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Particle physics with gravitational waves
A new era for beyond the Standard Model physics

New data, new opportunities...

+ A unique observational window: a probe
of the dark, a memory of the past

+ A growing dataset: ~ 50 merger events

+ New experiments under construction

We may learn a lot about particle
physics from gravitational waves



Particle physics with gravitational waves
A new era for beyond the Standard Model physics

New data, new opportunities...

t Unprecedented access to non-
o & luminous masses and environments
- - Probes gravitational coupling (mass)

"f - Sensitivity scales as 1/r (not 1/r?)

+ A unique observational window: a probe
of the dark, a memory of the past

+ A growing dataset: ~ 50 merger events

— Different opportunities:
i 1. Waveform analysis
2. Population analysis

+ New experiments under construction

We may learn a lot about particle
physics from gravitational waves



What can we learn from individual waveforms?*

A lot, for example, | [ :
1. Component masses f) “/)QO §
2. Tidal effects > equation of state | £
3. Dynamical friction - environmental effects 20-0 \/\/W\/\/

4. Long-range (dark) forces - BSM effects “22 _m.. ! :

5. Extra dissipation channels - BSM effects E— I

6. Redshift of event - age of object fisco = 33/2sz€ZM1 + M)
7. “Hair”: multipolar metric deviations (EMRIs) - tests of GR

8. Post-merger quasi-normal modes, “echoes” - GR, ultralight bosons

So what about Dark Matter?

*Further information could come from (for example)
from multi-messenger signals (or absence thereof)




What can we learn from individual waveforms?*

A lot, for example, BSM examples:
1. Component masses PBHs
2. Tidal effects - equation of state ECO DM
3. Dynamical friction - environmental effects DM spikes
4. Long-range (dark) forces - BSM effects ULDM, modified gravity
5. Extra dissipation channels - BSM effects ULDM
6. Redshift of event - age of object PBHs
7. “Hair”: multipolar metric deviations (EMRIs) - tests of GR modified gravity
8. Post-merger quasi-normal modes, “echoes” - GR, ultralight bosons ULDM

*Further information could come from (for example)
from multi-messenger signals (or absence thereof)




Binary mergers in LIGO/Virgo O1-3a
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Binary mergers in LIGO/Vlrgo 0O1-3a

/o %, GW190521

O Ehe New Tork Time

Next generation experiments:
are there mergers at z > 8ish?
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What can we learn from population analysis?
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% The late evolution of the heavy stars is.

dramatically altered by pair-instability | o9
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iSteIIar cores are like i % —  GW archeological record? —
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_"r”:subatomic particle labs!

What can we learn from the

Stellar cores are like % ~  GW archeological record?

Post-main:sequence

stellar evolution A 4

, Pair — instability direct @
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I .
'SteIIar cores are like

—"r”subatomlc particle labs!

, Pair — instability
. (in a nutshell)
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Black hole mass

Pair-instability and black hole populations

We can predict black hole masses
usmg stellar evolution S|mulat|ons
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Pair-instability and black hole populations
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What about new particles?




What about new particles?

|
| The star evolves
E differently




What about new particles?




What about new particles?




What about new particles?

| . . |
i Nuclear astrophysics: pair- ]
| |
(instability is a sensitive probe of ]
|
1

Farmer, Renzo, de Mink,
Fishbach, Justham
arXiv:2006.06678

Gravity: the BHMG is a test of Gy in

stellar cores Straight, Sakstein, Baxter,

arXiv: 2009.10716

— Testing the BHMG hypothesis with GW data



New particles which free-stream out

|

iThe star loses energy !
Eas the new particles
ifree—stream out

DC, McDermott, Sakstein arXiv:2007.00650 [hep-ph]



New particles which free-stream out

|

iThe star loses energy !
Eas the new particles
ifree—stream out

tup — tzAuB (105 yrs)

iTo maintain hydrostatic
.equilibrium the star burns
'through helium more qwckly
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DC, McDermott, Sakstein arXiv:2007.00650 [hep-ph]



New particles which free-stream out

|

iThe star loses energy
Eas the new particles
ifree—stream out

|
iTo maintain hydrostatic
.equmbrlum the star burns

C/O (tup)
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i The balance of nuclear reactions

'more carbon) has been formed

| (triple-a and '2C(a, 7)'00) shifts —
' at helium depletion, less oxygen (and
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New particles which free-stream out

i The balance of nuclear reactions

| (triple-a and *C(a, y)160) shifts —
| at helium depletion, less oxygen (and
'more carbon) has been formed

|

iThe star loses energy
ias the new particles
ifree—stream out

|

EAS there is less oxygen in
ithe core, the pair-instability
rexplosion is less violent

|
ETo maintain hydrostatic
.eqU|I|br|um the star burns

DC, McDermott, Sakstein arXiv:2007.00650 [hep-ph]



