬂ; w? (w2—0w?) w? (w2 —&?)
Dielectric tensor: ¢ — w2 (&, &, —iwd, 1 w(w?—@2) Wi (O,w,+iwd,)
r w2 (w2—2) w2 (w202 w2 (W22
w2 (0,0, +iwd,,) w2 (&, &, —iw, 1— w2 (w?—&2)
w?(w2—w?) w?(w2—aw?) w?(w?—&?)

Using Maxwell’s equation : (V , E(1)) _ 2RO _ cg_jer EM —p

Phase of electric field: W (F) = /dz k(P) = = /dz n(7)

1/2

Refractive index : "o () =]1-—
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Faraday Rotation (mode cut ofts)
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Faraday Rotation general

oD i(w(@2-52) /452 (w2 -w2) 2 (@24+22)° )
* Characteristics modes: (%) = IO AR
Ey (4) ((w —wp)wz+zwwxwy)

* Left/Right circular polarization condition i.e. B /Ey P sgn(@, )

2(w? - wg)ycfzz <
* Refractive index : Moy = {n+<> ; sz >0,
n_y; w,<0.
* Polarisation angle and RM measure:
U = tan” (BLL/BLL) = 5 (0 ) = Vi ) = 52 [ 2 n,(F) = my )
d A
) = Wl
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Faraday Rotation general

 Expansion of polarisation angle in the limit w > max (w,,d) :

e3\?
Voo ™ e micd / dz N, (r)B,(7)
X! B, (7)?B, (7)’
dz N (r)B.(%) | B.(7)? + B_(#)? x y
gt | 4 VB0 (BGF + B0 + P
 Expansion of RM measure in the limit w > max (w,,d):
63 .
RMO) ~ gy [ d N.(0)B® (1)
o B(7)°B, ()
dz N (r\B.(7) [ B.(7)? + B.(7)2 + =2 2 |
gtz | 4 V.0 m( A BT U e )
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* Magnetic field :

e Refractive index :

-

BH __
L,(R) 9

e Cutoffradius:

1 —

1 —

wp (W —wp)

2

2 2__ .42 __
w (w wp

2
BH

2 /2
sin® 64 (%(Z)BH sin* 0+(w?—w3)? —BH cos? 9) )

(w2t

2 2,2
w (UJ wp 5

2
BH

BH
cut

2 1 ~4 .. 4 2 2\2
sin 9¢<ZWBH sin” 0+(w?—w3)

@

2
BH cos2 6
w

~ /’LOGQBH W
drm, (w? — w?

)

))

Faraday Rotation due to MBH

. e
Wen (T> = EBBH (T>
1/2

, 0<O0<m/2,
1/2

, m2<6<m.
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Faraday Rotation due to an MBH in constant density
plasma

 Expansion of polarisation angle in the limit w > max (w,,®) :

BH  ~ 63QBHN61\:I8N)\2 ( 1 1 )
pol. - 3 2.3 1/2 1/2 .
327 €Egm;_cC (52 4 d%) / (52 T d(%s) /

 Expansion of RM measure in the limit w > max (w,,®):

RM(\) = — 528 s (< Ly — 1 /2)'

— 327‘-360?’)1363 £2+dé>l 2 <£2+dés)l
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