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Higgs Discovery

(ollisions That Changed The World
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The Early LUNLVErSE

e Big Bang Tewp

2 uf Lty

Cosmologtical Puzzles
1. Dark Energy 00
e , MB
2. Dark Matter °°°V St sitteng
3. Matter-Antimatter asymmetry
4. origin of large-scale structures

Sowme of the high scale physics

1. nflation
2. Scale of Quantum Gravity

We can only see
= TR the surface of the
PRESENT cloud where light
13.7 Billion Years was last scattered
cosmological Tools after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter” is analogous to the

1. qm\/itatio nal waves light coming through the clouds to our
, , eye on a cloudy day.

2. Cosmic Microwave Background

2. Neutrinos



Dark Matter, a cosmic glue

Evidence of PM : Galaxy Rotation Curve

GM(r)

roaToNAl 1 ROTATIONAL —

VELOCITY CURVE
OF A SPIRAL T
GALAXY
O nside the galactic disk: M(r) ~ pr® (assumption: p const.)
' Q outside the disk: v oc 7~ 1/2 (expectation!)
0 observed: v is independent of r — p ~ r—?
e DARK MATTER PRESENT Tk -‘Bull-et'c’:lu.stet;(NA'SA) ‘

il f > = . . Y- . 42 .. -

DISTORTION
OBSERVED

Axis \

—  Focal point

Positive (converging) lens

Optical Lensing Gravitational Lensing Evidence of DM (1: Bullet Cluster



Dark Matter, a cosmic glue

Detecting particle nature of PM:

ENERGY DISTRIBUTION
OB THE LININVNERSE

artc LE || TRY || CRY

DOWN | | NOTTOCRY || ALOT

68%

Dark
matter

27 %

Visible
matter
5%

what we know : what we don't know :
d relic density U Particle Natwre
O Massive O interaction
O stable object O How Massive

O Noor very weak interactton I Production Mechantsm

How massive? How to probe?



SOa Le O‘F @/La l/\,tl/(,l/M, qra\/i,ta Vafa, hep-th/0509212

Ooguri & Vafa, NPB 766, 21 (2007)

U For decades BFT has played a vital role in Particle physics
O However, it has Limitations: The situation becomes different once we include gravity and demand that the 8FT
in question is valid at all energies in suitable R4 theory

String Theory

| i ’
g <} swampland Swampland Conjectures
)
i Refers to low-energy EFTs which are d No global symmetry
Quantum Field Theories not ODVW‘PatLbLC with qua ntum @Yﬂ\/i’tg. coy\(j ecture
Q weak gravity conjecture
O pistance conjecture

Swam\pland No global symmetry conjecture

N Landscape There exists no exact (continuous or discrete) Global symmetries in Low-
. global symmetry in quantum gravity energy EFTs are broken by
theories. Ra!

Awny observational effects that can constrain Agg?



Primwordial Black Holes

I'M AFRAID NOT,
MR, SPOCK/
PLEASE EXPLAIN/

s > ™

HAVE YOU EVER HEARD
OFA BLACK HOLE |
CAPTAIN ?

| ————

B

PRIMORDIAL BLACK HOLE
LIFETIMES

% Black hole mass
@ Event horizon diameter

Black hole lifetime EARTH

&: 6 septillion kilograms

MOUNT-EVEREST "

& 175 trillon kilograms e \\

@ 33 times width of
uranium nucleus

GREAT PYRAMID

% 5 billion kilograms

@ Width of US. dime

40 trillion octillion times
present age of universe

& 1% width of a proton
381,000 years

1 billion times present
age of universe

@ Size of E. coli bacterium
160 octillion times present

age of universe
@ 2,000 times smaller than current measurement limit

0.41 seconds . 7

BLUE WHALE

170,000 kilograms

£ HUMAN i
‘l”/ & 70 kilograms \g_ fi

& 5 million times smaller than current measurement limit
29 picoseconds

DWARF PLANET

% 940 billion billion kilograms

BlackTolesislowlySHrinkas theylose tiny amounts of energy via a
process called Hawking radiation. The lifetime estimates listed here
assume the black holes are warmer than their surroundings and not
actively pulling in additional material or rotating

Stable (DM)

/
\

unstable —— pM

Awny observational effects of such PBHs?






