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Generic class of models for a blue isocurvature spectrum

Consider a QCD axion sector whose PQ symmetry breaking direction is lifted by gravity
mediated mass scale of O(H) during inflation.

Suppose the radial field is out of equilibrium:

Goldstone theorem is violated:
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Somewhat natural in SUSY models [Kasuya, Kawasaki 0904.3800]
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There can also be resonant oscillatory phenomena for heavy radial masses:

[2110.02272]
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[2110.02272] An interesting example plot of the analytic result:
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Other interesting points of note:
* There is good prospects for seeing the break in future experiments

since the break scale cannot be pused too far naturally.
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One may be able to experimentally see these even if they make up a
tiny (e.g. 104) fraction of the dark matter.



Blue isocurvature may be discoverable in the future

[How much sensitivity is there for discovery in future data?]

w/ Tadepalli + Muenchmeyer
We will try to answer this in the context of couple of upcoming experiments [2306.09456]:

Euclid and MegaMapper (MM)

First approximation: ignore the “break” in the spectrum

Generically, there has to be a break in the spectrum: otherwise dark matter will dilute away.
[1509.05850]

However, as a warmup, we consider only a power law isocurvature here [2306.09456].
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Why Euclid and Megamapper?

Linear theoretical predictions are arguably easier to test and higher redshifts allow more linear data volume.

Details:
Dark matter clustering d(k):

Larger k modes enter the horizon earlier and grow as
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Some next generation of experiments are probing higher redshifts.



[2106.09713] Volume measure

15+ MegaMapper > PUMA

fr(; dt!
x(a) = f z
t{a) a(?f") Comoving volume per redshift
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Euclid [1110.3193]

Near-IR space telescope
Coverage: 15,000 square degrees
Angular resolution: 5 X 10 radians

kmﬂ ~ 50hMpc !
ao

euclid £ N
EXPLORING THE DARK UNIVERSE . '

https://www.esa.int/Science_Exploration/Space_Science/Euclid_overview

Target: zrange: 1-2
Ha emitter galaxies
(i.e. young star forming small galaxies, far away)

Instrument special features:

highly calibrated imaging system - weak lensing
good spectroscopy —> baryon acoustic oscillations
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Euclid [1110.3193]
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Near-IR space telescope
Coverage: 15,000 square degrees
Angular resolution: 5 X 10°° radians SIERC

EXPLORING THE ﬁARK UNIVERSE ¥

kmﬂ ~ 50hMpc !
ao

https://www.esa.int/Science_Exploration/Space_Science/Euclid_overview

Cost: ~ $800 M (mostly ESA and around 50M from NASA)

https://spacenews.com/esa-panel-gives-final-approval-euclid-space-telescope/

Target: zrange: 1-2
Ha emitter galaxies The launch
(i.e. young star forming small galaxies, far away)

. Launch period: July 2023
Instrument special features: P y

) . ) ) ) Launch location: Cape Canaveral, Florida, USA
highly calibrated imaging system - weak lensing

. . . Launch vehicle: SpaceX Falcon 9
good spectroscopy —> baryon acoustic oscillations P

Destination: Sun-Earth Lagrange point 2, 1.5 million km from Earth



Megamapper concept [1907.11171, 2209.04322]

Ground-based Magellan-like telescope (Chile): 6.5m
2<z<5
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Instrument special features:

Wide field coupled with DESI spectrographs
Small-pitch robots to achieve multiplexing of 26,100
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Megamapper concept [1907.11171, 2209.04322]

Ground-based Magellan-like telescope (Chile): 6.5m
2<z<5

g loni

Target: zrange 2-5 \ abserbed

. ~N7 W
Lyman break galaxies " § <O, J
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Instrument special features:

Wide field coupled with DESI spectrographs Estimated cost: $140 M
Small-pitch robots to achieve multiplexing of 26,100



Back to our question:

What may be the constraint/signal on the isocurvature amplitude and spectral
index provided by Euclid and MM which represent near future large scale
structure observational reach?

