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Why galaxies?
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Astrophysics – An underexplored region of 
parameter space
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Baker et al. 2015 (arXiv:1412.3455)
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Novel effects on astrophysical scales
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• Fifth forces - screening
• Dark matter

• Lots of high quality data

• Usually assume a theory of gravity (GR or Newtonian) and then do 
astrophysics. Can we get a good enough handle on astrophysics to 
instead test the theory of gravity?



Galaxy-by-galaxy forward model
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“Noise Model”“Predicted Signal”
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• “New physics” parameters
• Galactic properties
• Large scale structure (BORG)

• “Noise” parameters
• Other astrophysical processes
• Observational effects



Photon dispersion relation
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Quantum Gravity
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Qualitative argument (Wheeler 1998):
• On timescales ∆𝑡 ~ 1/𝐸!, expect quantum-gravitational fluctuations 

in spacetime of energy ∆𝐸 ~ 𝐸!
• Spacetime would not look smooth on length scales ∆𝑥 ~ 1/𝐸! -

“foamy” structure
• Non-trivial refractive index for empty space? Would be important at 

high energies.
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Energy Dependent Arrival Times: Quantum Gravity
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For two photons emitted simultaneously at redshift 𝑧 and observed energies 𝐸! and 𝐸",
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Could be observed at high energies.
Amelino-Camelia et al. 1998 (arXiv:9712103), Jacob & Piran 2008 (arXiv:0712.2170)
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Energy Dependent Arrival Times: Massive Photon
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Would be important at low energies.
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GRBs are ideal for this
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• Large 𝑧 ⇒ large integral ⇒ tight constraints.
• Short duration and observed time delays ⇒ any novel effect must be 

small.
• QG (massive photon) best at high (low) energy.
• Radio frequencies - dispersion by electrons has same energy 

dependence as for a massive photon.
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Challenges to Overcome
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Some issues with previous constraints
• Do not propagate uncertainties in redshift of source.
• Simple (or no) model for other contributions to spectral lag.
• Only use a handful of GRBs.

How to overcome this
• Forward model time delays with Monte Carlo procedure.
• Test a variety of models - compare performance and sensitivity of 

constraint.
• Use a larger sample.
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GRB Data
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• 448 GRBs (BATSE)
• Time delay data for 4 energy channels  

(25 – 325 keV)
• Pseudo-redshifts (with uncertainty) 

from spectral peak energy-peak 
luminosity relation:

<latexit sha1_base64="1juJOGH1UGoi7WxB4rCz69akCRc=">AAACKnicbVDLSgMxFM34rPVVdekmWARFKDMi6rIqggsXFWwVOkPJpJk2mJmE5I5Qh36PG3/FTRdKceuHmE5b8HUg5OSce7m5J1SCG3DdoTMzOze/sFhYKi6vrK6tlzY2G0ammrI6lULq+5AYJnjC6sBBsHulGYlDwe7Ch4uRf/fItOEyuYWeYkFMOgmPOCVgpVbpzBeyg6+xr7RUIHH+9AWLYA9ftjJfx1j1p4KHD/AT9jXvdGF/erdKZbfi5sB/iTchZTRBrVUa+G1J05glQAUxpum5CoKMaOBUsH7RTw1ThD6QDmtampCYmSDLV+3jXau0cSS1PQngXP3ekZHYmF4c2sqYQNf89kbif14zheg0yHiiUmAJHQ+KUoFtJqPccJtrRkH0LCFUc/tXTLtEEwo23aINwfu98l/SOKx4x5XDm6Ny9XwSRwFtox20hzx0gqroCtVQHVH0jF7RG3p3XpyBM3Q+xqUzzqRnC/2A8/kFx6SlBQ==</latexit>

logL / log (Ep (1 + z))

Yu, Xi & Wang 2018 (arXiv:1708.02396)
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Forward Model the Time Delays
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• Draw 𝐸" and 𝐸# from distribution proportional to spectrum between 
band's limits
• Draw redshift from two-sided Gaussian with upper and lower redshift 

errors

• Calculate ∆𝑡"#
(%&) for some fiducial ℓ%& ≡ 𝜉/𝐸%&
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Forward Model the Time Delays
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Take samples and fit to a Gaussian Mixture Model
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Other contributions to the time delay
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First approach: Suppose 𝐵!" intrinsic to source and same for all GRBs
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L (Bij) = � (Bij � bij (1 + z))

Ellis et al. 2006 (arXiv:0510172)
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Other contributions to the time delay
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Second approach: Suppose 𝐵!" intrinsic to source and stochastic
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Our approach – try several models
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Ideally want
• Try different 𝐵!" models - model comparison