Gravitational waves:

Ripples in the fabric of spacetime



Gravitational waves: Theory

Einstein's Equation: Space-time determines the trajectories of all object

1
—3 9uwR = 8nGT,,

Massive objcot curve spaoc*timc

Cownstdering a small perturbation around the metric tensor:

v z@@, |hu| <<1

Flat space-time  swmall deviation
in flat space-time

Propagation of qW in vacuum :
(87 — 82)hy, = 167GT),

(n the far-field regime, the amplitude can be approximated as,

2G - _—» Need a Quadrupole Moment
hig - sz (tRet)\>

Derivative suggests that the sowrce cannot be static

\ Decreases with the distance

Power Emitted: PGW G Z< ng sz>
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Recent DLscoveries

Discovery of gW by LIGO-VIRGO Col.

Hanford, Washington (H1) Livingston, Louisiana (L1)
T T T T T T
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PRL 116, 061102 (2016)
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Time (s)
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Source of GW: Merging of pair of BHs at z = 0.09

O N O @

Normalized amplitude

Recent results reported by PTA projects

Ehe New Hork Eimes

nnnnnnn NEW YORK, THURSDAY, JUNE 29, 2023

The Cosmos Is Thrumming With
Gravitational Waves, Astronomers

Find

Several PTA projects have reported positive
evidence of a stochastic gravitational wave

background.
NANOGrav, 2306.16219

Source of SGWEB: Merging of SMBH binaries/
cosmological origin/combination of Both.



qws: Important Scientific Milestones

The Nobel Prize in Physics
2017

/ - 1& |
© Nobel Media. Ill. N. © Nobel Media. Ill. N. © Nobel Media. Ill. N.

E mehed Eimehed ' El[*nehed
Rainer Weiss Barry C. Barish Kip S. Thorne

Prize share: 1/2 Prize share; 1/4 Prize share; 1/4



GwW Detections

THE SPECTRUM OF GRAVITATIONAL WAVES @esa

Observatories Ground-based " Space-based observatory { Pulsar timing array Cosmic microwave
& experiments experiment i ; background polarisation

5 : B p
L1GO/ LISA/BBO/ LY | ‘ Gaia/

Virgo/ET DECIGO/pAres ' SKA/THEIA

Timescales milliseconds seconds ours years billions of years
— 4 % : § < No oo oo oo oMl oc 0000000 @cccccesd
Frequency (Hz) 100 1 10* 10 10°® 1078

=

Cosmic fluctuations in the early Universe

Cosmic BRI il o

sources — Compact object falling oo ;
onto a supermassive Merging supermassive black holes
black hole )

5

Many SMBH binaries/ Phase =

Merging neutron Merging stellar-mass black holes Merging white dwarfs tra VbSLtLOV\:/TD‘POLD@ teal DC‘fCOtS /PBH
stars in ot?'ner galaxies| | in other galaxies I in our Galaxy

Stochastic qw background: TS
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Possible sources of QW i the early Universe

* QW propagates freely once generated
*  carry unique information about the processes that produced them

Possible Sources:

Formation of
Topological Defects

VD>

N/

These sources might also be the origin of some of the Cosmological Puzzles:

1. Dark Matter
2. Matter-Antimatter asymmetry
2. Primordial Black Holes



qravitational waves from Domain walls



My recent works on GWs from Domain walls

Observable gravitational waves and AN_+ with global lepton number symmetry and dark matter
Debasish Borah (Indian Inst. Tech., Guwahati), Nayan Das (Indian Inst. Tech., Guwahati), Rishav Roshan (Southampton U.) (Jun 6, 2024)
Published in: Phys.Rev.D 110 (2024) 7, 075042 - e-Print: 2406.04404 [hep-ph]

pdf & DOI 4 cite @ reference search <) 3 citations

Using gravitational waves to see the first second of the Universe
Rishav Roshan (Southampton U.), Graham White (Southampton U.) (Jan 9, 2024)
Published in: Rev.Mod.Phys. 97 (2025) 1, 015001 - e-Print: 2401.04388 [hep-ph]

pdf & DOI 4 cite @ reference search <) 49 citations

Leptogenesis, dark matter and gravitational waves from discrete symmetry breaking