Use Fisher forecast to answer this with theoretical prediction encoded with

EFTofLSS:
F = F?P + F’ + diag (01;2)
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F = F? + F’ + diag (0,,°)

Example: power spec Fisher matrix Expected galaxy power spectrum
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To make the forecast, one has to have a sufficiently small theory error at k valﬁes of interest for the experiments at hand.

We use EFTofLSS and bias expansion to compute the theord



Computing the theoretical predictions in [2306.09456]:

. o , [1104.2933,2004.10607]
EFTOfLSS: A systematically constructed fitting function

[1004.2488, ) : CLASS-PT: Linear power spec at z=99
1206.2926 that can splice together perturbation theory and /
1909'0527'1] numerical simulations
. J [1603.00476] FastPM:  Nbody: particle positions and vel
[/1/7,1'2"./05834] NbodyKit:  matter power spectra
EFTOfLSS Halo model: FOF
=D : i 2 =1 :
5 = .ﬁ“ ) + fji~_'} + 5[‘3] o “E \Vi élzl ] + € Galaxy model: HOD
\ |
Y L
IR= SPT + use P,; from CLASS-PT for IR resummation EFT 2 calibrate

i

Compute power spectrum {accurate to 4t order in 5'1”] &> note derivative = 6"

|

Feed this into bias expansion
[review 1611.09787]

Galaxy: J,(x) = )" (bo+€o(x)) O(x) +bce(x)
o

Pxi(k,2) = Pry(k, 2) + [Paa(k, 2) + Pia(k, 2)] — 2¢*(2)k* Pin(k, 2) + Par(k, 2)
e.g. P o <5clJ5{3}>
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Adjust ¢® to match Nbody



EFTofLSS Main advantages of using EFTofLSS:
1) Systematics are well understood

[1004.2488, 1206.2926] 2) Easy to adapt to isocurvature

Idea: A) coarse grain the equation of motion = separates UV terms and IR terms
B) parameterize UV effective terms that can be matched to N-body simulations

Fluctuations of fields are statistical €< —> this is the QFT-like part

However, all statistical propagator-analogs of QFT are spacelike in the EFTofLSS: i.e. “propagators” are not Green’s functions

Hence, time evolution is a constraint rather than
The time evolution is deterministic [i.e. in contrast with QFT] €= fluctuation dynamics from a QFT analogy perspective

Math:  4;(%) similar to|composite operator definition in statistical field theory in the context of a Wilsonian EFT

/ This is not analogous to
(Sg = (S,j [(S(tr_!;, F)] ' ’

© = T [6?' S dt HI[LPI]} o1 (t, 2T [ —i [*_ dt'Hi[p1]

since the time evolution is independent of the
statistical correlators in the EFTofLSS unlike here

Symmetries of the system: Galilean group + Lifshitz scaling type
[1301.7182,1505.06668]



Effective Euler:
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parameterize terms that will enter correlation computations using a
combination of perturbativity and derivative power counting

Isotropic pressure sound speed “viscosity” coefficient
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Divergence structure is different than in the adiabatic case

Field theory intuition: perturbative propagator <> linear power spectrum P,

Mixed = adiabatic + Blueisocurvature —»  PiX(k, 2 < 20q) = PP (k, 2) + PEO(k, 2)
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One major departure from adiabatic:

Divergent for Tiso = 3
[convergent for Mo — Taq = 1 ]




Divergence structure is different than in the adiabatic case

Field theory intuition: perturbative propagator <> linear power spectrum P,

Mixed = adiabatic + Blueisocurvature —»  PiX(k, 2 < zoq) = PP (k. 2) + BEO(k, 2)
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One major departure from adiabatic: , Counter term separation at 1-loop
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Renormalization scheme determining ¢ () : A(2) = 2 (kren, 2) + ¢ (2)

[Not at zero but
tending to zero]
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Renormalization scheme determining ¢ () : *(2) = 2, (kven, 2) + ¢4 (2)

[Not at zero but

(100D (kp) -6V (Kn)) = (01818 (k1) -6V (k) VA0 tendingto zero
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200 AcZ, (z=0) at kyen = 0.1 h/Mpc - AcZ (z=1) at ken = 0.1 h/Mpc
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EFTOfLSS is a good fitting formalism to N-Body for mixed initial conditions as well