Less violent explosions = heavier black holes

ENew weakly interacting
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DC, McDermott, Sakstein arXiv:2007.07889 [gr-qc]



IAn iIIustration of astrophysical | .
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Under study: trapped particles
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DC, McDermott, Sakstein arXiv:2007.07889 [gr-qc] + work in progress



... Can give rise to
new instabilities!
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DC, McDermott, Sakstein arXiv:2007.07889 [gr-qc] + work in progress



Sakstein, DC, McDermott, Straight, Baxter, PRL, arXiv:2009.01213 [gr-qc]
Straight, Sakstein, Baxter, PRD, arXiv:2009.10716 [gr-qc]

New forces

Screened modified gravity: new force as effective AGy,

AGy > 0 (locally) = need larger pressure

- : gradient to maintain hydrostatic equilibrium
- : — larger core temperature at fixed density — :
4 :  Pair |nstab|I|ty is exacerbated —Lighter BHs
F < _’ unstable II: IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
S
g T
Sy F===""" C ignition
He ignition
108

102 103 104 10° 106 107
Pc (g Cm_3)



Sakstein, DC, McDermott, Straight, Baxter, PRL, arXiv:2009.01213 [gr-qc]
Straight, Sakstein, Baxter, PRD, arXiv:2009.10716 [gr-qc]

New forces

Screened modified gravity: new force as effective AGy,

AGy > 0 (locally) = need larger pressure
gradient to maintain hydrostatic equilibrium

: — larger core temperature at fixed density —
4 Pair |nstab|I|ty is exacerbated — Lighter BHs

F < —, unstable "::: ................................................
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Nuclear physics

Farmer, Renzo, de Mink, Fishbach, Justham, ApJL arXiv:2006.06678 [astro-ph.HE]
Baxter, DC, McDermott, Sakstein, arXiv:2104.02685 [astro-ph.CO]

Particularly sensitive to >C(a, y)'°0
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Farmer, Renzo, de Mink, Fishbach, Justham, ApJL arXiv:2006.06678 [astro-ph.HE]
Baxter, DC, McDermott, Sakstein, arXiv:2104.02685 [astro-ph.CO]

Nuclear physics
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Black hole mass

Pair-instability and black hole populations

We can predict black hole masses
usmg stellar evolution S|mulat|ons

. Pair — instability direct @
. (in a nutshell) ’ collapse
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Black hole mass

Pair-instability and black hole populations

Stellar mass

We can predict black hole masses
usmg stellar evolution simulations :

éNew particles, dark matter,
or different nuclear rates
ican change this prediction

See for example...

DC, McDermott, Sakstein arXiv:2007.00650 [hep-ph]

DC, McDermott, Sakstein, PRD (editor’s suggestion), arXiv:2007.07889 [gr-qc]
Straight, Sakstein, Baxter, PRD, arXiv:2009.10716 [gr-qc]

Sakstein, DC, McDermott, Straight, Baxter, PRL, arXiv:2009.01213 [gr-qc]
Ziegler, Freese arXiv:2010.00254 [astro-ph]

...More work in progress

33



Black hole mass

34

Pair-instability and black hole populations

From stellar evolution simulations to gravitational wave data analysis

PPISN pile-up

Stellar mass

MPPISN

MPISN

+ Initial mass
function (here

x power law)

PPISN pile-up

Black hole mass
Mgy

See also Talbot & Trane, arXiv:1801.02699
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Pair-instability and black hole populations W

From stellar evolution simulations to gravitational wave data analysis

1072}

1073}

dN/d Mgy (arbitrary units)

SM xBSM
a = 0.39 a = 0.05
b= —22 b=-2.5
30 A 40 47.7 60.3
Mpu(Mp)

Currently, the data
prefers a feature here

Baxter, DC, McDermott, Sakstein, arXiv:2104.02685, accepted in ApJL



Pair-instability and black hole populations

Testmg BSM
partlcle phy5|cs

Testmg nuclear
(astro) physics

Mpu(Mo)

Mpu(Mo)

2C(a,7)'%0
o MESA result
—fit

dN/dMgy (arbitrary units)

dN/d Mgy (arbitrary units)
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a=0.39 a = 0.05
b= —2.2 b=-2.5
10—3 B
10 \J. -
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102 ‘12ICia,lfy)|16lO l+llal
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1073} )
\%,) 1o
104} a = 0.44
b=-2.1
20 30 40 446 50.2
Mpr(Mo)
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FIND THE GAP