Subhaditya Bhattacharya (Indian Inst. Tech., Guwahati), Niloy Mondal (Indian Inst. Tech., Guwahati), Rishav Roshan (Southampton U.), Drona Vatsyayan (Valencia U. and Valencia U., IFIC) (Dec 22,
2023)
Published in: JCAP 06 (2024) 029 - e-Print: 2312.15053 [hep-ph]

pdf < DOI 4 cite @ reference search <) 8 citations

Quantum gravity effects on fermionic dark matter and gravitational waves

Stephen F. King (Southampton U.), Rishav Roshan (Southampton U.), Xin Wang (Southampton U.), Graham White (Southampton U.), Masahito Yamazaki (Tokyo U., IPMU and Nihon U., 1QS) (Nov 21,
2023)

Published in: JCAP 05 (2024) 071 - e-Print: 2311.12487 [hep-ph]

pdf & DOI [4 cite @ reference search <) 7 citations

Quantum gravity effects on dark matter and gravitational waves

Stephen F. King (Southampton U.), Rishav Roshan (Southampton U.), Xin Wang (Southampton U.), Graham White (Southampton U.), Masahito Yamazaki (Tokyo U., IPMU and Nihon U., 1QS) (Aug 7,
2023)
Published in: Phys.Rev.D 109 (2024) 2, 024057 - e-Print: 2308.03724 [hep-ph]

pdf < DOI [4 cite [@ reference search <) 23 citations



Domain Walls: Para and Ferromagwnetism
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Domain wall Formation 4
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Spontaneous breaking of Z,
From Yann Gouttenoire’s SHEP seminar@UQOS



DPomain wall: Fact-sSheet

¢(x) = vtanh (\/gvx) N QQI
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1 ) ) Scale factor
PDW X 1 " (scaling regime)

(Dilutes much slower thaw radiation and matter)



Possible Solutions

1. tf formed before inflation, they cawn be inflated away
+

2. symmetry restoration at some temperature
3. Metastable Domain walls

V(o)

Saikawa, Universe 3, 40 (2017) }

A

pv ~ Vbias, PT ~ e = +

Vbias mmm) DY/ > PT = False vacuum shrinks



Energy Density

Ggravitational waves from Domain walls
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JCAP 05 (2024) 071 [SFK, =R, XW,GW,MY]
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Scale factor

108

Pew ~ 5 ;<Qz’j@ij> ~ o2 A%t
aw speotrum.: Qewl(t, f) = Pcl(t) dp(fly f(t)

10~ 0.01 1 100

f/Hz

106

Brokew power Law
nghZ X f3 for f < fp

Qawh? o< f~1 for f > f5

The peak amplitude and frequency appear whew t ~ tany,

~ATF—2
g Vbias

QO h?~5.3x 1072 cA*C?

P ann

f, ~3.75 x 107" Hz Ca_nln/2'/4_1/2/0'\_1/2‘71/2
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Applications: qw from PW

Stable Dark Sector

Quantum Gravity
Sy : 25PW) » Aqe

5, 2PM) 25 o e,

2

Based on: PRD 109 (2024) 2, 02405F



(1922)

T-h e Soa Le of tha wtum q rav’bta qlddings § Strominger, NPB 206, 890

-~

cawn be broken ba
wow—per‘curbative

tnstanton effects.

o

Global symwmetry

~

)

Blumenhagen et al., NPB #7#1, 113 (2007)
Flovea et al., )JHEP 05, 024 (2007)

The quantum gm\/itg effect

becomes relevant at  Planck @ —

ectlve quantum oravity scale
length i 1 9 J

Aqa ~ Mpie® > Mp

Nown-perturbative instanton effects /

Os/Aqa s suppressed by =%

Generally, a global symmetry-breaking scale can be much higher thaw the Planck scale.

% U(1) Peccei-@uinn symmetry breaking: S > 190 mmmmm Aqc ~ 10100 GeV  Extremely large!

< Discrete Z, symmetry we are considering:g O(MB,/ A2 S~ O(10)

weak gravity conjecture requires Auyy < Mpy

More realistic!

