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Ingredients of our universe

=

What our universe is made up of?

radiation

.
" baryonic matter
(luminous + gas)

This is what CMB tells
about the universe we =i
live In

“ga - Matter

PR P
‘» » SR f"‘_

Cirelli et. al. [arXiv: 2406.01705]

Dark matter comprises ~85% of total matter in the universe!
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Smoking gun...Bullet cluster

104
1000
100

10

Current power spectrum P(k) [(h™! Mpc)?]

6"58M42° 36° 30° 24° 18° 12°

Clowe et al., The Astrophysical Journal + 2006

Wavelength A [h-! Mpc]
100

104 1000 10 1
'I:- III LI T T T llll LI ) T T T Ill LI T T T IIIII T T T T IIIIE
- ' . =
i »—}%——« i =
— : [ T : — E\a
F F"&« = &
- - ]
B s i
| —\If _
; m Cosmic Microwave Backgrofnd é
i ¥ Cluster abundance i
§ m Weak lensing 3 EN
N A Lyman Alpha Forest ] Sl
E— 1 111l IIII 1 1 11 IIIII 1 1 11 IIIII L 1 11 1 IIII 1 1 11 1 IF
0.001 0.01 0.1 1 10

Wavenumber k [h/Mpc]

Cirelli et. al. [arXiv:

—-300 —-200 -—-100 0 100 200 300
MKcmb

BOQOFT T T T T T
5000
4000
3000
2000

1000

600
300

—_——

pa sl
w
o

| h I % 1 +++++# ++flr+ a*u%* ,'0‘.'..'...:."0.0#,._;#;'#Hﬂ# +.. 10
-300 i Hﬂ PR tH 30

-600

o
T T T T[T T T[T T T[TTT]

IR TR I T S | | I T W1 | T SN TN TN SRR NN T TR SN N i~

500 1000 1500 2000 2500
14

2406.01705]

— Large scale

Manish Tamta, [ISc Bangalore, PPC 2024, manishtamta@iisc.ac.in



mailto:manishtamta@iisc.ac.in

What is Dark Matter after all?

Cold, collision-less,

Dark matter? tabl _
stabie Mysterious?

Mass ?

Ch . Wave or Macroscopic
arge: Particles e.g. PBH
Spin?
QCD axion WDM limit unitarity limit
1022V Sms keV GeV 10TV My 10 M
1 i f e | | >
: ~ 66
“Ultralight” DM “‘Light” DM WIMP  Composite DM Primordial Note: 1M, ~ 10™ eV
non-thermal dark sectors balls mgeets e black holes : :
bosonic fields sterile v ~90 orders of magnitude wide

can be thermal parameter space for DM mass!
[Image: Tongyan Lin + 2019]
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The primordial black hole dark matter window

MpgH [g]

10 108 102! 10% 10 1030 103 10%
N e
PBHs may form due to density 10°F :
perturbations generated during : —

the inflationary epoch!

Microlensing

102 = Evaporation

UOIJINDY

5 orders of magnitude
L ———

Mppy € [1071°, 1071 M

peH = $2pBH/{2DM

108 105 1002 10° 10° 10° 100  10°
PBH asS 100 0/0 dark MPBH M@]
matter!? [Oncins + 2022, arXiv:2205.14722]
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The primordial black hole dark matter window
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perturbations generated during E _ 7
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matter!? [Oncins + 2022, arXiv:2205.14722]
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The primordial black hole dark matter window
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X-ray telescope sensitivities for PBH dark matter detection/exclusion

MPBH [kg]
1013 101° 101/ 1012 1021
T ] ' | ' | ' I
*NICER (1.74 d .
\ ', 7 .
RXTE 10 d) 47,
101 3 S’ \\ lll | //’ ;//;’;Q E
O l 7.
s 8 : // /
S 78 \
S 10°F & : ,/'
< o I ,/ <7 *NICER (60 d)
% E [ t?/ Subaru-HSC ]
o] . .27 *STROBEX(30d) 1 Manish Tamta et. al.
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y (in units of a, =52.9 pm)

PBH length scale visualization Manish Tamta + 2024

————
1500 ~ —— photon wavelength = 700 nm (shown 100x smaller)