• Results to be (relatively) insensitive to how one models the noise
For just observational noise:
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Can add in intrinsic contributions by allowing some Gaussians to depend on redshift, e.g.
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Recap
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Results
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m� < 4.0⇥ 10�5 h eV/c2 (95% confidence)
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|`QG| < 5.3⇥ 10�18 h GeV�1 (95% confidence)
Bartlett, Desmond, Ferreira & Jasche 2021 (arXiv:2109.07850)
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Other tests?
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Shapiro time delays
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Here can use spatial variation

Bartlett, Bergsdal, Desmond, Ferreira & Jasche 2021 (arXiv:2106.15290)



BORG - Bayesian Origin Reconstruction from Galaxies 
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Jasche & Wandelt 2012 (arXiv: 1203.3639)
Jasche & Lavaux 2019 (arXiv: 1806.11117) 
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BORG - Bayesian Origin Reconstruction from Galaxies 

Lavaux, Jasche & Leclercq 2019 (arXiv:1909.06396)
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Tightest constraints on ∆𝛾
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Bartlett, Bergsdal, Desmond, Ferreira & Jasche 2021 (arXiv:2106.15290)

Marginalise out noise
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Black Holes and Galileons
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Galileons result in a screened fifth force

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

Screened Unscreened

<latexit sha1_base64="XnZVJIbOnEOn/L94unaOP+ujias="></latexit>

rV =
�
4
3↵GNMr2C

� 1
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rV,Sun ⇠ 100 pc

<latexit sha1_base64="dYkLGiS4ONhmfLFeEWt/8mFTqU4="></latexit>
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i
= 8⇡↵GN⇢̄�

<latexit sha1_base64="lBOykHYMbt1eMIBXiN90K6fYkok="></latexit>

M ~̈x = ~FN + ~F5 = �M ~r�� ↵Q~r�



Large scale structure sources Galileon field

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

<latexit sha1_base64="JciabfoNDTFQmlF79nmvVStWt5o=">AAACCHicbVC7TsMwFHV4lpZHgJEBi4KEhFQlHYCxgoWxSPQhNSFyXKe16jiR7VRUUUcWfoWFgYdY4Q/Y+BCYcdMO0HKkax2dc6+u7/FjRqWyrE9jbn5hcWk5t5IvrK6tb5ibW3UZJQKTGo5YJJo+koRRTmqKKkaasSAo9Blp+L3zkd/oEyFpxK/UICZuiDqcBhQjpSXP3HXiLoWOimBGjqCvC3tOmMCba/16ZtEqWRngLLEnpFjZ/3p+7xe+q5754bQjnISEK8yQlC3bipWbIqEoZmSYdxJJYoR7qENamnIUEumm2SFDeKCVNgwioYsrmKm/J1IUSjkIfd0ZItWV095I/M9rJSo4dVPK40QRjseLgoRBffcoFdimgmDFBpogLKj+K8RdJBBWOru8DsGePnmW1Msl+7hUvrSLlTMwRg7sgD1wCGxwAirgAlRBDWBwC+7BI3gy7owH48V4HbfOGZOZbfAHxtsPvImcUw==</latexit>

� ! �+ b+ cµxµ

Problem: Black holes and stars within Vainshtein radius of host

Solution: Galileon Symmetry

Can feel long wavelength modes, i.e. from large scale structure
<latexit sha1_base64="Vo9Oz3e+NwUAXptYjy6Pnc3b320="></latexit>

M ~̈x = �M ~r�� ↵Q~r�lss



BHs do not feel a fifth force - offset BHs

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

<latexit sha1_base64="pOOKM0isF+Bi833s5JG5E7sAXuY="></latexit>

Stars, gas, dark matter: Q = M Black holes: Q = 0

<latexit sha1_base64="cBM2nJ9nHAh/FRvVhSXBXNdwGSQ="></latexit>

r• = 0.1 kpc

✓
2↵2

1

◆ 
|glss|
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!✓
0.01M�pc�3

⇢0

◆

Hui & Nicolis 2012 (arXiv:1201.1508)



Properties, Environment & Astrophysics

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

<latexit sha1_base64="W2t9FZqPcu07zJM2gZEXzovdy64="></latexit>

r̈ = �GM (< r)

r2
� ↵~r�lss

1. Galaxy properties - 𝑀(< 𝑟)

2. Large scale structure - 𝜙'((

3. Knowledge of non-Galileon effects



CSiBORG – Constrained Simulations in BORG

• Suite (100) of DM-only simulations -
marginalize
• Initial conditions (z=69) from BORG 

reconstruction of 2M++
• Mass resolution 4.4 ×10( 𝑀⊙

• Density field à gravitational field
• Filter out high 𝑘 modes to mimic 

Vainshtein mechanism (𝑘* = 2𝜋/𝑟*)
• Add in unconstrained small 𝑘 modes

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk
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MC Sample 
galactic and LSS 

properties

Gaussian 
Mixture Model 
ℒ(rpred)

Convolve with 
noise model 
ℒ(r!"#)

Compare to 
data (MCMC)

0.00 0.05 0.10 0.15
Redshift

10°3

10°2

10°1

100

r •
,o

b
s
/

kp
c

OF13 O16 SB18 B19

0.00 0.05 0.10 0.15
Redshift

101

102

103

µ •
,o

b
s
/

m
as

Bartlett, Desmond & Ferreira (arXiv:2010.05811)



Constrain at fixed 𝑟!