The range of the scale we ave considering s Aqa ~ (1020 ---10%°) GeV = S ~ (4---38)



The setup

The renormalizable potential (Z;-conserving) 10-4} £ = 408x10-8Hz
Qph = 1.75x1077
6- b ;M |
1076} i m \ -
V =p*H'H + N(H'H)? + H'H(M\515% + Aps253) | \ M) i//l I g
g Wi g
+ As1257 93 4 1553 + 252 41 (SF —vi)? 107 “ l |
q =
Y 10—10
Y
Dlmension-five potential (Z,-breaking) 10-12
| ) 10—14-
AV = (02357 + 0 S H + a3 S HY) + ¢; 51807 : — — —_—
AQG; A Z : 1x107 2x10°  5x107 1x10® 2x10®  5x10°8
f/Hz
v 1 . Ui’m}?l Uﬂfﬁ PRD 109 (2024) 2, 024057 [SFK,RR,XW,GW,MY1
bias — Q Up + 9 4



PM Déeca 5:

) Electroweak symmetry breaking , vy

AV D> S2H*/Aqe Mixing between S, and H: sinf) = — 2 A
(mj, — miy) QG
| sin20 ndirect detection of dark matter
I'pm = 167 m JUAPARSYISY: )
oM CME power spectrum SKA radio telescope
25

DM 210 S Ipym = 10790 71

SM 107 HEAO-1 10-24: L ——— ) | AR '
AL Fl — Tuax| x — SM; 5M;, excluding vz
EGRET 107250 Segl dSph, 100hrs SKA .
SZ H 10%°- 10_265 go==13u>éw28 em?®7!, y=0.7 ]

%\ 10728  detectable at 100 hrs SKA _
@2 E DM model independently ]
SM = 107 -
10°30L detectable at 100 hrs SKA -]
C depending on DM model a
1073L N
SZ — SMSM — eé VV vV 1032 not detectable at 100 hrs SKA N
) ) N ]
A A N . Laial N -33(
10 PRI | PR | NN NN
3 -2 - 0 1
10 10 10 10 10 101 102 103 104

DM mass (GeV)
Slatyer & Wu, PRD 95, 2, 023010 (2017) my (GeV)




QW from DW: Testing the scale of Quantum Gravity

DWs overclose Universe
(tm > tdom)

9S0[918A0 SM (T

NANOGrav

loglo (’Ul/GeV)
logw (’Ul / GeV)

log1o(Aqa/GeV)

PRD 109 (2024) 2, 024057



My recent works on GW from Cosmic Strings

Using gravitational waves to see the first second of the Universe
Rishav Roshan (Southampton U.), Graham White (Southampton U.) (Jan 9, 2024)
Published in: Rev.Mod.Phys. 97 (2025) 1, 015001 - e-Print: 2401.04388 [hep-ph]

pdf & DOI [4 cite @ reference search <) 49 citations

Imprint of PBH domination on gravitational waves generated by cosmic strings

Debasish Borah (Indian Inst. Tech., Guwahati), Suruj Jyoti Das (Indian Inst. Tech., Guwahati), Rishav Roshan (Kyungpook Natl. U. and Chonnam Natl. U.), Rome Samanta (Prague, Inst. Phys.) (Apr 24,
2023)

Published in: Phys.Rev.D 108 (2023) 2, 023531 - e-Print: 2304.11844 [hep-ph]

pdf & DOI [4 cite [ reference search <) 13 citations

Gravitational wave signatures of a PBH-generated baryon-dark matter coincidence

Basabendu Barman (Warsaw U.), Debasish Borah (Indian Inst. Tech., Guwahati), Suruj Jyoti Das (Indian Inst. Tech., Guwahati), Rishav Roshan (Kyungpook Natl. U.) (Nov 30, 2022)
Published in: Phys.Rev.D 107 (2023) 9, 095002 - e-Print: 2212.00052 [hep-ph]

pdf <> DOI 4 cite @ reference search <) 31 citations

A predictive SO(10) model
George Lazarides (Aristotle U., Thessaloniki), Rinku Maji (Ahmedabad, Phys. Res. Lab), Rishav Roshan (Kyungpook Natl. U.), Qaisar Shafi (Delaware U., Bartol Inst.) (Oct 7, 2022)
Published in: JCAP 12 (2022) 009 - e-Print: 22710.03710 [hep-ph]

pdf <> DOI 4 cite [ reference search <) 18 citations

Probing high scale seesaw and PBH generated dark matter via gravitational waves with multiple tilts
Debasish Borah (Indian Inst. Tech., Guwahati), Suruj Jyoti Das (Indian Inst. Tech., Guwahati), Rishav Roshan (Kyungpook Natl. U.) (Aug 9, 2022)
Published in: Nucl.Phys.B 1002 (2024) 116528 - e-Print: 2208.04965 [hep-ph]

pdf <> DOI 4 cite @ reference search <) 17 citations
Heavier W boson, dark matter, and gravitational waves from strings in an SO(10) axion model