Non-linear matter power spectrum at z = 1.0
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Non-linear matter power spectrum at z = 2.0
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Bias expansion
[1402.5916, 1611.09787]

Galaxy is a composite operator of the density field:

5y () = ba6(w) + bee(w) + 26%(2) + bg, Ga(@) + 5(x)6(x) + bag, 6(x)Galx)

b3
g53( v) + bg,Gs(x) + br, s () + €52(2)8%(x) + €g, (2)Ga ()
+ bv25V25(:€) + vaEVQE(IL’)

2-point function of this operator at 1-loop:
OMgalaxy Mgalaxy
(Gt} P (k) = BIPNL(K) + PNO (k) + Py, v2g (k) + Pgg e (K)

Ngalaxy MNgalaxy g8

PNL =P[] +P32+P13—2C2k2P11

QU
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PNLO = b, (172‘[0‘(2'63 (k) +2bg‘:fo“3’g‘: (k) + (2/)9‘3 * gbr“) (Fg:)

+babg Ipg (k) +~ b 252 (k) +b Ig,6. (k) Novel cutoff sensitivity of bias

counter-terms arise just as for the

EFTofLSS sound speed
1+ bv_ (I\ )

e(k) = Pecbe

This Laplacian bias will be significant in terms of
generating degeneracies because of k dependence.




3-point function at tree level:

Ngalaxy Tgalaxy MNgalaxy 3

+Pshotz b%PII(ki) + Bshot

i=1
> o b | ki k 2
P (fue) = 2wt (o= 1) S B (122 <2

Bghot = 1/ﬁ§1

Pshot = ]/ﬁg

5ngalaxy 5ngalaxy > and < 6ngalaxy (5ngalaxy (5ngalaxy >

With respect to <
Ngalaxy Mgalaxy Tgalaxy

Ngalaxy MNgalaxy

Because bias parameters are marginalized over, these are the primary
limitations of the experimental sensitivity.




Back to the example: power spec Fisher matrix Expected galaxy power spectrum
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Experiment information: Theory error
e.g. Euclid vs MM
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[Higher redshift is not always obviously better.]

More stochastic
component at high

redshift
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% error

Higher redshift is not always obviously better.
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[Better theory error will improve the sensitivity, but bias stands in the way. }
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1) Most of the degradation in sensitivity
comes from the Laplacian by2g

e
Poovas(k) = —2b1 T Py (k)

bi=vI1+z2
k.~ kup ~ 0.4(D.(2)/D.(0))™* (h/Mpc)

A leading isocurvature term:
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2) z dependence of bias term makes bias less
degenerate for MM
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Larger k-range afforded by MM increases the sensitivity to different spectral indices.
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MM can improve the

Euclid can give a factor of few improvement for the high spectral index case

constraint by 1 to 1.5 orders of magnitude.




Future

What is the prediction with a break in the spectrum (i.e. more realistic blue
isocurvature)?

» degeneracies will be broken = more sensitive

* Less constraint from non-perturbative UV constraints (such as satellite galaxies)
Put in redshift space distortion (will improve the degeneracy with bias parameters)

Consider degeneracy of a with neutrino masses

Non-perturbative constraints relying on semianalytic characterization of numerical
simulations

Computing bias parameters instead of marginalizing over them.



Summary

Out of equilibrium axionic sector allows the generation of a rich UV primordial
spectrum.
A Fisher forecast was carried out for the Euclid and MM'’s sensitivity to blue
powerlaw approximation of the isocurvature scenario.
EFTofLSS at 1-loop ¢2, (kien,2) was fit to numerical results (CLASS-PT, FastPM,
NbodyKit) to compute (2w at 1-loop + (2o tutns ) gt tree-level
Euclid = a factor of few improvements for the isocurvature amplitude at large n,|
[MM - 1 to 1.5 order of magnitude improvement over current constraints |
The dominant degeneracy that limits the sensitivity of the experiments is bias.
Without RSD, the main bias degeneracy limiting the experimental sensitivity is
Py v25(k) = =2b1byas (ki *
This is a feature of the blue isocurvature scenario that does not exist in the adiabatic
case. .
* Both the EFTofLSS sound speed and bias parameters receive novel UV sensitivity

due to the blueness of the isocurvature spectrum.
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Galaxies require baryons
Original EFTOfLSS is about pressureless (before averaging) matter fluid

Consider matter dominated era when baryons are no longer coupled to the photons.