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

<latexit sha1_base64="nWNBrLk7+oeInHpTnS6NJCsqX2Y=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4kDJTRN0IRTduhAr2AZ1hyKRpG5pkhiQjlGE2bvwVNy4Uces/uPNvTKez0NYDF07OuZfce8KYUaUd59taWFxaXlktrZXXNza3tu2d3ZaKEolJE0cskp0QKcKoIE1NNSOdWBLEQ0ba4eh64rcfiFQ0Evd6HBOfo4GgfYqRNlJgH8gg9SSHrQxeQtdxYP7yTuBtjLPArjhVJwecJ25BKqBAI7C/vF6EE06Exgwp1XWdWPspkppiRrKylygSIzxCA9I1VCBOlJ/mV2TwyCg92I+kKaFhrv6eSBFXasxD08mRHqpZbyL+53UT3b/wUyriRBOBpx/1EwZ1BCeRwB6VBGs2NgRhSc2uEA+RRFib4MomBHf25HnSqlXds2rt7rRSvyriKIF9cAiOgQvOQR3cgAZoAgwewTN4BW/Wk/VivVsf09YFq5jZA39gff4AVG6WjQ==</latexit>
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Bartlett, Desmond & Ferreira 2021 (arXiv:2010.05811)

<latexit sha1_base64="deW+om94W9YKqpxQFXpRHwnhjvM="></latexit>
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<latexit sha1_base64="+//oB9ib/aQ44kOFX7Y+Ic+rT74="></latexit>
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Can include intrinsic contribution:



Constrain ∆#
#!
< 0.16 at 1𝜎

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk
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Bartlett, Desmond & Ferreira 2021 (arXiv:2010.05811)



Modeling the noise

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk



Recap

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

MC Sample 
galactic and LSS 

properties

Gaussian 
Mixture Model 
ℒ(rpred)

Convolve with 
noise model 
ℒ(r!"#)

Compare to 
data (MCMC)

• Noise model – simple and empirical

• Astrophysics is messy – could be degenerate with my signal

• How do I know I can trust what I’ve done?



x

r
z

a5,z
Halo/Gas centre

Stellar diskWhat questions should I ask?

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

<latexit sha1_base64="2wTJwB80eAml7DPcJjtM6X0wFqA=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiCEJJiqgboejGZQV7gSaEyXTaDp2ZhJmJEEJWbnwVNy4UceszuPNtnLZZaOsPAx//OYcz5w9jRpV2nG+rtLS8srpWXq9sbG5t79i7e20VJRKTFo5YJLshUoRRQVqaaka6sSSIh4x0wvHNpN55IFLRSNzrNCY+R0NBBxQjbazAPkwDCq+gFyKZpbnhU5h5kkMRUUXywK46NWcquAhuAVVQqBnYX14/wgknQmOGlOq5Tqz9DElNMSN5xUsUiREeoyHpGRSIE+Vn0zNyeGycPhxE0jyh4dT9PZEhrlTKQ9PJkR6p+drE/K/WS/Tg0s+oiBNNBJ4tGiQM6ghOMoF9KgnWLDWAsKTmrxCPkERYm+QqJgR3/uRFaNdr7nmtfndWbVwXcZTBATgCJ8AFF6ABbkETtAAGj+AZvII368l6sd6tj1lrySpm9sEfWZ8/BOeYOA==</latexit>

yi = ȳi + noise
<latexit sha1_base64="cXxBwDfx3TLN3lYwejRcBN6JHRg="></latexit>

Li (yi|ȳi) =
1p

2⇡�y,i

exp

 
� (yi � ȳi)

2

2�2
y,i

!