4

5, accepted in ApJL

4

7

7

C, McDermott, Sakstein, arXiv:2104.0268

Baxter, D



Binary mergers in LIGO/Virgo O3a

This work, Eq. (7) | with GW190521

1071

with GW190521
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CS. 10_2 —9.99_9 o7
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N——" _3
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= 10-4 Mmax [Me] 851 5°
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= .
' E—— : pm [Mp] 34.0172
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Baxter, DC, McDermott, Sakstein, arXiv:2104.02685, accepted in ApJL




Binary mergers in LIGO/Virgo O3a

This work, Eq. (7) | no GW190521

: —— logio A | —3.924200
2 1o without GW190521 Mguvc [Me] | 54.11%5G
E a 0.23-1-0.18
= DC+BMS . ) 9—8(:._%645
—+-J90_0.42
- LVC: PL + peak | 5ot
CE 10—2 I _9 .81
e Mmin [Mo] | 3.33715%
Fc% om [Mo] | 5.15%297
N— _3
= 10 LVC: PL+peak | no GW190521
ﬁ al| 3.08793
2 Muax [Mo] 7249
= 10 Apeaic | 0.1077:023
] +2.5
L . . . 1 N Hm [MG)] 33'4—2.1
20 40 60 80 om [Mo] > 4.49
Myin M 456113
MBH(M(D) [ GJ] 0.77
Om [Mg] < 4.04

Baxter, DC, McDermott, Sakstein, arXiv:2104.02685, accepted in ApJL




€he New York Times

GW190521 and the mass gdp These Black Holes Shouldn't Exist,

but There They Are
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Baxter, DC, McDermott, Sakstein, arXiv:2104.02685, accepted in ApJL
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€he New York Times

These Black Holes Shouldn't Exist,

but There They Are

GW190521 and the mass gap
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Baxter, DC, McDermott, Sakstein, arXiv:2104.02685, accepted in ApJL
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€he New York Times

These Black Holes Shouldn't Exist,

GW190521 and the mass gap These lck Hol
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Baxter, DC, McDermott, Sakstein, arXiv:2104.02685, accepted in ApJL



To conclude,

e Gravitational waves offer an exciting new opportunity to study open
guestions in stellar astrophysics and particle physics

 Pair-instability supernovae lead to unpopulated space in the stellar

graveyard — the black hole mass gap is an entirely new probe of particle &
nuclear physics

 Black hole population studies will allow us to study stellar evolution —
black hole archeology

* In preparation: inclusion of other information (spin, redshift, ...) + code
release



g Thank youl

...ask me anything you like!

dereon@trivmtea | djuna.l.croon@durham.ac.uk

djunacroon.com

43



Sam McDermott [

Back-up slides

Jeremy Sakstein

Eric Baxter

“|Maria Straight




DC, McDermott, Sakstein arXiv:2007.07889 [gr-qc] + work in progress

What about trapped new physics?

* Heavier and more strongly coupled degrees of freedom may instead
remain in the star

* Then, they affect the stellar structure equations
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Late evolution of heavy stars

M, = 40Mg
Min — 7OM®

Stellar evolution
simulated with
MESA 12778*

109 : /
—=Z
C ignition
He ignition
108 1111 1111 1111 1111 1 1 L1111
102 103 10* 10° 106 107
-3
pe (g cm™)

*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Late evolution of heavy stars

— Main nuclear reactions:

@ @ e
s @ o

He ignition

108

103

104

IE

C ignition

M, = 40Mg
Min — 7OM®

Stellar evolution
simulated with
MESA 12778*

102

pe(g cm™)

106 107

*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Late evolution of heavy stars

Main nuclear reactions:

R+ 20 =

108

L1l

\

He ignition

160 +2 4He

ONe +4 He

23Na+p+
BMg+n
24Mg_|_,)/
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o

/

C ignition

M, = 40Mg
Min — 7OM®

Stellar evolution
simulated with
MESA 12778*
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*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Late evolution of heavy stars

: _____________________________________________________ Min = 40M@

M, = 7T0Mg
4
I' < 3 unstable
O tomiti Stellar evolution
1gnition

simulated with
MESA 12778*

He ignition

108 1 1 1111111
102 103

104 10° 106 107

pe(g cm™)

*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Barkat, Rakavy, Sack PRL (1967)
Rakavy, Shaviv, ApJ (1967)