George Lazarides (Aristotle U., Thessaloniki), Rinku Maji (Ahmedabad, Phys. Res. Lab), Rishav Roshan (Kyungpook Natl. U.), Qaisar Shafi (Delaware U., Bartol Inst.) (May 10, 2022)

Published in: Phys.Rev.D 106 (2022) 5, 055009 - e-Print: 2205.04824 [hep-ph]

pdf < DOI 4 cite @ reference search <) 31 citations



Cosmic String Formation

Unbroken Symmetry Broken Symmetry

Im.. TR | "

» }/1|
1
4 1
\

Cosmic Strings

CS is a 1-d defect originating from SSB of U(L) symmetry.

a. Breaking of global U (1) symmetry: Global string
b. Breaking of Local L (1) symmetry: Local string




qravitational waves from Cosmic Strings
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S 1
Scale factor ;
The evolution of CS network ts much more complicated: :
a. Intercommutation of tntersecting strings Leads to the formation of :
Loops of different sizes. l ]

0.1 10 100
b. sSwaller Loops decay by radiating qw. f(Hz)

PhiL.mes.Rog.Soc.Lowd.A 280 (R022) 20210060



Application: probing early Mp eras

Gauged

SM x U(1) » Cosmic String —— GW
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Early Matter Dominated era results from PBH dowminated universe

Phys.Rev.D 102 (2023) 2, 023531 [PB, S)D, RR, RS]



Fural Remarks

1. sSome high-scale physics: DM, understanding the scale of 4G, PBH ete.

2. How to test/probe these scales? Primordial Gravitational waves?

3. QW can have cosmological origins: Topological defects, PBHs, ete.

4. The same sources might also produce particles responsible for all the above cosmological puzzles.

4. This suggests that primeordial GW cawn help us understand, test, and probe these scales because they
might have a common origin.

5. gravitational wave cosmology is one of the most promising avenues for discovering physics beyond
the standard Model.



owngolng Works

1. Neutrino mass and qws from Electroweak Phase transitions. [r=, JvI

2. Asywmmetric dark Matter and qws from Phase Transition. [DB, AD, RR, IS]
2. Minimal secale tnvartant WIMP dark matter and qgwWs [AB, =R, AZ]

2. uantum Gravity origin of PBH dark matter and qWs [y, SFK,RR,XW,GW,MY]
5. Effect of PBH mass distribution on W production during reheating Mg, YM, MO, RR]

6. Electroweak Phase transttlons and Electroweak Vacuum sta bLL'Ltg with VLR [DB, RR,AS]



Futwre DLrectlons

1. Gravitational waves from monopoles and textures.

2. gravitational waves from Hybrid Defects.

3. gravitational waves from Phase Transition and its connection to early Universe
physics like PBH formation.

4. Bridge the gap between the community working on PBH formation and evaporation.

5. Both the formation and evaporation of PBH are effective sources of qravitational
waves
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Thank You!



Backup



Gqravitational waves from PBH

JCAP04(2021)062

Scale factor

whowmogeneity in the distribution of the PBH )y
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Application: qwW Production During Reheating
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Application: probing multiple MD eras
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Neutrinos, an elusive particle

what we kwnow :
U = types of neutrinos
d They oscillate

d TLV\@ but unknown masses

what we don't Rnow :
d origin of neutrino mass

O Natwre [Dirac/Majorawal

u\:; E O Absolute neutrino mass
\ o~

Neutrino mass might involve heavy scales origin:
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how to test such scales?




Matter-Antimatter as Ymmetry
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Most explanations consider very high-energy scales, can we test such scales?



Gqravitational waves from Phase Transition



Some recent works on GW from Phase transition
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Phase Transttlon
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GWs from First-Order Phase Transition
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