1. Am I missing any correlations?

2. How significant are these correlations?

3. Is my model for +𝑦! sufficient?
Bartlett, Desmond & Ferreira 2021 (arXiv:2103.10356)
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Stellar diskExample – Screened Fifth Forces
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<latexit sha1_base64="MLSYo9pFbtAGRWOaEBvfWNMSwHo="></latexit>
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Z
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p
�g

R+ f(R)

16⇡GN
+ Sm

Object unscreened if
<latexit sha1_base64="BZZw49qsRBz+88iyUnmz9BFDNro="></latexit>
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Stars will be “self-screened” for 𝜒 ≲ 10+,

and thus feel fifth-force
<latexit sha1_base64="pBhcJAnW5RTiHf4SW95j02HPgD0=">AAACL3icbVDLSgMxFM34rPVVdekmWISKUGZE1KWoqCtRsLXQGYZMeqcNzTxI7ghl6B+58Ve6EVHErX9hWoto9UDg5JxzSe4JUik02vazNTU9Mzs3X1goLi4tr6yW1tbrOskUhxpPZKIaAdMgRQw1FCihkSpgUSDhLuieDv27e1BaJPEt9lLwItaORSg4QyP5pXN64eeuiuhVn7qY/LxJCLFCHbpL3VAxnrtnIJHRi37+HTIpJdod3PFLZbtqj0D/EmdMymSMa780cFsJzyKIkUumddOxU/RyplBwCf2im2lIGe+yNjQNjVkE2stH+/bptlFaNEyUOTHSkfpzImeR1r0oMMmIYUdPekPxP6+ZYXjk5SJOM4SYfz0UZpKaYobl0ZZQwFH2DGFcCfNXyjvMlIOm4qIpwZlc+S+p71Wdg+rezX75+GRcR4Fski1SIQ45JMfkklyTGuHkgQzIC3m1Hq0n6816/4pOWeOZDfIL1scn++mnRQ==</latexit>
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Stellar diskGas-star offsets and galaxy warps

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

Stellar disk

Halo/gas center

<latexit sha1_base64="LeN994pocwHfeqC6wmW8dRW3fvY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9y2qteVGp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH32uM/Q==</latexit>r

<latexit sha1_base64="JAu09ZBtP9D6nViMwzzD+tLiHj4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1mu1C9K1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOiDjQM=</latexit>x

<latexit sha1_base64="8stuC5tIA0JsfiYpTRMZXuWz+fM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgQcJu8HUMevEYwTwgCWF2MpsMmZ1dZnqFuOQjvHhQxKvf482/cZLsQRMLGoqqbrq7/FgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/up36zUeujYjUA45j3g3pQIlAMIpWatJeenH2NOkVS27ZnYEsEy8jJchQ6xW/Ov2IJSFXyCQ1pu25MXZTqlEwySeFTmJ4TNmIDnjbUkVDbrrp7NwJObFKnwSRtqWQzNTfEykNjRmHvu0MKQ7NojcV//PaCQbX3VSoOEGu2HxRkEiCEZn+TvpCc4ZybAllWthbCRtSTRnahAo2BG/x5WXSqJS9y3Ll/rxUvcniyMMRHMMpeHAFVbiDGtSBwQie4RXenNh5cd6dj3lrzslmDuEPnM8f/p+PWg==</latexit>a5,z

<latexit sha1_base64="sp78TYbCPXvrzZe6qPTFMBbL3Yo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1mu1C9K1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOuLjQU=</latexit>z

Unscreened

Screened
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Stellar diskAstrophysically Relevant Hu-Sawicki 𝑓 𝑅 ruled out
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Desmond & Ferreira 2020 (arXiv:2009.08743)
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Stellar diskUse a hydrodynamical simulation to test model

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

1. We know exactly what the theoretical 
parameters and implementation of 
baryonic physics are in the simulation

2. We have more information available 
there than we do observationally

• Horizon-AGN simulation: (100 Mpc/ℎ)3, 
126,361 galaxies, baryonic effects
• ΛCDM – should get no fifth-force detection

http://www.horizon-simulation.org/about.html
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Stellar diskFirst check you don’t get a detection

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk
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Bartlett, Desmond & Ferreira 2021 (arXiv:2103.10356)
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Stellar disk1. Am I missing any correlations?

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

Gas-star offsetGalaxy warp

Cannot predict à Noise model should be sufficient Can predict à Need to do more
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Bartlett, Desmond & Ferreira 2021 (arXiv:2103.10356)
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Stellar disk2. How significant are these correlations?

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

• Bin galaxies based on properties
• Assign different noise parameters to each bin
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Bartlett, Desmond & Ferreira 2021 (arXiv:2103.10356)
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Stellar disk3. Is my model for *𝑦$ sufficient?

Deaglan Bartlett          deaglan.bartlett@physics.ox.ac.uk

• With real data, had to assume the inner 
power-law slope of halo density profile
• We can measure this in the simulation
• Gas-star offsets far more sensitive than 

warps

• Conclusions depend on how much you 
trust your simulation
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Bartlett, Desmond & Ferreira 2021 (arXiv:2103.10356)



Summary
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z = 0.1
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±t(R)
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Stellar disk

• Under-explored 
region of parameter 
space

• Lots of data

• Tight constraints on 
fifth-force

• Improve non-linear 
modeling

• Importance of noise
• ∆𝛾 constraint 30 times 

stronger than previous 
attempts

• Astrophysics messy –
should test your noise 
model