The danger zone: pair-instability

Y et

The high temperatures of stellar cores mean electron-
positron pairs can be created from photons: yy — eTe™

’7 e



Barkat, Rakavy, Sack PRL (1967)
Rakavy, Shaviv, ApJ (1967)

The danger zone: pair-instability

Y et

The high temperatures of stellar cores mean electron-
positron pairs can be created from photons: yy — eTe™

Y e
Relativistic electrons

Unstable, because: mmmmT e, N

]
The photons give the star outward . [ -2 | sabke =

Se 3 _.-=""|lon pressure

pressure Sl e
The electrpn—p05|tron pairs imply 1,7 = e*e- Bolzmann suppressed
extra gravity but no pressure '

102 103 104 10° 100

— the core starts to collapse B
Pc (g CcIm )



Evolution of old population-Ill stars

I L L L L L P L PP TP M;i, = 40Mg
. Core collapse triggers
.explosive thermo- My = 70Mg
'nuclear burning of 16Q
N Stellar evolution
C ignition

simulated with
MESA 12778*

He ignition

108 1 1 1111111
102 103

104 10° 106 107

pe(g cm™)

*Paxton et al, arXiv:1710.08424 [astro-ph.SR]



Pair instability

in a nutshell

Adapted from Renzo et al [2002.05077]



Pair instability

U N N N N R NN RN N N N N SN SN NN M BN M R S

in a nutshell iThe eTe™ pairs trigger i
i premature core-collapse.

———————————— P = -

i 1. The core gets so hot, (non-

I relativistic) ete ™ pairs are
i created in the core plasma

Adapted from Renzo et al [2002.05077]



Pair instability

.—i

EZ. Explosive burning of
I oxygen (a burning product
| of helium) gets ignited

in a nutshell

Adapted from Renzo et al [2002.05077]



1 3a. Photodisintegration E

Pa I 1 | N Sta bl | |ty i instability triggers ' Initial star mass

|
'immediate BH collapse i Q
M,, 2 200 M,

n ~

in a nutshell

Adapted from Renzo et al [2002.05077]



1 3a. Photodisintegration E

Pa I 1 | N Sta bl | |ty i instability triggers ' Initial star mass

|
'immediate BH collapse i

M, 2 200 M,

in a nutshell

|
1 3b. Explosive oxygen :
| |
I burning unbinds all !
i material in the star: PISN |

|

Adapted from Renzo et al [2002.05077]



1 3a. Photodisintegration E

Pa I 1 | N Sta bl | |ty i instability triggers ' Initial star mass

|
'immediate BH collapse i

in a nutshell M;, 2 200 M,

E 3b. Explosive oxygen

|
|
]
iburning unbinds all !
|
|
|

' material in the star: PISN
1 3c. Some (but | - R
| . | .
I not all) material 1 g

|

| is ejected: PPISN

M,, > 50M,

m ~v

Adapted from Renzo et al [2002.05077]



Dynamical mergers and black hole genealogy

:Black holes formed in prior
Emergers may in principle
populate the mass gap.

éTheir mass distribution inherits
:from the 1g mass distribution.
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d
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C, McDermott, Sakstein, arXiv:2104.02685
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Physics dependence of the BHMG

* Astrophysical + nuclear +
numerical dependence

* Most important dependence:
2C(a, y)'°0 rate

‘Q

 J

* Using updated deBoer et al *
rate, BHMG found at 48:% M,

deBoer et al arXiv:1709.03144 [hep-ex]
Farmer, Renzo, de Mink, Fishbach, Justham
arXiv:2006.06678 [astro-ph.SR]

7B '——  Environment
Rates f | | i
Winds f ‘." — i
OKM{:;‘?‘ j Physics |
AL H i
‘.'S‘im2 0, t H :
At ' -
At i H Numerics 1
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40 50 60

Maximum BH mass (Mpp max [Mo))

Farmer, Renzo, de Mink, Marchant, Justham
arXiv:1910.12874 [astro-ph.SR]



Gravitational waves may shed light on dark matter

forces

Axion {:} EMRI/IMRI dephasing

QCD Axion
(GW/Radio) DM production
by bubble collisions

Axion
DM

Rolling Rolling
axions axions Dark blobs

00

Dark Photon DM Hiddeﬂi sector PBH
BH-Boson scalars mergers

condensate (:]
BH spin

distribution

PBH/sub-halo
transits

Boson star
binaries 1M ®

mppn g oo b
10-20 10°10 1 1010 10% 1030 1040 10°Y 1080 107
Dark Matter Candidate Mass [eV]

62

Bertone et al. (including DC, BJK) arXiv:1907.10610
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