1000 A

Mass/length
scales

iInvolved
Mppy € [1071°, 1071 M

r Ro, € 29x1071,2.9x 107 m

500 -

—500 A

—1000 -

—15001 ~1.0 -

—1500 ~1000 —500 0 5001-0 05108 05 1408
X (in units of a, =52.9 pm)
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Manish Tamta + 2024

X-ray photons can probe
these subatomic size PBHs

52.9 pm
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What Is gravitational microlensing

- -

Lens equation: f =0 — o

Observer

R
———————
--------
-

Ds
Dy, ) D5 ; Magnification due to a point lens
Croon, McKeen, Raj + 2020 9 Jo yz ) ﬁ
/,t — — —_— —
d 2 Y =
pdp W2+ 4 0
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Need for wave optics microlensing

Lens equation breaks down when microlensing happens in
the wave regime!

Manish Tamta, |ISc Bangalore, PPC 2024, manishtamta@iisc.ac.in
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Wave regime lensing and Parameter w

4GME, 2R, E, Dimensionless
— . = frequency
hed he

Wave regime: if w < y~! W

1

W

Geometric optics regime: whenw > >y

Note that y Is impact parameter!
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Theory of gravitational microlensing in the wave regime+FSE

Pulsar Wave-effects
1 Em ‘ 2 OO
fE(y, alx)) = —J dEoA (E)Jf (E)a;“e "iq re 2Ulzlo(yr/ a?)
N Epin \_ e—”W /
Detector Cioite extent of
X RS INIte exient o

ag = — the source 4
FE Q
Emax o

where /1 :J dEA (E)F (E)

Enmin Frequency dependent magnification!
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X-ray microlensing can probe subatomic size PBHs

Why X-ray pulsars?
Yang Bai et. al. + 2019 * Less variability and persistent x-ray emission

* Higher photon counts

Manish Tamta, |ISc Bangalore, PPC 2024, manishtamta@iisc.ac.in
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Telescopes and pulsars for x-ray microlensing

Effective area A(E) for various x-ray telescopes

101 1

E
+HE
atector (LAD)

10°

Effective Area (m?)

1071 ]

\\\
\.

NASA’s NICER

STROBE-X

101

arXiv:1903.03035 S eeyoen
X

103

https://svs.gsfc.nasa.gov/

Expected launch: 2031

Let’s hope for such
telescopes in the near future :)
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Telescopes and pulsars for x-ray microlensing

Effective area A(E) for various x-ray telescopes
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x-ray pulsar net exposure (days) Ds (kpc) (4, b) op/B
SMC X-1 1.74 64 [28 (300.41°, —43.56°) 0.28
Cyg X-2 5.47 11 29 (87.33°, —11.32°) 0.02
Vela X-1 4.46 230 (263.06°, 3.93°) 0.25
Crab pulsar 4.76 2 [31 (184.56°, —5.78%) 0.01

Manish Tamta, |ISc Bangalore, PPC 2024, manishtamta@iisc.ac.in
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Statistical way of interpreting X-ray pulsar light curve

- 7 7 14 How to identify a true microlensing
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event in the light curve?

400

Tl Excess x-ray photon

i counts at 30 level for
s i i
200 e 3 consecutive time

g e T » L . 4 ..‘.. : A ¥y - A - oo o *
}I 4 %ﬁ . "‘ .l.“ %* ) ry '.I .:. hd * .: . "l:': ¥ ?‘ ..‘. ., a:ﬁ'“ :ﬁ' |
X + YO 5 Py ¥ = N 1 A AL #E- 'h-‘:"'.'.- .
"‘. - : - vy :' ‘ ™ :‘-I' it b8 ;:ifit' o 4 I "&}.l‘ :-. -t -"*e » : .O' --‘-ﬂ"
. 4 + ™y .": *a el ." . ® . ¥ L4 " e . r’ - -‘“-: "H..‘- '.‘-ﬂ ‘i‘l: o » N Py * [ | [ | [ |
o ";" -lw..'.‘.'ﬂ"‘.“ * "'.-"!l":'_" -"i ;-_.i-‘.-'-l e 7 :. :“ * et ‘- .3-'- o S .o . M '
- INS IS A deteCtlion!