1412.5049

P(k) = Ppi(k) + Pl (k) — 2(27) (4
Pb(k) — Plbl(k) + Pf{;loop(k) o 2(2?]-) (E?ﬂi(aﬂ) T ’LU(;E%((IQ)) kzpﬁ(k)

e
>
=
i

wg P° + 2w wp P + *u_;g pb
= PAK) + P joop (k) — 2(2m) (a0) 2P ()

On long wavelengths, the total matter can be well parameterized by pressureless matter fluid at 1-loop.



IR resummation

[1605.02149 (TSPT), 2004.10607]

$2(z) = —

672

mem, LO (Z:
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Built into CLASS-PT
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dg Po(2.q) |1 — j 9j
/ﬂ q Prw(2,q) [ Jo (kosc) + 27, (kosc)]

k) = Pou(z:E) +€ ¥ X P, (2,F)
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Parameters: {Tlism Oj}

[R] . [R] IR]
{bE abvzdabvle}

Bias model for fiducial values: 8 ?) 23
[1201.3614,1201.4827, 1812.03208] by = 37 (b1-1), bg, = -5 (by-1), br, = ) (by—=1)

bePee = Pshot = 1/’_1;{
Fiducial cosmology

A=1 Q;, =0.0486 Q. =0.2589 ng = 0.9667 h=0.6774

Acia =2.1413x 107°  A=A/Agug

ah =4 op;=2, op=1

I

Error envelope corr length

kp=0.05 MPC—] kpin = 0.01 hMPC4 kmin = 0.005 hMPC_] Ak =0.] hMpC_]



Blue isocurvature may be discoverable in the future

Thus far, there is no statistically significant blue isocurvature in data:
A2 [1711.06736 /w Upadhye, 1807.06211]

Blue isocurvature

Apa (k) adiabatic / \ /N

— < U

Aiso(kp)
Equilibrium axion
i Future?
isocurvature =
|
\ T
Well constrained 0.1 Mpc'? k

There is good prospects for seeing the break in future experiments.
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Large k information from data is important:

1) Blue isocurvature signal dominates at high k

k3 k )‘1

2 2 S:,dm (k) - IGO(kp) (k_p

primordial

P(k)

isocurvature

L e N R -
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k [h Mpc™"]

75 Pr(k) = Aua(k,) (kﬁ) o — Aiolky)

Add( p)

Linear evolve

v

diabatic

P(k) [h~*Mpc]®

Intuition

matter power spectrum atz = 2.0
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2) Phase space is large at high k ( scales as k3) = good possible source of information

Dominates at later k



EFTofLSS
[1004.2488, 1206.2926]

Idea: A) coarse grain the equation of motion = separates UV terms and IR terms
B) parameterize UV effective terms that can be matched to N-body simulations

. 3

00+ V-[(1+9)v]=0
Orv+Hv+ (v-V)v+ Ve =0

|
Separate UV and IR i

Coarse grain over 1/A with a judicious window
function:

A 3 1 A2 7|2
Wi(Z — ') = (—%) e 3N ET]

5(7) = [6(@) = / B W (7,7 6(F)

[ Wy (Z,2) (1 +6(")) v(T)
1+ 6;(%)

’ﬁl(:f) =

[coarse grained velocity is a “composite” operator]

/ Key decoupling property: (sufficient locality and smoothness)

2
f B2’ Wi (7,7) A(T) By (7)) = —Ag(f)%Bg(f) +0 (A ™)

\

long short
A(@) = A(@) + A(@)

Derivative expansion

Effective Euler:

(&) (arw (@) + Ho(D) + vf (7)9;01(F) + aiqs,,(f)) ~ —0; [Tg’ } R

; ‘ 207 (20,5 (F') — 60T (&) D5 s (T
7], = [P(:E")vsi(f')vi(f’)—&- £e(2)0u00() = 506,100 (:r)]
A
gravity Coarse grain