100

- == Mean + 30
A 2 consec. bins with cts/s > mean+30 ’ +
| |

0 100 200 300 460 500 600 700 800 |
Hme (sec) Achromaticity (w 2 y™ )

P(N.) =[1 = DN, = 3)Neamsee™3 = 2.5 x 1077
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A new diagnostic for x-ray microlensing

ldea: Microlensing is achromatic if

Cts/sec

Split the light
curve into
multiple energy

time (sec) windows
Manish Tamta, [ISc Bangalore, PPC 2024, manishtamta@iisc.ac.in
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A new diagnostic for x-ray microlensing

I I I I
- -~ No microlensing!
. o . E > 4 keV J
ldea: Microlensing is achromatic if .
Could be x-ray flares and bursts
- 1s _
K
7 _
E I I | |
O Sl i
3 é E S 4 keV 3.5
7, I
Il 3 3.0
O °° 25
| — —_
Atmospheric backgrounds: 140
Trapped electrons (TREL), . 3
Precipitating electrons (PREL), or }+ 11

Low-energy electrons (LEEL)

time (sec)

Manish Tamta, |ISc Bangalore, PPC 2024, manishtamta@iisé:.ac.iri



mailto:manishtamta@iisc.ac.in

Microlensing Event Rate

dxpdm(x)vg(x)e_"fg/ Yo

Local DM \

Remember density _ ) 2

dl' ~ 1/1\/M

dI’ 2D, [

y7(X) dy
d_lLE — f PBH  , » MVO [  —_—

tmax,i d F .

X

Total # of microlensing events: N, fPBHZ Ost dty drl
f E

min,l
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X-ray telescope sensitivities for PBH dark matter detection/exclusion
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Take Home

e Primordial black holes (PBHSs) in the mass range 1071¢ — 1()_11M® may
constitute 100% dark matter.

o WO microlensing of bright x-ray pulsars provide the most robust and
Immediately implementable opportunity to uncover PBH dark matter.

Manish Tamta, [ISc Bangalore, PPC 2024, manishtamta@iisc.ac.in
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Take Home

e Primordial black holes (PBHSs) in the mass range 1071¢ — 1()_11M® may
constitute 100% dark matter.

o WO microlensing of bright x-ray pulsars provide the most robust and
Immediately implementable opportunity to uncover PBH dark matter.

e NICER telescope can probe this window near 10_14M® with just two
months of exposure on the x-ray pulsar SMC-X1!

e PBH evaporation limit at around 1()_16M@, may be probed with a minimal
microlensing setup involving hard x-ray pulsars!

Manish Tamta, |ISc Bangalore, PPC 2024, manishtamta@iisc.ac.in
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————— 1 THEY ALL ASK “WHAT IS DARK MATTER?”
AND “WHERE IS DARK MATTER?” BUT
NOBODY ASKS “HOW IS DARK N\A’!TEQ?”

Thank you for Iistening )



Energy scale [keV]

Mpgy [kg]
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Buffer slides: Frequency dependent magnification

u(w, y, as) in the

wave regime and FSE (y = 1)
I L L o
2 x 109+
/\ A Microlensing magnification
\ | In the wave regime
> +
< 0oL B finite extent of the source
B
3.
a. =0
6x 101t 3 - XR
. . aS e
wave regime without FSE - a
—— with FSE L
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102 101 109 101
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Impact parameter
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Buffer slides: Detector and pulsar specific energy averaged magnification
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Buffer slides: Statistical way of interpreting X-ray pulsar light curve

Threshold magnification:

- 1+ N,05/B
Hihresh = 7} + n,op/B

Detection criterion:
/’TE Z Mihresh

N —N criterion:

O consec

N.=3and N, . ...= 3 withn_ = — 1 are optimal choices.

» Remark: P(n, = 0) = 0.13; low event acceptance
« P(n,=—1) = 0.596; optimal yet significant choice
e P(n, =—12)=0.93; too aggressive choice
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Buffer slides: Condition for time binning of light curve

e Killing the Look elsewhere effect

1. -
2 ( Ng) < bin
texp

P(N.) = [1 = DN, = 3)[Neomsec=3 = 2.5 x 1072

. ) 60 d
bin — 19x 10—8( bin ) ( ays)
fexp 0.1 s fexp
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